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Streszczenie

W ostatnich latach pojawity si¢ koncepcje uktadéw hybrydowych, w ktorych réznego
rodzaju kwantowe stopnie swobody, dzigki kontrolowanym sprzezeniom z zewnetrznymi
polami, pozwalaja na przechowywanie, przetwarzanie i przesytanie informacji kwantowej,
co moze prowadzi¢ do powstania urzadzen nowej generacji.

Optycznie aktywne kropki kwantowe sg w czotéwce uktadéw przeznaczonych do
zastosowan w technologiach kwantowych ze wzgledu na wyjatkowo dobre wtasciwosci
optyczne, szeroki zakres skali energetycznych stanéow tadunkowych i spinowych oraz juz
istniejace sprzezenia z zewnetrznymi polami. Kropki kwantowe sg uwazane za obiecujacy
element budulcowy w komunikacji kwantowej, metrologii oraz przetwarzaniu informa-
¢ji, a dodatkowo mogg znalezé zastosowanie jako emitery kwantowe w temperaturach
kriogenicznych i pokojowych. Tym samym dostepne interfejsy ze Swiattem, mikrofalami,
spinami jadrowymi i falami mechanicznymi sprawiajg, ze kropki kwantowe sa doskonatymi
kandydatami na elementy uktadéw hybrydowych.

Kolejnym logicznym krokiem jest dodanie do istniejacych juz sprzezen w kropkach
kontrolowanego sprzezenia z falami mechanicznymi. Samo sprzezenie nosnikow z fononami
w kropkach kwantowych nie indukuje koherentnych przejsé¢ w uktadzie, a jedynie moduluje
energie standéw, przez co deterministyczne przygotowywanie stanéw oraz kontrola stanow
spinowych lub orbitalnych no$nikow za pomoca samych fal akustycznych sa niemozliwe.
W niniejszej pracy wykazano, ze wykorzystanie protokotéw opartych na kontrolowanym,
jednoczesnym oddziatywaniu zaréwno fal akustycznych, jak i elektromagnetycznych ze
stanami no$nikéw w kropkach kwantowych pozwala uzyskac¢ deterministyczna i koherentna
kontrole.

Proponowane protokolty wypehiaja luki w opisie teoretycznym dotyczacym kontrolo-
wania stanéw tadunkowych i spinowych, co moze poméc w rozwijaniu badan dotyczacych
akustooptyki nosnikow w kropkach kwantowych. Rozszerzenie tych protokotow w przy-
sztoéci do postaci czysto kwantowych moze umozliwi¢ przenoszenie informacji kwantowe;
z nosnika w kropce na skwantowany mod akustyczny. Bedzie to takze krokiem w strone
przesytania informacji za pomocg dzwieku pomiedzy kropkami kwantowymi a innymi
uktadami w ciele staltym, chociazby pomiedzy kropka kwantowg a kubitem nadprzewo-
dzacym lub centrami azot-luka, ktore nie sa kompatybilne ze swiattem widzialnym jako
nosnikiem informacji.






Abstract

In recent years, hybrid systems have emerged in which various quantum degrees of
freedom, enabled by controlled couplings to external fields, allow the storage, processing,
and transmission of quantum information, potentially enabling next-generation devices.

Optically active quantum dots are at the forefront of quantum technology applications
because of their exceptional optical properties, a broad range of energy scales for charge
and spin states, and existing couplings to external fields. Quantum dots are a promising
building block for quantum communication, metrology, and information processing, and
can also serve as quantum emitters at both cryogenic and room temperatures. Thus, the
available interfaces with light, microwaves, nuclear spins, and mechanical waves make
quantum dots excellent candidates for components of hybrid systems.

The next logical step is to add controlled coupling with mechanical waves to the
existing couplings in quantum dots. Carrier-phonon coupling alone in quantum dots does
not induce coherent transitions, but instead it merely modulates state energies, making
deterministic state preparation and control of carrier spin or orbital states using acoustic
waves alone impossible. This work demonstrates that protocols based on controlled,
simultaneous interaction of acoustic and electromagnetic waves with carrier states in
quantum dots enable deterministic, coherent control.

The proposed protocols bridge gaps in the theoretical framework regarding charge
and spin state control, which may help advance research in carrier acousto-optics in
quantum dots. Extending these protocols to fully quantum regimes in the future could
enable transferring quantum information from a carrier in a dot to a quantized acoustic
mode. This will also represent a step toward transferring information via sound between
quantum dots and other solid-state systems, such as between a quantum dot and
a superconducting qubit or nitrogen-vacancy centers, which are incompatible with visible
light as an information carrier.
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Zakres rozprawy

Niniejszy spéjny tematycznie cykl czterech artykutéw wraz ze wstepem teoretycznym
stanowi rozprawe doktorska pt. , Hybrydowa kontrola kwantowa w pojedynczych uktadach

w ciele statym”.

[P1] M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid acousto-optical swing-up state
control in a quantum dot, npj Quantum Inf. 11, 161 (2025).

[P2] M. Kuniej, P. Machnikowski, M. Gawelczyk, Hybrid Acousto-Optical Spin Control
in Quantum Dots, Phys. Rev. Lett. 136, 046904 (2026).

[P3] M. Kuniej, P. Machnikowski, M. Gawetczyk, Higher-harmonic acoustic control of
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Praca wystana do Phys. Rev. B.

[P4] M. Kuniej, M. Gawetczyk, Fast universal parametric spin control in an acoustically
modulated quantum dot, arXiv:2609.05634 (2026).

Méj wktad w przygotowane artykutly
W publikacji [P1] mdj wkiad polegal na sformutowaniu cze$ci metodologii badan, wy-
konaniu wigkszosci obliczenn analitycznych i numerycznych oraz implementacji kodu.
Napisatem réwniez pierwsza wersje manuskryptu oraz bratem czynny udziat w dysku-
sjach nad wynikami. Oddziat Wroctawski Polskiego Towarzystwa Fizycznego przyznat
mi za te prace w 2026 roku Nagrode dla Mlodego Badacza w kategorii ,najlepsza praca
z dziedziny fizyki opublikowana w 2025 roku”.

W trakcie prac nad publikacja [P2] bytem odpowiedzialny za sformutowanie czesci
metodologii badan oraz przeprowadzitem wiekszos¢ obliczen analitycznych, dzieki kto-
rym w kolejnym kroku zoptymalizowatem protokédt pierwszego rzedu i ustalitem ogdlng

mozliwos¢ wystepowania proceséw wyzszych rzedéw. Zaimplementowatem réwniez kod

vii


https://doi.org/10.1038/s41534-025-01103-z
https://doi.org/10.1103/tbfh-t2q5
https://doi.org/ https://doi.org/10.48550/arXiv.2603.09849
https://doi.org/ https://doi.org/10.48550/arXiv.2609.05634

obliczajacy Scistg ewolucje uktadu i bytem odpowiedzialny za wszystkie obliczenia nu-
meryczne zwigzane z jego ewolucja. Do mojego wktadu zaliczaja si¢ réwniez napisanie
pierwszej wersji manuskryptu oraz udzial w interpretacji wynikéw i dyskusjach nad nimi.

W pracy [P3] czeSciowo odpowiadatem za sformutowanie pomystu badan, wkiad
w metodologie badawczg oraz, wraz z promotorem pomocniczym, sformutowatem mo-
del badanego zagadnienia. Bytem réwniez odpowiedzialny za implementacje kodu oraz
wykonanie wigkszosci obliczen analitycznych i wszystkich obliczen numerycznych. Napi-
satem pierwszg wersje dostepnego manuskryptu i bratem czynny udziat w interpretacji
uzyskanych wynikdow.

W przypadku pracy [P4] koncepcja badan zostala sformutowana przeze mnie przy
wsparciu merytorycznym promotora pomocniczego. Jestem rowniez autorem modelu
perturbacyjnego, przy pomocy ktérego opisano badane zjawisko. Do moich zadan nale-
zaly implementacja kodu oraz wykonywanie obliczen numerycznych, a takze napisanie

pierwszej wersji manuskryptu oraz czynny udzial w rozmowach o wynikach.
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Informacje wstepne

Cel pracy

Celem pracy byto teoretyczne zbadanie mozliwosci akustycznej lub hybrydowej, tj. realizo-
wanej za pomoca pol akustycznych i elektromagnetycznych, kontroli stanow kwantowych
w wybranych uktadach ciata statego oraz przedstawienie opisu teoretycznego tych proto-
kotow. Badanymi uktadami byty optycznie aktywne kropki kwantowe, dla ktorych zapro-
ponowano nowe metody realizacji pelnej kontroli nad stanami tadunkowymi i spinowymi
uwiezionych w nich nosnikow. Przedstawiono ich opis teoretyczny oraz przewidywania
dotyczace wynikéw ich realizacji eksperymentalnej. Wszystko to zostato wsparte analizg
wplywu srodowiska na proponowane protokoty, w ktérej uwzgledniono skonczony czas
zycia stanéw wzbudzonych, oddziatywanie z kapiela fononowg oraz fluktuacje szumu
kapieli spinéw jadrowych.

Najwazniejszymi oryginalnymi elementami niniejszej rozprawy byty zweryfikowanie

nastepujacych hipotez badawczych i odpowiedZ na jedno pytanie badawcze:

1. Mozliwe jest uzycie akustooptycznego odpowiednika metody ,,swing-up” do kontroli

stanow tadunkowych w kropce,

2. Wykorzystanie impulséw akustycznych i ciagltego pobudzania optycznego pozwoli

opracowaé protokét do kontroli kubitu spinowego w kropce kwantowej,

3. Wykorzystanie sprzezen stanéw spinowych no$nikéw z polem odksztatcen pozwoli
kontrolowaé¢ kubit spinowy oparty na stanach spinowych elektronu w kropce kwan-

towej za pomocg impulséw optycznych,

4. Jaki jest wptyw proceséw dekoherencji na badane protokoty kontroli stanu kwanto-

wego?

Poprzez zaproponowanie, opis teoretyczny oraz ocene jakosci i granic stosowalnosci

nowych metod kontroli zaréwno stanu tadunkowego, jak i spinu, mozliwe stato si¢



przedstawienie koncepcji kompletnego schematu akustooptycznej kontroli stanu w kropce

kwantowej.

Zawartosc¢ i struktura pracy

Niniejsza rozprawa doktorska podzielona zostata na dwie gtéwne czesci. Czesé pierwsza,
zatytutowana Wstep — wprowadzenie i omowienie wynikow, sktada sie z czterech gtéwnych
rozdzialow, spisu mojego dorobku naukowego i aktywnosci badawczej, listy podmiotow
finansujacych badania oraz wykorzystanej literatury. Cato$¢ zostata poprzedzona stresz-
czeniem w jezyku polskim i angielskim, a takze sekcja Zakres rozprawy, w ktorej znajduje
si¢ lista publikacji wchodzacych w sktad rozprawy oraz opisany jest moj wktad w ich
powstanie. Nastepnie podano cel badan nad akustooptyczng kontrolag stanéow kwantowych,
postawiono odpowiednie hipotezy, ktore zostaly zweryfikowane w trakcie ksztatcenia
w Szkole Doktorskiej Politechniki Wroctawskiej.

W rozdziale zatytulowanym Wprowadzenie opisano wybrane zagadnienia dotyczace
potprzewodnikowych kropek kwantowych, takie jak struktura energetyczna, metody
wytwarzania oraz podstawowe wlasciwosci. W dalszej czesci Wprowadzenia przedsta-
wiono podstawowe informacje o stanach tadunkowych i spinowych nosnikéw w kropkach
kwantowych, a takze wymieniono podstawowe metody ich kontroli. Poruszono réwniez
zagadnienia zwiazane z optycznymi regutami wyboru. Rozdziat konczy sie przedstawie-
niem podstawowych informacji o falach akustycznych, metodach ich wytwarzania oraz
ich zastosowaniach.

W rozdziale Wybrane elementy modelu teoretycznego autor pracy zaktada, ze czytelnik
zna podstawy analizy matematycznej, algebry liniowej, rachunku prawdopodobienstwa
oraz mechaniki kwantowej. W tym rozdziale przedstawiono Czytelnikowi te zagadnie-
nia, ktoére nie sa standardowe ani nie zostaly dostatecznie rozbudowane w artykutach
stanowigcych te rozprawe. Dotyczy to miedzy innymi mechanizmu oddzialywania no-
$nikow z fononami, w tym sprzezenia z klasyczng falg akustyczng. W dalszej kolejnosci
analizowana jest ewolucja otwartego uktadu kwantowego, w szczegélnosci wyprowadzono
rownanie fundamentalne w postaci Lindblada oraz przyblizono Czytelnikowi formalizm
pozwalajacy na analize wptywu proceséw niemarkowowskich obecnych w ewolucji uktadu.
Caltos¢ koncezy sie rachunkiem pokazujacym, w jaki sposéb mozliwe jest kontrolowanie
stanéw ekscytonowych w kropce kwantowej przy pomocy oryginalnego, czysto optycznego
protokotu typu ,,swing-up”, do ktérego czes¢ rozprawy nawigzuje.

W rozdziatach 3 i 4, czyli Akustooptyczna kontrola stanow tadunkowych oraz Akusto-

X



optyczna kontrola kubitow spinowych, oméwiono wyniki uzyskane podczas ksztatcenia
w Szkole Doktorskiej Politechniki Wroctawskiej. Kazdy podrozdzial dotyczy odpowied-
niego artykutu lub preprintu.

W sekcji rozprawy zatytutowanej Podsumowanie streszczono najwazniejsze wyniki
oraz podjeto probe sformutowania bardziej ogdlnych wnioskéw.

Druga czesé¢, czyli Publikacje wehodzgce w sktad rozprawy sktada sie z jednego rozdziatu
pt. Prace tworzgce cykl. Znajduja sie tam wszystkie publikacje, preprinty i materiaty

uzupetniajace omawiane w rozdziatach 3 i 4, poprzedzone krétkim wstepem.
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Wstep — wprowadzenie
i omowienie wynikow






Rozdziat 1

Wprowadzenie

1.1 Poélprzewodnikowe kropki kwantowe

Potprzewodnikowe kropki kwantowe od lat stanowig obiekt intensywnych badan w kon-
tekscie technologii kwantowych [1]. Uktady te funkcjonuja jak tréjwymiarowe studnie
potencjatu i moga putapkowaé nosniki wtedy, gdy szerokos¢ kropki w kazdym kierunku
jest poréwnywalna z dtugoscia fali de Broglie’a lub nieco wieksza od niej. Ruch noénikéw
zostaje wtedy zamrozony, a ped przestaje byé¢ dobra liczba kwantowa w zwigzku ze
ztamang symetrig translacyjng w uktadzie. Kropki kwantowe nazywane sg czesto ,sztucz-
nymi atomami”, poniewaz podobnie jak w pojedynczym atomie mozliwe do obsadzenia
staja sie tylko dyskretne poziomy energetyczne [2]. Sama gestos$¢ standéw jednoczastkowych

w pojedynczej kropce kwantowej jest opisana przez sume delt Diraca [3]
p(E) uZé(E—Ei). (1.1)

Taka posta¢ gestosci stanéw odzwierciedla pelne, trojwymiarowe uwiezienie kwantowe
i nadaje kropce charakter uktadu zerowymiarowego (tzn. takiego, w ktérym ruch no-
$nikéw jest ograniczony we wszystkich kierunkach przestrzennych). Oznacza to brak
ciagtego pasma energii, co po uwzglednieniu dopuszczalnych przejs¢ optycznych objawia
si¢ w eksperymencie jako zestaw dyskretnych linii emisyjnych i absorpcyjnych.
Jednymi z najpopularniejszych rodzajow kropek sa tak zwane kropki samorosnace,
do wytwarzania ktorych stosuje sie réznego rodzaju metody epitaksji [4, 5], a struktury
o najlepszych witasciwosciach uzyskuje sie, stosujac epitaksje z wigzek molekularnych
(ang. MBE, Molecular Beam Epitaxy) [4, 6]. Mechanizm ten opiera si¢ na wzroscie

pseudomorficznym Stranskiego-Krastanova. Kolejne warstwy materialu nanosi sie jedna
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na druga, az do momentu relaksacji struktury pod wptywem naprezen, ktére to pojawiaja
si¢, poniewaz caly proces zachodzi w uktadach heterostrukturalnych, w ktérych materiaty
roznig sie statymi sieci. Po przekroczeniu pewnej grubosci warstwy uktad relaksuje, co
w konsekwencji prowadzi do powstania kropek kwantowych w strukturze. Wada tej me-
tody jest brak mozliwosci deterministycznego ustalenia roztozenia przestrzennego kropek,
ale mozna kontrolowac $rednia gestosé¢ powierzchniowa lub sredni rozmiar poprzez zmiane
temperatury wzrostu lub strumienia wiazki atomowej [7].

Inna z popularnych metod otrzymywania kropek kwantowych polega na lokalnym
modyfikowaniu potencjatu elektrostatycznego. Na powierzchni struktury wytwarzane sg
bramki elektrostatyczne, dzigki ktérym mozna kontrolowaé¢ dwuwymiarowy gaz elektro-
nowy na granicy dwéch materiatéw [8, 9]. Tak powstate struktury nazywa sie kropkami
kwantowymi definiowanymi przez potencjal elektrostatyczny, ktore to, mimo wiekszej
kontroli nad ich tworzeniem niz w przypadku kropek samorosnacych, nie nadaja sie do
zastosowan w telekomunikacji lub dystrybucji klucza kwantowego, poniewaz potencjat,
dzieki ktéremu powstaty, powoduje, ze moga putapkowaé jedynie jeden typ no$nikoéw
tadunku i nie sa z tego powodu aktywne optycznie [8, 9].

Do nowatorskich metod wytwarzania kropek kwantowych zalicza si¢ bez watpienia epi-
taksje z lokalnym trawieniem kroplowym. Szczegdlnym zainteresowaniem ciesza si¢ tutaj
kropki z arsenku galu formowane w matrycy z pétprzewodnikowego stopu AlGaAs [10].
Na warstwe podtoza deponuje sie nanokrople glinu, ktére w podwyzszonej temperaturze
powoduja powstanie symetrycznych otworéw o glebokoéci kilkunastu nanometrow. Na-
stepnie te doliny wypetnia sie odpowiednig iloscig GaAs, co prowadzi do powstania kropki
kwantowej, ktéra w kolejnym kroku jest przykrywana warstwa barierowa AlGaAs. Takie
kropki charakteryzuja si¢ unikatowymi wtasciwosciami ze wzgledu na prawie catkowity
brak odksztalcen [10-12] (w zwiazku z prawie idealnie dopasowanymi stalymi sieciowymi
GaAs i AlGaAs). Wysoka symetria powstalej kropki oraz brak odksztalceri minimalizuja
oddziatywanie wymienne elektron-dziura, co w konsekwencji redukuje rozszczepienie
struktury subtelnej ekscytonu do wartosci bliskich zeru. Dodatkowo precyzyjna kontrola
GaAs (z dokladnoscia do pojedynczych warstw atomowych) podczas jego wzrostu umoz-
liwia inzynierie g-czynnika elektronu w pewnym zakresie [11, 12], a wysoka czystosé
strukturalna oraz brak fluktuacji sktadu chemicznego umozliwiaja precyzyjng kontrole
oddziatywania nadsubtelnego miedzy spinem elektronu a spinami jadrowymi otaczajacych
go atomow. Moze to otworzy¢ droge do kontrolowanego transferu informacji kwantowej

miedzy nimi, w ktérym spiny jadrowe beda pelni¢ role pamieci kwantowej [13].



3 POLITECHNIKA WROCLAWSKA

1.2 Stany ladunkowe i spinowe w kropkach

kwantowych

Jak wspomniano we wcze$niejszym podrozdziale, istnienie trojwymiarowego potencjatu
przestrzennego prowadzi do catkowitej dyskretyzacji widma energetycznego uwiezionych
w nim no$nikéw. Stany spinowe takich no$nikéw moga stuzyé do realizacji bitu kwan-
towego (kubitu), a stany tadunkowe moga otworzy¢ droge do bezpiecznej komunikacji
kwantowej.

Pierwszymi z omawianych tutaj stanéw nosnikow w kropkach kwantowych beda
stany tadunkowe, w ktorych kluczowym aspektem jest deterministyczne przygotowywanie
stanéw ekscytonowych (oddzialujaca elektrostatycznie para elektron—dziura) i biekscy-
tonowych (dwa ekscytony) [14-22]. Wiasciwosci tych stanéw umozliwiaja realizacje
protokotéw kwantowej kryptografii oraz dystrybucji klucza kwantowego [23-26]. Przykta-
dowo, w przypadku protokotu E91 kluczowa jest mozliwos¢ wykorzystania par splatanych
fotonéw [24], a takie pary mozna uzyskaé dzieki deterministycznemu przygotowaniu stanu
biekscytonowego [16, 17] oraz kaskadzie radiacyjnej biekscyton—ekscyton—pusta kropka,
w ktérej emitowane fotony sa splatane polaryzacyjnie [27-29]. Natomiast do realizacji
protokotu BB84 niezbedne jest Zrédto pojedynczych fotondéw [23, 30-32], a takim zrédtem
moze by¢ kropka kwantowa, w ktorej wytworzono ekscyton.

W najprostszym ujeciu mozemy traktowac kropke kwantowa jako uktad dwupozio-
mowy, ze stanem podstawowym kropki (pusta kropka) |0) = |g) oraz pierwszym stanem
wzbudzonym (ekscytonem) |1) = |x). Jedng z bardziej popularnych metod kontroli tego
typu standéw sa pikosekundowe impulsy optyczne rezonansowe z przejsciem ekscytono-
wym [14, 15], ktére generuje sie za pomoca laseréw. Kontrola parametréw impulsu, takich
jak energia, szerokos¢ oraz polaryzacja, pozwala selektywnie wzbudza¢ wybrane przejscia
oraz przygotowywaé pozadane stany w kropce kwantowej.

Drugim typem omawianych tutaj stanow beda stany oparte na spinowym stopniu
swobody elektronu (tzw. kubity spinowe) [12, 33—-37]. Sam spin jest szeroko pozadany
w realizacji kubitow ze wzgledu na jego doktadna dwupoziomowos¢ w przeciwienstwie
do wielu innych proponowanych uktadow, ktére sg dwupoziomowe zaledwie w przy-
blizeniu. W kontekscie rozwoju technologii kwantowych szczegélne znaczenie odgrywa
mozliwo$¢ efektywnego sprzezenia spin—foton [38], co obecnie stanowi jeden z kluczowych
kierunkéw badan, poniewaz umozliwia transfer informacji kwantowej migedzy spinami
a Swiattem. Najprostszym sposobem uzyskania koherentnego obrotu spinu jest uzycie

rezonansowego impulsu mikrofalowego o energii rownej energii rozszczepienia stanow
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spinowych w zewnetrznym polu magnetycznym. Oprécz tej metody w kropkach kwanto-
wych z przytozonym poprzecznym polem magnetycznym mozliwa jest kontrola optyczna
przy uzyciu dwoch pikosekundowych impulséw laserowych [39]. Jednym z dominujacych
zrodet dekoherencji spinu jest oddziatywanie ze spinami jadrowymi atoméw w kropce
kwantowej. Wytwarzaja one efektywne pole magnetyczne (pole Overhausera), ktére,
cho¢ jest zamrozone w skali pojedynczego pomiaru, przyjmuje losowe wartosci podczas
kolejnych prob odtworzenia eksperymentu. Fluktuacje tego pola bezposrednio zmieniaja
rozszczepienie spinu, co po usrednieniu prowadzi do szybkiej utraty koherencji i ogranicza
niejednorodny czas defazowania spinu 7y do zaledwie kilku nanosekund [35, 36].

W tej pracy uwaga zostanie skupiona na rozszerzeniu dotychczasowych metod kontroli
spinu o klasyczne fale akustyczne, z ktérymi spin elektronu w kropkach kwantowych
prawie nie oddziatuje bezposrednio [40, 41]. W zaleznos$ci od sytuacji moze to byé po-
zadane, gdyz brak tego sprzezenia skutecznie izoluje spin od otaczajacych go fononow,
chronigc stan kwantowy przed dekoherencjg i prowadzac do czaséw koherencji rzedu setek
nanosekund [36]. Niemniej jednak, efektywnie wyindukowanie takiego oddziatywania
moze w przysztosci umozliwi¢ nie tylko akustyczny transfer informacji pomiedzy kropkami
kwantowymi a innymi pojedynczymi uktadami w ciele statym, do ktérych zaliczaé sie
moga np. kubity nadprzewodzace [42-44], ale takze generowanie kontrolowanego splatania

spinu ze skwantowanym modem akustycznym.

1.3 Struktura pasmowa pélprzewodnikéw i optyczne

[ Ard .

regutly wyboru przejsé¢ miedzypasmowych

Wiegkszo$¢ istniejacych materiatow potprzewodnikowych jest poprawnie opisywana przy
pomocy tzw. pasmowej teorii cial statych. Ciato stale sktada sie z liczby atoméw rzedu
liczby Avogadra (~6,02:10%%), a kazdy taki atom ma okreglona strukture elektronowa,
reprezentowana przez odpowiednie orbitale. Gdy zbliza si¢ atomy do siebie, tworzac
sie¢ krystaliczna, te orbitale réwniez zaczynaja na siebie nachodzi¢, co w konsekwencji
prowadzi do powstania pasm i, w przypadku pétprzewodnikéw, przerwy energetycznej,
ktora jest bezposrednio zwigzana z periodycznym potencjatem wynikajacym z ulozenia
atoméw tworzacych krysztal [45]. Jednak w odrdznieniu od izolatoréw przerwa ener-
getyczna polprzewodnika jest na tyle mata (np. dla GaAs w temperaturze pokojowej
wynosi 1,42 eV lub 873 nm), ze mozna przenosi¢ elektrony pomiedzy pasmami za pomoca
zewnetrznych czynnikéw, takich jak pole optyczne [46].

Pasmo lezace powyzej przerwy energetycznej, ktore w temperaturze T'= 0 K jest
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Rysunek 1.1: Schemat przedstawiajacy dozwolone przejécia optyczne w kropce kwantowe;
dla Swiatta spolaryzowanego kolowo prawo- lub lewoskretnie (odpowiednio o, lub o_).
(a) W poczatkowo pustej kropce kwantowej mozna przygotowaé ekscyton o zadanej
konfiguracji spinowej przy uzyciu odpowiednio spolaryzowanego $wiatta. (b) Kropka
kwantowa z elektronem w polu magnetycznym w konfiguracji Voigta. W takim polu
magnetycznym nowymi stanami wlasnymi operatora spinu sg stany |—) = (|1) 4 |1))/v/2
oraz |<) = (1) —|4))/v/2. Swiatlo spolaryzowane kotowo sprzega oba do wspdlnego stanu
|T). (¢) Kropka kwantowa z elektronem w polu magnetycznym w konfiguracji Faradaya.
Swiatto o polaryzacji kotowej nie sprzega obu stanéw spinowych do pojedynczego trionu.

catkowicie puste w czystym (niedomieszkowanym) materiale, nazywa sie pasmem prze-
wodnictwa (podwdjnie zdegenerowanym ze wzgledu na spin o rzucie s, = +1/2) [45].
Jego struktura wynika z konstruktywnego naktadania sie orbitali typu s (choé¢ w innych
materiatach moga to by¢ orbitale innego typu, dla GaAs lub AlGaAs sa to orbitale typu s)
pochodzacych z atoméw w tym konkretnym materiale w sieci krystalicznej, co prowadzi
do rozszczepienia pojedynczych pozioméw w geste, praktycznie ciggte pasmo stanéw
energetycznych. Gdy elektron zostanie wzbudzony do pasma przewodnictwa, zyskuje
mozliwos¢ swobodnego ruchu po sieci krystalicznej, co umozliwia mu przewodzenie pradu
elektrycznego. W celu petnego opisu struktury pasmowej istotne jest takze uwzglednienie
pasm znajdujacych sie ponizej przerwy energetycznej [47]. Pasma te powstaja w wyniku
naktadania si¢ orbitali typu p, ktére w potaczeniu ze spinowym stopniem swobody tworza
tacznie szes¢ standw. Relatywistyczne oddzialywanie spinu z orbitalnym momentem
pedu obniza energie dwoch z nich, tworzac pasmo dziur odszczepionych (o catkowitym
momencie pedu J = 1/2). Pozostale cztery stany (podprzestrzen J = 3/2) dzieli sig,
w zalezno$ci od ich masy efektywnej (réznej ze wzgledu na rézne rzuty momentu pedu
na o$ kwantyzacji j,), na pasmo dziur ciezkich (j, = £3/2) oraz pasmo dziur lekkich
(s = £1/2).

W kwantowej teorii oddziatywania $wiatta z materia optyczne reguty wyboru wyni-
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kaja bezposrednio z symetrii elementu macierzowego przejscia w przyblizeniu dipolowym.
Oproécz dostrojenia energii np. lasera, ktora musi odpowiadaé¢ réznicy energii pomiedzy
poziomami, wazng role pelni réwniez polaryzacja Swiatta, aby spelniona byta zasada
zachowania momentu pedu [48]. Przykladowo, foton spolaryzowany kotowo o, niesie
moment pedu o rzucie +h na kierunek rozchodzenia sie, co pozwala na przeniesienie
elektronu z pasma walencyjnego (v) do pasma przewodnictwa (c). Poczatkowo elektron
w pasmie walencyjnym ma moment pedu |v; j, = —3/2), natomiast w stanie koncowym,
ktéry nalezy do pasma typu s, ma moment pedu |¢; s, = —1/2). Amplituda tego przejécia
zalezy od elementu macierzowego (c| A - p|v), gdzie A to potencjal wektorowy pola
elektromagnetycznego, a p to operator pedu elektronu. Warunek niezerowania sie tego
elementu wymusza spetnienie regut wyboru Aj, = +1, co doktadnie odpowiada polaryza-
¢ji pochtonietego fotonu.

O efekcie tym mozemy réwniez mysle¢ w obrazie wieloczastkowym, gdy pochtoniety
foton generuje pare nosnikéw, ktére oddziatuja ze soba [48]. Schematycznie mozemy
zapisaé, ze |g) + o, — |x4), gdzie |g) to stan podstawowy krysztalu, odpowiadajacy
pustej kropce kwantowej, a |x) to pewien stan dwuczastkowy, nazywany ekscytonem,
sktadajacy sie z oddzialujacej pary elektron—dziura o konfiguracji spinowej |x;) = ||, ).
Sytuacja ta zostala przedstawiona na rysunku 1.1(a). O samej dziurze myslimy jak
o kwaziczastce, ktora powstala na skutek przeniesienia elektronu z pasma walencyjnego
do pasma przewodnictwa, poniewaz wygodniej jest zastgpi¢ brak elektronu o rzucie
momentu pedu j, = —3/2 czastka o dodatnim tadunku i rzucie przeciwnym j,, = +3/2.
Dla polaryzacji kotowej lewoskretnej o_ moment pedu niesiony przez foton ma warto$é
—h, co generuje przejscie w potprzewodniku, gdy s, — j, = —1. Taka sytuacja odpowiada
kreacji ekscytonu o przeciwnej konfiguracji spinowej |x_) = |1, ). W przypadku kropki,
w ktorej znajduje si¢ juz pojedynczy elektron, absorpcja fotonu prowadzi do utworzenia
ujemnie natadowanego ekscytonu (trionu ujemnego |T)), w ktérym dwa elektrony tworza
singlet spinowy.! W polu magnetycznym prostopadtym wzgledem osi optycznej pokry-
wajacej sie z osia wzrotu prébki (geometria Voigta) powstate rozszczepienie Zeemana
zmienia o$ kwantyzacji spinu i miesza stany |1) oraz ||). W rezultacie dotychczasowe
reguty wyboru dla polaryzacji kolowej ulegaja zmianie. W nowej bazie stanéw wtasnych
przejscia optyczne staja sie dozwolone dla swiatta o polaryzacji kotowej o, a stan |T) jest
sprzezony optycznie z oboma stanami spinowymi, co zostalo pokazane na rysunku 1.1(b).

Dla poréwnania, w geometrii Faradaya (pole magnetyczne réwnoleglte do padajacej wiazki

I Analogicznie moze zostaé wytworzony réwniez trion dodatni, jesli poczatkowo w kropce znajdowala
sie dziura.
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i osi wzrostu kropki) o$ kwantyzacji sie nie zmienia, a spolaryzowane kolowo $wiatto nie

sprzega obu stanéw spinowych do wspélnego stanu trionu [rysunek 1.1(c)].

1.4 Powierzchniowe fale akustyczne

Rozwazania w niniejszej pracy ograniczono wylacznie do zaburzeri mechanicznych (fal
sprezystych) propagujacych sie wzdtuz powierzchni ciata statego, w szczegélnosei w struk-
turach ze stopéw pdétprzewodnikowych z grup I11-V, takich jak GaAs czy AlGaAs. Do fal
tego typu naleza m.in. powierzchniowe fale Rayleigha (ang. SAWs, surface acoustic waves)
oraz fale Lamba [49, 50]. Amplituda tych drgan maleje wyktadniczo wraz ze zwieksza-
niem odleglosci od powierzchni materiatu, co oznacza, ze prawie cata energia zaburzenia
mechanicznego rozchodzi sie w niewielkiej odlegtosci od niej. Propagacja fali powoduje
modulacje potencjalu noénikéw zaréwno poprzez potencjatl deformacyjny, jak i indu-
kowany piezoelektrycznie potencjal elektryczny (ze wzgledu na niecentrosymetryczng

komorke elementarna).

1.4.1 Przetworniki miedzypalczaste

Do wytwarzania fal powierzchniowych o czestotliwosciach w zakresie od pojedynczych
megahercéw do kilkudziesieciu gigahercow najczesciej wykorzystuje sie przetworniki mie-
dzypalczaste (ang. IDT, interdigital transducers) [51-55]. Sktadaja sie z wielu elektrod,
ustawionych periodycznie na podtozu piezoelektrycznym, ktére moga przypominaé palce
lub grzebien [51-53|. Przylozenie napiecia zmiennego o okreslonej czestotliwosci fy do
elektrod IDT powoduje okresowa zmiane tadunku elektrycznego na powierzchni osrodka,
co w przypadku materiatéw piezoelektrycznych prowadzi do powstawania lokalnych de-
formacji mechanicznych poprzez odwrotny efekt piezoelektryczny. Aby uzyskaé¢ wydajna
generacje fali, geometrie grzebienia dobiera sie tak, aby odpowiadata ona czestotliwosci
przytozonego napiecia oraz predkosci fali v w danym podtozu (A = v/ fy). W najprostszej
geometrii IDT wytwarzana jest fala akustyczna o czestotliwosci fy, jednak modyfikacje
uktadu elektrod pozwalaja wytwarzaé¢ wyzsze harmoniczne, podczas gdy wprowadze-
nie zmiennego okresu przestrzennego A wzdtuz grzebienia umozliwia wzbudzanie fal

w szerokim pasmie czestotliwosci [52-54].
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Rysunek 1.2: Obszary badan i zastosowan fal akustycznych. Z punktu widzenia niniejszej
rozprawy najciekawsze zastosowania mieszczg si¢ w sekcji ,hybrid quantum technologies”.
Przedrukowano z: Hubert J. Krenner, et al., The 2026 guided acoustic waves roadmap,
J. Phys. D: Appl. Phys. 59, 093001 (2026); DOI: 10.1088/1361-6463/ae258d [56]. Grafika
udostepniona na licencji CC BY 4.0.

1.4.2 Zastosowania

Niewatpliwie najwazniejsza cechg odksztalcen mechanicznych z punktu widzenia tej
pracy jest ich mozliwos$¢ sprzezenia z prawie kazdym ukladem w ciele staltym [56]. To
uniwersalne sprzezenie sprawia, ze nadaja si¢ doskonale do projektowania i budowy hy-
brydowych ukladéw kwantowych [56-59] oraz do kwantowej konwersji sygnatéw [60]. Ich
mozliwosci wykraczaja poza fundamentalng fizyke, a czes¢ zastosowan niewymienionych
tutaj zostata pokazana na rysunku 1.2.

Fale akustyczne znalazly juz zastosowanie w przetwarzaniu sygnatéw radiowych,
akustofluidyce, naukach o zyciu oraz czujnikach biologicznych i chemicznych [56]. W tech-
nologiach kwantowych zostaly wykorzystane do kontroli kubitéow spinowych w centrach

barwnych [61, 62], transportu elektronéw pomiedzy kropkami kwantowymi definiowa-
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nymi elektrostatycznie [63], sprzegania kubitéw nadprzewodzacych z wnekami [64, 65]
oraz koherentnej kontroli w materiatach van der Waalsa [66, 67]. Mimo ze sprzezenie fal
akustycznych z nosnikami w kropkach jest diagonalne, badano efekty takie jak optomecha-
niczne mieszanie fal czy ich wplyw na dynamike widma fluorescencji rezonansowej [54, 68].
Pokazano réowniez, ze mozliwa jest koherentna kontrola stanéw tadunkowych [69], zapropo-
nowano metody akustycznej kontroli kubitéw spinowych opartych na stanach singletowych
i trypletowych pary elektronéw w podwdjnych kropkach kwantowych [58, 70] oraz zbadano
silne, podwdjne ubieranie si¢ ekscytonu w oddzialywanie ze $wiattem i dzwigkiem [71].
Naturalnie krotkie dtugosci fal akustycznych w poréwnaniu z falami elektromagne-
tycznymi o tych samych czestotliwosciach otwieraja droge do miniaturyzacji przysztych
urzadzen kwantowych [56], w szczegdlnosci wieloelementowych, hybrydowych uktadéw
kwantowych sprzezonych za pomoca uniwersalnej akustycznej szyny kwantowej [58, 72],
ktora moze taczyc rdézne stopnie swobody, umozliwiajac transfer, przetwarzanie, przecho-
wywanie i przesytanie informacji kwantowej [73-75]. Opracowanie nowych protokotéw
kontroli stanéw no$nikow w kropkach kwantowych za pomoca fal akustycznych stanowi

zatem wazny krok na drodze do realizacji takich uktaddow.






Rozdziat 2

Wybrane elementy modelu

teoretycznego

2.1 Oddzialtywanie nos$nikéw z fononami

Czesto uzywanym modelem, ktory z sukcesami opisuje oddzialywanie skwantowanych
drgan sieci krystalicznej z nosnikami w kropce kwantowej, jest model niezaleznych

bozonéw (ang. independent boson model) [76], ktérego hamiltonian jest réwny

H =" by |i)i] + 3 oo sbfsbis + 0 )i @ D gl (s +004,) . (2.1)
i k) i

P

gdzie pierwszy czlon hamiltonianu przedstawia energie hw; wielopoziomowego uktadu
kwantowego w stanie |7) (na przyktad dla kropki kwantowej opisywanej jako uktad
dwupoziomowy bytyby to stan podstawowy |g) i ekscytonowy |x)). Drugi z nich opisuje
energi¢ kinetyczng hwy, y fononéw o wektorze falowym k i o polaryzacji A, a trzeci to
oddzialywanie, ktére prowadzi do czystej dekoherencji fazowej. Operatory by \ oraz bL,/\
to odpowiednio operatory anihilacji i kreacji fononu o zadanym wektorze falowym i pola-
ryzacji. Wielkosé g,(;))\ to stala sprzezenia no$nik-fonon. Rozrézniamy dwa sposoby, w jakie
fonony moga oddzialywaé¢ na nosniki. Pierwszy z nich wynika z niecentrosymetrycz-
nej komoérki elementarnej dielektryka. Pojawienie sie odksztatcen w takich strukturach
implikuje powstanie polaryzacji, a w konsekwencji pola elektrycznego, co prowadzi do
oddziatywania elektrostatycznego.

Wielkos¢ opisujaca jak silne jest to sprzezenie dla elektronéw (e) i dziur (h) wyraza
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gdzie e to tadunek elementarny, ey to stala piezoelektryczna materiatu, a ¢ i &, to

si¢ przez [76]

kolejno przenikalnos¢ elektryczna prozni i wzgledna przenikalnosé elektryczna materiatu.
Gestosé krysztatu oznaczono jako d, a V to objeto$¢ normalizacji modéw fononowych.
Czynnik

My\(k) = 2kyky(éx.2), + c.p., (2.3)

opisuje zaleznosé¢ sprzezenia od k dla danej polaryzacji [76], a funkcja ksztaltu
FEM k) = [ arw, (r)on (r)e™, (2.4)
R

zawiera informacje o ukladzie dzigki obecnosci funkeji falowych ¥, (1) elektronéw lub
dziur.

Drugi mechanizm, czyli sprzezenie przez potencjat deformacyjny, wigze sie z lokalng
modyfikacja potencjatu krystalicznego wywotang odksztatceniem sieci. Fala akustyczna
zmienia odlegtosci pomiedzy atomami, co przesuwa energie krawedzi pasma. O tym jak

silne jest to sprzezenie, méwi zaleznosé [76]

o hk
g( /h,DP)

e/h
@A = Qc/v 2ch,\]:( M (k)x LA, (2.5)

gdzie symbol Kroneckera 0,1, pojawit sie, poniewaz jedynie spolaryzowane podtuznie
fonony generuja odksztalcenia wolumetryczne, a efekt ten w pierwszym przyblizeniu jest
rowny wzglednej zmianie komorki elementarnej. Symbole a./, to wspomniane potencjaty
deformacyjne dla odpowiednio pasm przewodnictwa i walencyjnego, a wprowadzona

wielkos¢ ¢y to predkosé dzwicku w krysztale.

2.1.1 Sprzezenie z klasyczng falg akustyczng

W niniejszej sekcji omowiono przejscie miedzy skwantowanymi modami akustycznymi
a klasyczna, monochromatyczng falag akustyczna, ktéra sktada sie z ogromnej liczby
koherentnych fononéw propagujacych w strukturze. Dla pojedynczego modu fononowego

hamiltonian (2.1) upraszcza si¢ do

H =Y hw; [i)il + hwblb + 3 [i)i| © hg" (b+b). (2.6)
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Po przejsciu do obrazu oddzialywania wzgledem hamiltonianu swobodnych fononéw

hwb'h, operator oddzialywania zyskuje jawna zaleznos$é od czasu

H(t) = "M He ™™ = 3" hug [i)i] + Y [i)i] @ hg? (be™™" + ble™"). (2.7)

Zatézmy, ze poczatkowa macierz gestosci fononow daje sie zapisaé jako stan koherentny

|5)
pon(to) = [BXAI, (2.8)

co pozwoli w tatwy sposéb obliczy¢ wartosé oczekiwang bozonowych operatorow kre-
acji ((b")pn = B*) i anihilacji ((b)pn = 3), a w konsekwencji catego hamiltonianu jako

Tron[ppn(to) H(t)], ostatecznie otrzymujac
(O = 3 o il + 32 hg® (Be™" 4 3¢ [ (29)

Kazdy operator kwantowy mozna przedstawic¢ jako sume jego wartosci oczekiwanej oraz
operatora definiujacego fluktuacje kwantowe 6H (t), ktére opisuja odchylenie operatora
od jego wartosci $redniej. Dla stanéw koherentnych, w ktérych 7 = |3|° > 1, fluktuacje
okazuja sie zaniedbywalne, gdyz ich stosunek do wartosci oczekiwanej znika jak 1/ V.
Ta sytuacja doktadnie odpowiada eksperymentom, w ktérych uzywa sie przetwornikéw
miedzypalczastych do generacji fal akustycznych, ktére niosg ~ 10° koherentnych fo-
nonéw [69]. W takich warunkach czton opisujacy oddzialywanie przyjmuje prosta do

interpretacji postac, gdzie klasyczna fala akustyczna moduluje energie uktadu kwantowego

(H(t))pn ~ Z h {wi +29v/7 cos(wt + 925)} )7 . (2.10)

Na koniec mozna jeszcze zobaczy¢, jak silna jest ta modulacja. Przyjmujac site sprzezenia
pojedynczego fononu z ekscytonem g™ /27 ~ 3 MHz [77], fala akustyczna niosaca 1 = 10°
koherentnych fononéw przektada sie na amplitude modulacji energii ekscytonu o wartosci
okoto 0,8 meV.

2.2 Ewolucja kwantowego ukladu otwartego

Ewolucje wektora stanu |¥(t)) zamknietego uktadu kwantowego opisuje réwnanie Schrodin-
gera

. d
i (8)) = H(t) [2(2) (2.11)

ktore mozna rozwigzaé Scisle, otrzymujac unitarng ewolucje w postaci

(1)) = ¢ 7 )y (2.12)
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W przypadku uktadéw otwartych opis przy pomocy wektora stanu zawodzi, a zastapic¢
go nalezy macierza gestosci p(t) [78].

Rozwazmy sytuacje, w ktorej uktad kwantowy S oddziatuje z otoczeniem B.
H = Hs + Hp + aHjy, (2.13)

gdzie hamiltoniany Hg i Hg dzialaja odpowiednio w przestrzeniach Hilberta 4% oraz
J%, natomiast czton opisujacy oddzialtywanie H;, dziala w pelnej przestrzeni Hilberta
obu uktadow, ktéra jest zadana przez iloczyn tensorowy 7 = 55 ® 5. Wprowadzona
tutaj liczba rzeczywista « jest parametrem, ktory przyda sie w kolejnych krokach wypro-
wadzenia, aby okresli¢ rzad sprzezenia. Dla pelnego hamiltonianu mozemy zapisaé teraz
rownanie Liouville’a—von Neumanna opisujace ewolucje macierzy gestosci

d i

rset) =—+

1 [Hs + Hg + aHint, psp(t)] - (2.14)

Takie zagadnienie wygodnie jest rozwigzywaé przechodzac od obrazu oddzialywania

wzgledem hamiltonianéw Hs i Hg, co daje
H(t) = 6%(Hs—i-HB)tHinte—%(Hs—i-HB)t (2.15)

oraz
olt) = RS (1)U Hm), (216)

a samo réwnanie ewolucji przyjmuje postac

& 0(t) = T alH(1), o(1)] (217)

Réwnanie to mozna formalnie scatkowad, otrzymujac
o(t) = o(to) — o | [H(t), o(t')]dV, (2.18)

co po podstawieniu do prawej strony rownania (2.17) daje nam

$e) = a0, o(t0)] - 02|

3 2 H(t),/t [H(t), o(t")] dt'| . (2.19)

to

Taka operacje mozna powtarza¢ wielokrotnie, otrzymujac szereg zawierajacy coraz wieksze
potegi a. Zwykle jednak wystarczy analizowaé cztony do cztonu kwadratowego wtacznie
w tym parametrze, wykonujac tzw. przyblizenie Borna. Kladziemy teraz o = 1, poniewaz
byta ona nam potrzebna jedynie, aby okresli¢ rzad sprzezenia.

Otoczenie uktadu kwantowego sktada sie z makroskopowej liczby stopni swobody.
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Niemozliwe jest wiec postugiwanie si¢ petlna macierza gestosci w celu obserwowania
dynamiki. Wprowadza si¢ zatem pojecie zredukowanej macierzy gestosci p(t), ktéra

opisuje jedynie interesujacy uktad

p(t) = Trp o(t), (2.20)

gdzie Trg oznacza $lad czeSciowy po stopniach swobody otoczenia. Réwnanie (2.19) na
ewolucje macierzy gestosci przyjmuje wiec postac
d

90 = =3 TralH(0) o(t0)] - 3 [ T (OO, U)o 0. (220

Sciste rozwigzanie powyzszego réwnania jest zbyt trudne ze wzgledu na jego rézniczkowo-
catkowy postaé przez pojawiajaca sie po jego prawej stronie macierz gestosci w chwili ¢'.
Aby je uproéci¢, mozna zastosowaé szereg przyblizen, ktore uznaje sie za standardowe
w fizyce kwantowych uktadéw otwartych.

Pierwszym z nich jest zatozenie o szybkiej relaksacji rezerwuaru w poroéwnaniu z typo-
wymi skalami czasowymi ewolucji uktadu. W takim wypadku macierz gestosci otoczenia
pp hie zmienia si¢ w czasie i pozostaje stale w stanie rownowagi termodynamicznej. Petna

macierz gestosci pozostaje separowalna wzgledem iloczynu tensorowego w dowolnej chwili

o(t) = p(t) ® pp(to). (2:22)

Drugim przyblizeniem jest przyblizenie Markova, zaktadajace krotks pamieé rezerwuaru.
Jesli uktad ewoluuje powoli w poréwnaniu z charakterystycznym czasem pamieci otoczenia,
to p(t') = Trg o(t') = p(t), co prowadzi do mozliwodci wyciagniecia tej macierzy spod
znaku catki oraz przesuniecia goérnej granicy catkowania do nieskonczonosci. W dalszej
kolejnosci pierwszy czton w réwnaniu (2.21) znika ze wzgledu na zerowanie sie wartosci
oczekiwanej operatora oddzialywania w stanie réwnowagi termodynamicznej otoczenia
(Tep [Hiwe (£)p5] = 0) [79]

W dalszych rachunkach niezbedne bedzie wyrazenie hamiltonianu oddziatywania
w sposob bardziej jawny. Najbardziej ogélnie mozemy napisac

Hi =Y S ® Ryj, (2.23)
ij

gdzie operatory 5;; dzialaja w przestrzeni ukladu, a R;; w przestrzeni otoczenia. Dzigki
temu i wykonanym poprzednio przyblizeniom mozemy zapisa¢ réwnanie Redfielda, ktore
jest najogdlniejszym réwnaniem fundamentalnym w przyblizeniu Markova [78]

d

&P(Yf) =1y @i R (W) [Sjjsklp(t) - Skzp(t)sjj] ; (2.24)

ijkl
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gdzie funkcja

Riga(w) = —— / T (s R R k(s HHR) R vt gy (2.25)
2wh? J-oo
nazywana jest gestoscig spektralna otoczenia. Oscylujace cztony /@it pozwalaja
nam zdefiniowa¢ kolejng skale czasu obecng w ewolucji. Jesli réznice czestosci przejsé
|wi; — wki| sa duze w poréwnaniu z dynamika dysypatywna uktadu, czynniki te oscyluja
niezwykle szybko i w typowych dla uktadu skalach czasu usredniaja sie do zera [80]. Przy
zatozeniu braku degeneracji przej$¢ energetycznych, cztony te mozna formalnie zastapic¢
wyrazeniem 0;,0; 1 wykona¢ dwie z czterech sum.’ Procedura usredniania tych szybko

oscylujacych cztonéw nosi nazwe przyblizenia wiekowego. Mozemy zatem zapisac

500 = = X 2nRis ) (3 {815,000} — Sp(0)S] ) (2.26)

Zastosowanie przyblizenia wiekowego jest istotne, gdyz gwarantuje, ze odwzorowanie
opisujace ewolucje jest catkowicie dodatnie, co wyklucza pojawienie si¢ ujemnych prawdo-
podobienstw. Diagonalizacja otrzymanej w ten sposéb macierzy R;;;; pozwala wyznaczy¢
jej nieujemne wartosci wtasne 7; > 0, podczas gdy odpowiadajace im operatory wlasne
tworza baze operatoréow L; (dla uktadu N-wymiarowego liczba takich niezaleznych opera-
toréw wynosi N? — 1) [78]. Pozwala to na zapisanie réwnania Lindblada w standardowe;
postaci (w obrazie Schrodingera)

G0 = 5 (HOL 0]+ X (Lon! - 5 {LLow)). @21)

gdzie ~; to szybkosci przejs¢, a L; to operatory przeskoku. Przyktadem moze byé¢ kropka
kwantowa traktowana jako uktad dwupoziomowy ze stanem podstawowym |g) i wzbu-
dzonym |x). Wtedy ;- bedzie oznaczata szybkosé rekombinacji promienistej stanu |x).
Mamy tylko jeden kanat dekoherencji w wymienionym przyktadzie, wiec suma w rownaniu

Lindblada uprosci sie do pojedynczego sktadnika z operatorem L danym przez L = |g)(x|.

2.2.1 Rachunek perturbacyjny bez przyblizenia Markova

Zasadnicza trudno$é w opisie mechanizmoéw dekoherencji stanéw nosnikéw w kropkach
kwantowych lezy w naturze ich otoczenia, ktére stanowi kgpiel fononowa. Nawet przy

ograniczeniu si¢ wytacznie do fononéw akustycznych rezerwuar tego typu wykazuje

W przypadku wystepowania stanéw zdegenerowanych czynniki te przestaja oscylowaé i nie uéredniaja
sie do zera, co wymaga uwzglednienia ich w ewolucji.
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szereg nietrywialnych wtasciwosci. Jego gestos¢ spektralna dla niskich czestosci zalezy
od mechanizmu sprzezenia oraz od geometrii funkcji falowej i ma charakter nadomowy
(ang. super-Ohmic). Znaczy to, ze ros$nie nadliniowo wraz ze wzrostem czestosci. Co
wiecej, oprocz pozadiagonalnych elementéw sprzezenia opisujacych przejscia rzeczywiste,
zazwyczaj wystepuje sprzezenie diagonalne. Prowadzi ono do efektow czystej dekohe-
rencji fazowej, wynikajacych z relaksacji sieci po szybkiej (w poréwnaniu z czestosciami
fononowymi) zmianie stanu nosnika.

W ponizszej sekcji przedstawiono rachunek perturbacyjny, ktéry pozwala uchwycié
efekty niemarkowowskie obecne w ewolucji czasowej nosnika w kropce kwantowej sprze-
zonej z fononami [81-83].

Naszym celem bedzie wyprowadzenie wyrazenia na wiernos¢ przygotowanego stanu
kwantowego dla no$nika w kropce kwantowej sprzezonej z kapiela fononows. Zaktadajac,
ze sprzezenie pomiedzy uktadem a otoczeniem jest stabe, mozemy roztozy¢ zredukowana
macierz gestosci uktadu na czeéé p(¥(¢), ktéra opisuje ewolucje uktadu nieoddziatujacego

z otoczeniem i poprawke Ap(t) spowodowang sprzezeniem z fononami

p(t) = pO(t) + Ap(t). (2.28)

Pierwsza czes¢ mozemy znalezé tatwo, gdyz przy braku oddziatlywania réwnanie Lio-

uville’a—von Neumanna mozemy rozwigzac¢ analitycznie otrzymujac
PO (1) = Us(£)p"” (t) U (1) = €™ 1" pO () ei 1", (2.29)

gdzie p(t) = |1o)1bo| to stan poczatkowy uktadu. Wiernosé koficowego stanu definiu-

jemy jako przekrycie sie petnej ewolucji z ewolucjg niezaburzong

F2 = Tt g0 (00)p(0) = {tho] U (00)p(00)Un(00) [t0) = 1+ (tho] A(00) [thn),  (2.30)

gdzie Ap(c0) to zaburzenie zapisane w obrazie oddziatywania wzgledem Hg + Hg. Aby
znalezé jego pelng postacé zapiszmy teraz réwnanie Liouville’a—von Neumanna na pelng

macierz gestosci o(t) réwniez w obrazie oddzialywania

d l

ot = < [H(),5(0)] (231)

Podobnie jak poprzednio, réwnanie to mozna scatkowaé formalnie, otrzymujac szereg
z coraz wiekszymi potegami «. Znowu jednak bedziemy pracowaé¢ w przyblizeniu Borna,
biorac wyrazy kwadratowe i ktadac o = 1. Pozwoli to na zapisanie zaburzenia jako

TdT'TrB {7:[(7‘), [7:[(7"), Q(to)H ) (2.32)

to

_ 1t
AG(t) = _ﬁ/t dr
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Biorac posta¢ oddzialywania z réwnania (2.23), rozwijajac komutatory i wykonujac slad

czesciowy po stopniach swobody otoczenia otrzymujemy

Z / dr [ dr'[84(r). Sl )p® ()| (oig(r) Ria (7)) + bue. (233)
ijkl
Aby kontynuowad, uzyjemy wezesniej zdefiniowanej gestosci spektralnej otoczenia R (w)

oraz nowego operatora

W) = /tt dr Gy (7). (2.34)

Przy jego pomocy mozemy zdefiniowa¢ widmo dynamiczne, ktére pokazuje czestosci

wystepujace w ewolucji

Sim(w) =Y (Y| Y, Wn (Un| Yia [%0) (2.35)

n

gdzie sumowanie odbywa si¢ po stanach [i,,), ktére rozpinaja przestrzeni ortogonalna do
stanu poczatkowego [1g). Uzywajac obu funkeji spektralnych mozemy podaé koncowy

wzér na Ap(oo)
+o0o
Ap(oo) = — /_ - dwSu () Rigu (@) (2.36)

co oznacza, ze utrata wiernosci uktadu oddziatujacego z otoczeniem zalezy od ich
przekrycia.

W uzywanym formalizmie na zadnym etapie nie wykonaliémy przyblizenia Markova,
a zatem efekty zwigzane ze skonczonym czasem pamieci rezerwuaru beda obecne i mozliwe
do uchwycenia. Metoda ta zostala uzyta do obliczenia koncowej wiernosci przygotowanego

stanu tadunkowego w kropce kwantowej w pracach [P1] oraz [P3].

2.3 Optyczna kontrola typu ,,swing-up”

Deterministyczne przygotowanie stanu wzbudzonego emitera kwantowego jest kluczowe
dla wielu zastosowan w technologiach kwantowych. W ostatnich latach pojawita sie
niezwykle interesujaca metoda ,swing-up” [21], ktéra to umozliwia poprzez zastosowanie
dwodch nierezonansowych z przejsciem ekscytonowym impulséw laserowych.

Naszym uktadem bedzie kropka kwantowa, traktowana dla wygody jako uktad dwu-
poziomowy (choé wszystkie ponizsze przeksztalcenia mozna uogélnié na model z biek-

scytonem), gdzie |g) oraz |x) oznaczaja odpowiednio pusta kropke i stan ekscytonowy,

2W literaturze czesto spotyka sie te metode pod nazwa ,,SUPER scheme”. Jest to akronim od
»Swing-UP of the quantum EmitteR population”.
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oddzielone od siebie o energie przejscia hAw. Stany w kropce sa sprzezone dwiema ze-
wnetrznymi falami elektromagnetycznymi o réznych czestosciach. Hamiltonian takiego

uktadu w przyblizeniu dipolowym przyjmuje postaé
H{(t) = hw [x)(x] + 7[€2(t) cos(wot) + 1 (t) cos(wit)](|g)(x] + |x)gl)- (2.37)

Mozemy teraz przejs¢ do bazy wirujacej z czestoscia wy, a takze zastosowaé przyblizenie

wirujacej fali (ang. RWA, rotating wave approximation)
1 1 —i i
H(t) = —hlo [x)x| + S~ (t)(Ig)x] + xXg|) + Sheh(t)(e * )] + e x)gl), (2.38)

gdzie Ay = wy—w to odstrojenie pierwszego lasera od przejécia stan podstawowy-ekscyton,
ad=Ay— A1 =wy— w; to dudnienie pomiedzy czestosciami uzytych impulséw optycz-
nych.

Aby sprowadzi¢ dynamike uktadu do efektywnego modelu Rabiego i wyznaczy¢ waru-
nek rezonansowy, w kolejnym kroku przechodzimy do bazy stanoéw ubranych generowanych
przez pierwszy impuls laserowy. W tym celu diagonalizujemy cze$¢ hamiltonianu (2.38)
obejmujaca odstrojenie oraz sprzezenie z pierwszym polem. Zaktadajac, ze obwiednia
impulsu zmienia sie powoli w skali czasu zadanej przez odstrojenie, otrzymujemy chwilowe

energie stanow ubranych i rozszczepienie pomiedzy nimi [84]

Q(t) = By (t) — E_(t) = hy/Q3(t) + A2 (2.39)

oraz nowe chwilowe stany wtasne uktadu

(0 = cos (%) s (%) o,

(o) = cos () o) —sin (%2 o,

gdzie 0(t) = tan=1(Qy(t)/Ao) to kat mieszania opisujacy site sprzezenia stanéw w kropce

(2.40)

przez zewnetrzne pole. Mozemy réwniez odtworzy¢ odwrotng transformacje i wyrazic

stany swobodne kropki w bazie stanéw ubranych, co przyda sie w nastepnym kroku

) = cos (1) 1= s (%) o).
mzmﬂﬁﬁumwm{%ﬁv@w

Tak wyrazone stany swobodne mozemy z powrotem podstawi¢ do hamiltonianu (2.38).

(2.41)

Aby uproécié¢ zapis, w dalszej czesci pozbedziemy sie jawnej zaleznosci czasowej w sta-

nach, czestosciach oraz kacie mieszania. Odpowiada to sytuacji, w ktorej oba impulsy
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Rysunek 2.1: Schemat dzialania protokotu ,swing-up”. (a) Linie ciagle pokazuja ewo-
lucje kubitu na sferze Blocha dla odstrojonych laseréw. Niebieska strzatka wyznacza
potozenie osi obrotu stanu kropki dla lasera odstrojonego o Ay, a pomaranczowa o A;.
(b) Ewolucja typu ,swing-up”. Dudnienie powstajace na skutek uzycia dwéch réznie
odstrojonych impulséw periodycznie zmienia os obrotu, a wektor stanu porusza sie po
spirali na sferze. (¢) Ewolucja obsadzenia stanu wzbudzonego w funkcji Qot, gdzie ¢ to
czas ewolucji. (d) Odstrojenie od przejscia optycznego w funkcji Qot. Przedrukowano
z: Thomas K. Bracht, et al., Swing-Up of Quantum Emitter Population Using Detuned
Pulses, PRX Quantum 2, 040354 (2021); DOI: 10.1103/PRXQuantum.2.040354 [21].
Grafika udostepniona na licencji CC BY 4.0.

laserowe maja prostokatny ksztatt, wiec podczas plateau te parametry si¢ nie zmieniaja.

Otrzymujemy wtedy [84]
(1) = 9 (H+ — |-X-1) +

+ ;ml sin(6) cos(5t) (|+)(+| — |=)X—]) + (2.42)

1 Y AN ey AR
+2th Ke cos (2 e sin” | 3 |—X+| + h.c.|.

Zauwazmy, ze oprécz elementéw macierzowych odpowiadajacych za przejscia pomie-
dzy stanami ubranymi, w oddziatywaniu ze $wiattem pojawia sie réwniez diagonalna
modulacja energii tych stanéw. W oryginalnym, czysto optycznym podejéciu pomija sie
ja, argumentujac, ze przy odpowiednio duzej réznicy odstrojen usrednia sie ona do zera.

Pozostaja wiec cztony prowadzace do rezonansu, gdy spelniony jest warunek 2 = +4.
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Warto w tym miejscu zaznaczy¢, ze w hamiltonianie (2.42) wystepuja czlony oscylujace
z zaréwno dodatnig, jak i ujemna czestoscig (e*!), co formalnie przypomina sytuacje
sprzed zastosowania RWA. W tym przypadku jednak oba te czynniki moga wywieraé
istotny wplyw na ewolucje, w zaleznosci od znaku odstrojen laseréw [21, 84].

Protokét ,swing-up” ma bardzo elegancka interpretacje, gdy obserwuje sie ewolucje
stanu na sferze Blocha, co przedstawiono na rysunku 2.1. Uktad zostal przygotowany
w stanie |g), a dla pojedynczego lasera rezonansowego z przejsciem |g) <> |x) hamilto-
nian (2.38) uproscitby sie (w bazie wirujacej z czestoscia lasera i po wykonaniu RWA)
do H = hQ)yoy /2. Tak zapisany hamiltonian generuje obrét wektora Blocha wokdt osi
OX, ktéra lezy w plaszczyznie rownika. W konsekwencji, uzycie rezonansowego impulsu
o polu powierzchni impulsu 7 odpowiada wykonaniu operacji X, przenoszacej stan catko-
wicie ze stanu |g) do |x). Dla pojedynczego lasera odstrojenie powoduje wychylenie osi
obrotu z plaszczyzny w strone bieguna. Obrét wektora Blocha wokét tak nachylonej osi
uniemozliwia osiggniecie bieguna przeciwnego, przez co deterministyczne przygotowanie
stanu staje si¢ niemozliwe.

Omawiana metoda wprowadza drugi laser, ktéry, réwniez odstrojony, ustala inna o$
obrotu niz pierwszy, co prowadzi do pojawienia si¢ dudnienia pomiedzy czestotliwo$ciami
laseréw, periodycznie zmieniajac osie obrotu. Dobierajac odpowiednio szybkosé ewolucji,
mozna sprawic, ze stan wykona obrot o m na sferze Blocha wzgledem osi ustalonej przez
pierwszy laser (linia niebieska), a nastepnie kolejny obrét o m wzgledem osi ustalone;j
przez drugi laser (linia pomaranczowa). W przypadku wielokrotnego powtérzenia tej
operacji zadana ewolucja stanu na sferze Blocha bedzie miata postaé spirali zaczynajacej
sie i koniczacej na biegunach [21, 84, 85].

Protokét ten zostal kilkakrotnie zweryfikowany eksperymentalnie [85-87], nie tylko
dla kropek kwantowych, ale réwniez dla centréw barwnych w diamentach [88]. Model
teoretyczny rozszerzono do modelu kwantowego, w ktorym oddziatywanie kropki z polem
fotonowym zamodelowano jako oddzialywanie typu Jaynesa—Cummingsa [89-92], co
w przysztosci moze umozliwi¢ manipulacje stanem kwantowym przy uzyciu pojedynczych,

nierezonansowych fotonow.






Rozdziat 3

Akustooptyczna kontrola stanéw

tadunkowych

Ponizszy rozdziat dotyczy akustooptycznej metody przygotowywania stanéow tadunkowych
w kropkach. W tresci oméwiono prace [P1] oraz [P3], ktére wchodza w sktad rozprawy.
W podrozdziale 3.1 znajduja sie opis i wyniki akustooptycznej metody ,,swing-up”,
uzytej do deterministycznego przygotowywania standéw ekscytonowych i biekscytonowych
w kropkach kwantowych. W podrozdziale 3.2 metoda ta zostata rozszerzona na wyzsze

harmoniczne pola akustycznego.

3.1 Kontrola stanu ladunkowego przy uzyciu

akustooptycznego protokotu typu ,,swing-up”

W pracy [P1] pokazano, ze mozliwe jest deterministyczne i koherentne sterowanie sta-
nami tadunkowymi w kropce kwantowej przy pomocy akustooptycznego odpowiednika
protokotu typu ,swing-up”. Kropke modelowano jako uktad tréjpoziomowy, w ktérym
stany |g) , |x) oraz |xx) opisuja odpowiednio stan podstawowy kropki, stan ekscytonowy
i biekscyton. Peten hamiltonian uwzglednia réwniez sprzezenie z odstrojonym laserem
oraz klasyczng fala akustyczna.

Proponowana metoda kontroli jest metoda nierezonansows, w ktérej pole akustyczne
wprost moduluje odstrojenie (a wiec i 0§ obrotu wektora stanu na sferze Blocha), w prze-
ciwienstwie do czysto optycznego schematu, w ktérym modulacja osi obrotu odbywa
sie poprzez dudnienie pomiedzy czestoSciami lasera [21, 84]. Jesli czestosé tej modulacji

wae zostanie dobrana tak, aby odpowiada¢ uogélnionej czestosci Rabiego (g pomiedzy
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odpowiednimi stanami kropki ubranymi w oddziatywanie ze $wiatlem, mozliwe bedzie
wykonanie obrotu o 7, co prowadzi¢ bedzie do deterministycznego przygotowania stanu
tadunkowego w kropce.

Pokazano réwniez, ze akustooptyczna wersja protokotu dziata niezaleznie od znaku
odstrojenia (w zgodzie z czysto optycznym protokotem [21]), a przygotowaé mozna
zarowno stany ekscytonowe jak i biekscytonowe. Oszacowano réwniez wierno$é przygoto-
wanych stanéw, korzystajac z perturbacyjnego rachunku, pozwalajacego uchwyci¢ procesy
niemarkowowskie, ktore sg skutkiem splatania miedzy kubitem a kapielg fononowg. W ob-
liczeniach przyjeto typowe parametry dla samorosnacych kropek InAs/GaAs [93] oraz
kropek GaAs/AlGaAs wytwarzanych metoda trawienia z kropli [10, 94, 95]. Wiernosé
przygotowanego stanu w uzytym formalizmie (patrz podrozdziat 2.2.1, materialy uzupel-
niajace do artykutu [P1] oraz materialy uzupehiajace do preprintu [P3]) daje sie zapisaé
jako [81-83]

FP=1- / dwS(w)R(w), (3.1)

gdzie R(w) to fononowa gestos$¢ spektralna, ktéra okresla, jak silne jest sprzezenie no-
$nik—fonon, a S(w) to nieliniowa charakterystyka spektralna, ktéra dostarcza informacji
o czestosciach obecnych w ewolucji uktadu. Nalezy zaznaczy¢, ze w publikacji [P1] btednie
przypisano autorstwo tej metody i pominieto cytowanie oryginalnych prac [81, 82], ktore
ja opisuja. Trwajg prace majace na celu przygotowanie erraty.

Obliczenia numeryczne dla kropek GaAs/AlGaAs wskazuja, ze przygotowane stany
charakteryzuja sie wysoka wiernoscia, nawet w temperaturze pokojowej. Ze wzgledu na
mniejsze rozmiary kropek InAs/GaAs sprzezenie no$nikéw w nich uwiezionych z fono-
nami jest silniejsze niz w kropkach GaAs/AlGaAs, ale mimo to nadal uzyskano wysokie
wiernosci w temperaturach kriogenicznych. W dtuzszej perspektywie wyniki te moga
otworzy¢ droge do kontrolowanego transferu stanu kwantowego za pomocg szyny aku-
stycznej, ktadac podwaliny pod wieloelementowe hybrydowe uktady kwantowe sprzezone

akustycznie.

3.2 Kontrola emitera kwantowego przy pomocy

wyzszych harmonicznych pola akustycznego

Preprint [P3] rozszerza opis wezesniej zaproponowanego protokotu w pracy [P1] na wyzsze
harmoniczne pola akustycznego. Poprzednio zaproponowana metoda kontroli stanéw

w kropce wymagala stosunkowo wysokich energii pola akustycznego (fw,. ~ 1 meV),
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ktore, cho¢ sa osiagalne eksperymentalnie, to technologia ich wytwarzania wymaga
uzycia ultraszybkich impulséw laserowych i nie jest tak tatwa jak w przypadku zwyktych
IDT [96-98].
W niniejszej pracy zaproponowano sposob na pokonanie ograniczen wynikajacych
z dostepnych czestosci pola akustycznego, znaczaco rozszerzajac potencjal wcezesniej
zaproponowanej metody. Akustooptyczng kontrole stanu tadunkowego mozna rozszerzy¢
w naturalny sposéb na rezim czestotliwosci utamkowych, co jest mozliwe dzigki procesom
majacym wielofononowy charakter, ktére naturalnie angazuja wyzsze harmoniczne drgan
akustycznych. Powstaja one efektywnie w wyniku okresowej modulacji fazy ekscytonowych
przejs$é optycznych [99-101], co moze umozliwi¢ parametryczne rezonanse wielokrotnosci
Wae 7 TOozszczepieniem Rabiego
OR = NWae, (3.2)

nawet gdy modulacja stanéw w kropce wynika ze sprzezenia z klasyczng monochroma-
tyczng falg akustyczna. W dalszej czesci pracy przeprowadzono symulacje numeryczne,
aby okresli¢, jak duze ograniczenia naktada na te metode dekoherencja obecna w uktadzie
oddziatujacym z fononami termicznymi, ktora, tak jak w poprzednim przypadku, zostata
obliczona metoda perturbacyjng [81-83].

W szczegdlnosci wykazano, ze nadal mozliwe jest deterministyczne przygotowywanie
stanéw ekscytonowych i biekscytonowych w kropkach GaAs/AlGaAs [10], zachowujac
wysoka wierno$¢ (ktéra zdaje sie nie zaleze¢ w znaczacy sposéb od rzedu harmonicz-
nej), ktéra mozna dodatkowo zwiekszaé poprzez zmiane odstrojenia lasera. Dodatkowo
obliczenia numeryczne sugeruja, ze metoda ta pozwala pokonaé réznice czestotliwosci
siegajaca co najmniej rzedu wielkosci, przewidujac, ze mozliwa jest kontrola stanéw o r6z-
nicy energii odpowiadajacej czestotliwosci 0,341 THz (1,41 meV) za pomoca modulacji
akustycznej o czestotliwosci zaledwie 42 GHz (174 peV). Warto tutaj zwrécié uwage,
ze nie jest to catkowita wielokrotnos$é pierwszej liczby ze wzgledu na dodatkowe rozsz-
czepienie pojawiajace sie w wyniku podwojnego ubierania sie emitera w oddziatywanie
ze Swiattem i dzwiekiem. Wyniki sugeruja, ze mozliwa jest zatem koherentna kontrola
stanéw tadunkowych w kropce kwantowej przy jednoczesnym rozdzieleniu skal energii:
optycznej i sterowania akustycznego.

W przysztosci podejécie to moze umozliwi¢ deterministyczng generacje stanéw wielofo-
nonowych w rezonatorach akustycznych (poniewaz wystepuje tam analogiczna struktura
oddziatywania) za pomoca odstrojonego lasera, wytwarzanie kontrolowanego splatania
pomiedzy fotonem a modem fononowym oraz utatwi¢ transfer informacji kwantowej

miedzy ukltadami ciata stalego z wykorzystaniem skwantowanych modéw akustycznych.






Rozdziat 4

Akustooptyczna kontrola kubitéw

spinowych

W ponizszym rozdziale zaproponowano dwie metody akustooptycznej kontroli kubitow
spinowych w kropkach kwantowych. W artykule [P2] oméwionym w podrozdziale 4.1
zaproponowano metode umozliwiajaca obrot spinu przy pomocy impulsow akustycznych
podczas ciaglego pobudzania optycznego. Z kolei w preprincie [P4] oméwionym w podroz-
dziale 4.2 przedstawiono metode parametryczna, bedaca rozszerzeniem akustooptycznej

metody ,,swing-up” dla stanéw tadunkowych.

4.1 Hybrydowa kontrola kubitu spinowego

Poza kontrola stanéw tadunkowych w kropkach kwantowych obiecujaca mozliwoscig
jest wykorzystanie spinu no$nikéw w nich uwiezionych, co lezy u podstaw jednej z idei
komputera kwantowego [102]. W uktadach o wysokiej symetrii obrotowej mechaniczne
stopnie swobody bardzo stabo sprzegaja sie ze spinami i, mimo ze spin nosnikéw w krop-
kach kwantowych jest kompatybilny ze $wiatlem jako no$nikiem informacji [39], stabe
sprzezenie miedzy fononami a pojedynczymi spinami elektronéw w pétprzewodnikowych
kropkach kwantowych znaczaco utrudnia ich integracje w hybrydowych uktadach kwan-
towych sprzezonych akustycznie na chipie [40, 41].

Aby obej$¢ te ograniczenia, w pracy [P2] zaproponowano hybrydowy akustooptyczny
protokét sterowania stanami spinowymi elektronu w kropce kwantowej. Laser o energii
uy, jest odstrojony od energii trionu (naladowanego ekscytonu) fwr o hA = hwy, — hwr.

W przedstawionym wczesniej opisie optyczne reguty wyboru dotyczyty osi kwantyza-
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cji wyznaczonej wzdhuz kierunku wzrostu kropki. Zastosowanie konfiguracji Voigta,
w ktorej zewnetrzne pole magnetyczne jest przytozone prostopadle do kierunku wzro-
stu (i prostopadle do padajacej wiazki lasera), zmienia baze stanéw whasnych spinu
|—=) = (I + [1))/V2 oraz <) = (|1) — [1))/v2. W konsekwencji, rzutowanie operatora
oddzialywania dipolowego dla fali elektromagnetycznej o polaryzacji kotowej o™ na te
stany prowadzi do jednakowych elementéw macierzowych dla obu przej$é optycznych [ry-
sunek 1.1(b)]. Taka geometria pozwala na wyindukowanie efektywnego sprzezenia miedzy
stanami spinowymi poprzez wspélny stan trionu | T), tworzac tréjpoziomowy uktad typu
A [103, 104]. Odstrojenie lasera od przejécia optycznego zapobiega znacznemu obsadzeniu
stanu |T), co mogtoby prowadzi¢ do dekoherencji ze wzgledu na skoriczony czas zycia
trionu. Ostatnim elementem jest koherentna, monochromatyczna fala akustyczna, ktora
moduluje energie przejscia optycznego. Gdy dobierzemy czestos¢ modulacji tak, aby
odpowiadata rozszczepieniu Zeemana w,. = wyz, mozliwe stanie si¢ generowanie obrotow
pomiedzy stanami spinowymi elektronu.

Zaproponowana metoda umozliwia obrot spinu za pomocg impulséw akustycznych
podczas ciagtego pobudzania optycznego. Obliczenia numeryczne wskazuja jednak, ze
dostepny kat nachylenia osi obrotu 6 wzgledem pionu na sferze Blocha jest ograniczony,
a realizacja bramki X wytacznie przy pomocy jednego impulsu akustycznego jest nie-
mozliwa. W rezimie, gdy amplituda modulacji akustycznej A,. jest mata w stosunku do

czestoscl w,. przewidywania z modelu efektywnego

0 ~ , (4.1)

sg zgodne z wynikami numerycznymi. Parametry pola akustycznego zostaty wiec dobrane
tak, aby utrzymywaé 6 = 7/2, a bramke X realizowano przy pomocy dwdch prawie
identycznych impulséw akustycznych, réznigcych sie tylko wzgledng fazg o 7. Zmiana
fazy ustawia nowa o$ obrotu dla drugiego impulsu akustycznego, prostopadta do osi
pierwszej.

W dalszej czesci uwzgledniono procesy destrukcyjne w ewolucji. Pokazano, ze dwu-
impulsowa realizacja bramki X moze by¢ wystarczajaco szybka, aby ograniczyé¢ utrate
wiernosci spowodowana fluktuacjami pola Overhausera [105] ponizej 0,1% w kropkach
kwantowych ze schtodzonymi spinami jadrowymi otoczenia [33-36] oraz ze mozliwe jest
zastosowanie sekwencji impulséw redukujacych ten szum w wiodacym rzedzie rozwiniecia
Magnusa wzgledem odchylenia czestosci od rezonansu.

Drugim czynnikiem zmniejszajacym wiernos¢ bramki jest skonczony czas zycia trionu,

ktéry w znacznym stopniu jest ograniczony ze wzgledu na znikome obsadzenie stanu |T)
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podczas ewolucji. Przewidziano utrate wiernosci wywotana rekombinacja na poziomie
ponizej 0,1% przy obecnie dostepnych czestoéciach akustycznych dla podwéjnej kropki
kwantowej [106-109].

Proponowany mechanizm sprzezenia spinu w kropce kwantowej z falami mecha-
nicznymi otwiera perspektywe budowy uktadéw hybrydowych zdolnych do transferu
informacji kwantowej miedzy np. kubitem nadprzewodzacym, spinem nosnika oraz foto-

nami optycznymi.

4.2 Parametryczna kontrola stanéw spinowych

elektronu w kropce kwantowej

Protokét akustooptycznej kontroli spinu zaprezentowany w pracy [P2] ma jednak kilka
wad. Wymodg zachowania rezonansu miedzy energia fali akustycznej a rozszczepieniem
Zeemana, w polaczeniu z gigahercowym ograniczeniem natozonym na powierzchniowe
fale akustyczne przez aktualng technologie, skutkuje stosunkowo dtugimi czasami trwania
bramki X (sa to odpowiednio ~ 25 ns dla realizacji dwuimpulsowej i ~ 45 ns dla bramki
kasujacej wptyw pola Overhausera w wiodacym rzedzie). Czas ten przekracza zaréwno
czas zycia trionu w pojedynczej kropce kwantowej jak i czas niejednorodnego defazowania
spinu 7. Ponadto ograniczony kat osi obrotu kubitu wymusza stosowanie ztozonych
sekwencji impulséow do tworzenia sekwencji redukujacych wplyw szumu jadrowego.

W pracy [P4] ograniczenia te sa obchodzone poprzez zaproponowanie parametrycznej
metody kontroli stanéw spinowych elektronu w kropce. Schemat ten réwniez opiera sie
na sprzezeniu optycznym ze stanem |T), ale tym razem wykorzystano réwniez efekt
optycznego ubierania sie standéw spinowych w oddzialywanie ze Swiattem, co pozwolito
odejs¢ od rezonansu w,. = wy. Zamiast tego wykorzystano rezonans parametryczny, ktory
wystepuje, gdy czestotliwosé akustyczna odpowiada rozszczepieniu pomiedzy optycznie
ubranymi stanami spinowymi, w analogii do akustooptycznej wersji metody ,,swing-up”
do kontroli stanéw tadunkowych zaproponowanej w pracy [P1].

Poniewaz rozszczepienie stanéw ubranych jest w ciagly sposéb modulowane, natural-
nie pojawiaja sie procesy angazujace wyzsze harmoniczne, ktore rowniez moga zostaé
efektywnie wykorzystane, w analogii do pracy [P3]. Obliczenia numeryczne wskazuja,
ze zaproponowana metoda jest znacznie szybsza od poprzedniej, a czas trwania bramki
X wynosi zaledwie okoto 155 ps i moze sie skroci¢ wraz z rozwojem technologii IDT. Ta
poprawa wzgledem poprzedniej propozycji wynika ze ztagodzenia sztywnych ograniczen

natozonych na parametry pola akustycznego. Prezentowany tutaj schemat nie wymaga
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juz, aby amplituda i czestos¢ fali akustycznej byty ze soba poréwnywalne, aby utrzymywac
odpowiednio dobrany kat osi obrotu. Dodatkowo staba modulacja akustyczna moze by¢
kompensowana poprzez uzycie silniejszego impulsu optycznego, ktory w poprzednim przy-
padku negatywnie wptywat na o$ obrotu kubitu oraz zwigkszal dekoherencje wynikajaca
ze skonczonego czasu zycia trionu.

Skrécenie czasu ewolucji pozwolito osiggnagé wierno$é bramki na poziomie 99,9% dla
pierwszej harmonicznej, nawet w obecnosci szumu pochodzacego z nieschtodzonego srodo-
wiska spinéw jadrowych typowej kropki kwantowej oraz skonczonego czasu zycia trionu
T 2 1,25 ns. Z kolei dla protokotu opartego na drugiej harmonicznej uzyskano wiernosé

na poziomie 99,8% w przypadku chtodzonych spinéw jadrowych, przy 7 2 2,5 ns.



Podsumowanie

Celem pracy byto teoretyczne zbadanie mozliwosci akustooptycznej kontroli stanow
tadunkowych i spinowych nosnikéw w kropkach kwantowych, zaproponowanie protokotow
umozliwiajacych koherentne sterowanie nimi oraz przedstawienie ich opisu teoretycznego.

Dla stanéw tadunkowych w kropkach kwantowych zaproponowano nowa akustoop-
tyczng metode do deterministycznego przygotowywania stanéw ekscytonowych i biekscy-
tonowych. Metoda jest rozszerzeniem niedawno wprowadzonej optycznej metody kontroli
wswing-up”. W publikacji [P1] wykorzystano pole akustyczne do bezposredniej modulacji
odstrojenia lasera od przej$cia optycznego, ktorego czestos¢ nalezy dostroi¢ do rezonansu
z uogolniong czestoscig Rabiego. Wykazano, ze prowadzi to do koherentnej ewolucji
stanéw i w rezultacie do deterministycznego ich obsadzania.

Zaproponowana metoda nie zalezy od znaku odstrojenia, a jej gtéwnym ograniczeniem
staje si¢ wymagana energia pola akustycznego, ktora osigga wartosci rzedu pojedynczych
milielektronowoltéw. Wskazano zatem na potencjalng korzysé wynikajaca z rozwoju
technologii terahercowych pol akustycznych. W nastepnym kroku, zgodnie z analogicz-
nymi oszacowaniami dla czysto optycznej wersji protokotu, pokazano, ze akustooptyczna
wersja moze by¢ niemal catkowicie odporna na dekoherencje wynikajaca z oddziatywania
no$nikéw z kapiela fononowa, nawet w podwyzszonych temperaturach.

Co najwazniejsze, zaproponowana metoda pozwala na hybrydows akustooptyczna
kontrole stanu, mimo ze w uktadzie brakuje bezposredniego sprzezenia akustycznego
miedzy stanami tadunkowymi. Zastosowanie odstrojonego impulsu optycznego podczas
cigglej modulacji akustycznej w dhuzszej perspektywie moze otworzy¢ droge do gene-
rowania optycznie kontrolowanego splatania pomiedzy kropka a pojedynczym modem
fononowym, a w dalszej kolejnosci moze umozliwi¢ transfer stanu kwantowego poprzez
szyne akustyczng, co w dtuzszej perspektywie moze prowadzi¢ do pojawiania sie aku-
stycznie sprzezonych wieloelementowych uktadéw kwantowych.

Aby obejs$¢ ograniczenia zwigzane z wymaganymi energiami fal akustycznych, protokét
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z pracy [P1] zostal rozszerzony na wyzsze harmoniczne pola akustycznego w pracy [P3].
Pokazano, ze nawet monochromatyczna fala akustyczna moze efektywnie je generowac,
wykorzystujac procesy o charakterze wielofononowym wynikajace z okresowej modulacji
fazy przejscia optycznego. Obliczenia numeryczne dla dziesiatej harmonicznej pokazuja,
ze metoda ta pozwala pokonaé réznice czestotliwosci o co najmniej rzad wielkosci, co poka-
zano na przyktadzie dynamiki, w ktorej uogdlniona czestosé Rabiego wynosita 0,341 THz,
a kropka modulowana byta falg akustyczna o czestotliwosci 42 GHz. Mimo ze wymaga
to stosunkowo silnej modulacji akustycznej, zapewnia to koherentng kontrole stanow
tadunkowych w kropce, przy jednoczesnym rozdzieleniu energii dostarczanej przez laser
od kontroli stanu wykonywanej akustycznie. Poza deterministycznym przygotowywaniem
stanéw tadunkowych w kropkach kwantowych, rozwiniecie tego podejécia na skwantowane
mody fononowe moze pomoéc w wytwarzaniu stanow wielofononowych w rezonatorach
akustycznych za pomocg odstrojonego lasera.

W pracy [P2] zaproponowano hybrydowa, akustooptyczna metode kontroli pojedyn-
czego spinu elektronu w kropce kwantowej, co pozwala na wygenerowanie sprzezenia
spin—fonon w uktadzie, w ktérym dotychczas praktycznie nie wystepowato. Poltgczenie
modulacji akustycznej z nierezonansowym laserem umozliwito indukowanie koherentnych
przejs¢é miedzy stanami spinowymi oraz zaproponowanie akustooptycznej bramki X.
Istotne ograniczenie wiernosci tej bramki, wynikajace ze skonczonego czasu zycia trionu,
mozna zmniejszy¢, indukujac wieksze rozszczepienia Zeemana, co skraca czas ewolucji.
Wymaga to wysokich czestotliwosci akustycznych, ktére musza pozostawaé w rezonan-
sie z rozszczepieniem spinu, jednak nawet dla obecnie osiggalnych 44 GHz otrzymano
wierno$¢ na poziomie 99,9% dla podwojnej kropki kwantowej. Ponadto ograniczenie
wynikajace z kwazistatycznego szumu jadrowego mozna obejs¢, wykorzystujac ztozone
sekwencje wielu impulséw akustycznych, na wzér mikrofalowych protokotéw kompensacji
szumu.

Aby rozwigza¢ problemy dlugich czaséw realizacji bramki, a takze ograniczonego
kata nachylenia osi obrotu istniejace w pracy [P2], opracowano drugi akustooptyczny
protokot kontroli spinu w kropce kwantowej, bazujacy na zjawisku rezonansu parame-
trycznego (praca [P4]). Zapewnia on pelna kontrole spinu z niemal dowolna osia obrotu,
wyznaczang przez faze akustyczng oraz odstrojenie od rezonansu. Symulowany czas
bramki wyniost ~155 ps i jest o ponad dwa rzedy wielkosci krotszy niz w przypadku
poprzedniego protokotu. Tak szybka manipulacja spinem pozwala na unikanie btedow
spowodowanych polem Overhausera nawet bez stosowania sekwencji redukujacych wptyw

szumu jadrowego, a takze ogranicza wplyw rekombinacji trionu. Podejscie to pozwala
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osiggngé usredniong wierno$é bramki powyzej 99,9% nawet w nieschtodzonym srodowisku
spinéw jadrowych oraz przy realistycznym czasie zycia trionu ~1,25 ns. Zapewnia to
petna kontrole spinu elektronu, konkurencyjng wobec aktualnie stosowanych rozwigzan,
jednoczesnie wprowadzajac do uktadu sprzezenie z fononami, w tym dostep do procesoéw
wielofononowych poprzez procesy angazujace wyzsze harmoniczne pola akustycznego.
Spinowy stopien swobody znacznie poszerza zakres mozliwych zastosowan kropek
kwantowych, np. poprzez splatanie spinu z pojedynczymi fotonami, optomechaniczne
mieszanie fal na poziomie pojedynczych kwantow czy wykorzystanie efektoéw chiralnej
optyki kwantowej w celu uzyskania emisji kierunkowej, tj. sprzezenia z przestrzennymi
modami swiatta. W badaniach podstawowych taczenie réznych stopni swobody moze
pozwoli¢ na analize modeli w rezimach silnych sprzezen za pomoca obecnie intensywnie
rozwijanych symulatoréw kwantowych. Wykorzystywanie sprzezenia stanéw kwantowych

z falami mechanicznymi wpisuje si¢ w obecnie popularne i obiecujace podejscia.






Dorobek naukowy i aktywnosé

badawcza

Ponizsza cze$¢ stanowi zestawienie mojego dotychczasowego dorobku naukowego oraz
aktywnosci badawczej. Zostaly w niej zgromadzone informacje dotyczace opublikowanych
prac, kierowania i udziatu w grantach oraz wystapien konferencyjnych i seminaryjnych,

na ktorych prezentowalem wyniki zawarte w niniejszej rozprawie.

Wystgpienia i prezentacje konferencyjne

1. M. Kuniej, M. Gawelczyk, P. Machnikowski, Hybrid control of electron spin in
a quantum dot with acoustic and optical pulses, 18.04.2023, NanoDay Meeting,

Torun, Polska, wystapienie ustne.

2. M. Kuniej, M. Gawelczyk, P. Machnikowski, Hybrid Acousto-Optic Driving of
Rabi Oscillations of Electron Spin in a Quantum Dot, 20.06.2023, 51st International
School & Conference on the Physics of Semiconductors "Jaszowiec 2023", Szczyrk,
Polska, plakat.

3. M. Kuniej, M. Gawelczyk, P. Machnikowski, Hybrid Acousto-Optical Control
of Electron Spin in a Quantum Dot, 23.08.2023, 22nd International Conference

on Electron Dynamics in Semiconductors, Optoelectronics and Nanostructures
EDISON22, Miinster, Niemcy, plakat.

4. M. Kuniej, M. Gawelczyk, P. Machnikowski, Hybrid acousto-optical control of a qu-
antum emitter, 14.02.2024, 7th International Workshop on the Optical Properties
of Nanostructures (OPON2024), Wroctaw, Polska, plakat.
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5.

10.

11.

12.

13.

M. Kuniej, P. Machnikowski, M. Gawelczyk, Theory of acousto-optical state control
in quantum dots, 18.04.2024, 2nd International GaAs QD Workshop, Traunkirchen,

Austria, wystapienie ustne.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Acousto-optical preparation of charge
and spin states in quantum dot, 13.06.2024, International workshop on telecom
quantum dot non-classical light sources for quantum communication QDotCom24,

Wroctaw, Polska, wystapienie ustne.

M. Kuniej, P. Machnikowski, M. Gawelczyk, Hybrid acousto-optical swing-up state
control in quantum dots, 12.02.2025, 8th International Workshop on the Optical
Properties of Nanostructures (OPON2025), Miinster, Niemcy, plakat.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid Acousto-Optical Spin Control
in Quantum Dots, 7.05.2025, 3rd International GaAs QD Workshop, Wroctaw,

Polska, wystgpienie ustne.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid Acousto-Optical Charge and
Spin Control in Quantum Dots, 9.06.2025, 53rd International School & Conference
on the Physics of Semiconductors "Jaszowiec 2025", Szczyrk, Polska, wystapienie

ustne.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid acousto-optical state control
in a quantum dot, 27.11.2025, Walter Schottky Institute of Munich Technical

University, Monachium, Niemcy, wystapienie seminaryjne.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid Acousto-Optical Charge
and Spin Control in Quantum Dots, 27.04.2026, Uniwersytet Jagiellonski, Krakéw,

Polska, wystapienie seminaryjne.

M. Kuniej, P. Machnikowski, M. Gawelczyk, Hybrid acousto-optical spin control
in quantum dots, 6.05.2026, International workshop on telecom quantum dot non-
classical light sources for quantum communication QDotCom26, Wroctaw, Polska,

wystgpienie ustne.

M. Kuniej, P. Machnikowski, M. Gawetczyk, Higher-harmonic acoustic control
of a quantum emitter, 15.05.2026, 17th KCIK-ICTQT Symposium on Quantum
Information, Gdansk, Polska, plakat.
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14. M. Kuniej, P. Machnikowski, M. Gawetczyk, Hybrid acousto-optical state control
in quantum dots, 26.05.2026, Institute of Physics of the Czech Academy of Sciences,

Praga, Czechy, wystapienie seminaryjne.

15. M. Kuniej, P. Machnikowski, M. Gawetczyk, Higher-harmonic acoustic driving of
quantum-dot optical transitions beyond Rabi-frequency resonance, 10.06.2026, 4th
International GaAs QD Workshop, Dornbirn, Austria, plakat.

Inne osiggniecia

Do moich najwazniejszych osiggnie¢ naukowo-badawczych nalezy uzyskanie w 2024 roku
finansowania z Narodowego Centrum Nauki w konkursie PRELUDIUM 22 na realizacje
autorskiego projektu pt. ,,Hybrydowa kontrola kwantowa w pojedynczych uktadach
w ciele stalym” (nr 2023/49/N/ST3/03931), w ktérym petnie role kierownika projektu.

[stotnym wyrdznieniem mojej dotychczasowej dziatalnosci naukowej jest Nagroda
dla Mtodego Badacza przyznana w 2026 roku przez Oddzial Wroctawski Polskiego
Towarzystwa Fizycznego za najlepsza prace z dziedziny fizyki opublikowana w 2025 roku.
Praca ta jest czeScia niniejszej rozprawy (publikacja [P1]).

Dodatkowo, w ramach aktywnosci naukowej, od 2026 roku pelnie role recenzenta dla
miedzynarodowego czasopisma Optical and Quantum Electronics, wydawanego przez
Springer Nature.

Jestem rowniez wspoétautorem czterech innych prac, ktore nie wchodza w sktad

niniejszej rozprawy.

[A1] A. Musial, M. Mikulicz, P. Mrowiriski, A. Zielifiska, P. Sitarek, P. Wyborski,
M. Kuniej, J. P. Reithmaier, G. Sek, M. Benyoucef, InP-based single-photon sources
operating at telecom C-band with increased extraction efficiency, Appl. Phys.
Lett. 118, 221101 (2021).

[A2] A. Zielinska, A. Musial, P. Wyborski, M. Kuniej, T. Heuser, N. Srocka, J. Grosse,
J. P. Reithmaier, M. Benyoucef, S. Rodt, S. Reitzenstein, W. Rudno-Rudzinski,
Temperature dependence of refractive indices of Aly9Gag1As and Ing 53Alp1GagsrAs
in the telecommunication spectral range, Opt. Express 30, 20225-20240 (2022).

[A3] M. Kuniej, K. Roszak, Estimation of nuclear polarization via discrete measurement

of nitrogen-vacancy-center spin evolution, Phys. Rev. A 111, 032620 (2025).


https://doi.org/10.1063/5.0045997
https://doi.org/10.1063/5.0045997
https://doi.org/10.1364/OE.457952
https://doi.org/10.1103/PhysRevA.111.032620
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[A4] M. Kuniej, K. Roszak, Direct access to the initial polarization of 1*C nuclei by measu-
ring coherence evolution of an nitrogen-vacancy center spin qubit, arXiv:2602.19701
(2026). Praca wystana do Phys. Rev. A.


https://doi.org/ https://doi.org/10.48550/arXiv.2602.19701
https://doi.org/ https://doi.org/10.48550/arXiv.2602.19701

Finansowanie

Badania zaprezentowane w niniejszej rozprawie doktorskiej zrealizowano przy wsparciu

finansowym:

« Narodowego Centrum Nauki w ramach projektu nr 2023/49/N/ST3/03931 pt. ,Hy-
brydowa kontrola kwantowa w pojedynczych uktadach w ciele statym” (PRELU-
DIUM 22), ktérego jestem kierownikiem,

« Narodowego Centrum Nauki w ramach projektu nr 2023/50/A /ST3/00511 pt. ,,Aku-
stooptyka kwantowa nanouktadéw hybrydowych” (MAESTRO 15), w kt6rym jestem

wykonawca,

« Fundacji Aleksandra von Humboldta (Alexander von Humboldt-Foundation) w ra-
mach projektu pt. ,Light-matter-sound interaction and quantum optomechanical

control of nanosystems” (rola wykonawcy),

o Narodowego Centrum Badan i Rozwoju oraz programu Unii Europejskiej ,, Horyzont
2020” (Grant Agreement nr 101017733) w ramach sieci QuantERA 1T — projekt ME-
EDGARD nr QUANTERAII/2/56/ MEEDGARD/2024, w ktérym uczestniczylem

jako wykonaweca,

« Narodowej Agencji Wymiany Akademickiej (NAWA) oraz Niemieckiej Centrali Wy-
miany Akademickiej (DAAD) w ramach projektu wymiany naukowej typu center-to-
center (nr grantu 57754510) pt. ,Dynamika spinowa oraz orbitalna w przestrajalnych

elektrycznie potprzewodnikowych sztucznych molekutach” (rola wykonawcy).
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Prace tworzace cykl

W ponizszym rozdziale znajduja sie wszystkie artykuty wchodzace w sktad niniejszej
rozprawy. Moj wktad w ich powstanie zostal opisany w sekcji Zakres rozprawy.

Artykul pt. Hybrid acousto-optical swing-up state control in a quantum dot dotyczy
deterministycznego przygotowania stanéw tadunkowych w kropkach kwantowych i zostat
omoéwiony w podrozdziale Kontrola stanu tadunkowego przy uzyciu akustooptycznego
protokotu typu ,,swing-up”.

W preprincie zatytutowanym Higher-harmonic acoustic control of laser-dressed quan-
tum-dot states at sub-Rabi frequencies rozszerzono opis akustooptycznej kontroli stanéw
tadunkowych na wyzsze harmoniczne pola akustycznego. Catosé streszczenia jest dostepna
w podrozdziale Kontrola emitera kwantowego przy pomocy wyzszych harmonicznych
pola akustycznego.

W artykule Hybrid Acousto-Optical Spin Control in Quantum Dots' oméwionym
w podrozdziale Hybrydowa kontrola kubitu spinowego, zaproponowalismy metode umoz-
liwiajaca obrot spinu za pomoca impulsow akustycznych potaczonych z pobudzaniem
optycznym oraz wyindukowanie efektywnego sprzezenia spin-fonon w uktadzie, w ktérym
praktycznie ono nie wystepuje.

W ostatnim preprincie wchodzacym w sktad tej listy, zatytutowanym Fast universal
parametric spin control in an acoustically modulated quantum dot proponujemy inng
metode kontroli stanéw spinowych elektronu w kropce kwantowej, ktora bardziej szczegé-
towo zostala opisana w podrozdziale Parametryczna kontrola stanéw spinowych elektronu

w kropce kwantowej.

'Reprinted with permission from M. Kuniej, P. Machnikowski, and M. Gawelczyk, Phys.
Rev. Lett. 136, 046904 (2026). Copyright 2026 by the American Physical Society. https:
//doi.org/10.1103/tbfh-t2q5


https://doi.org/10.1103/tbfh-t2q5
https://doi.org/10.1103/tbfh-t2q5

WYDZIAL PODSTAWOWYCH PROBLEMOW TECHNIKI 56

npj | quantum information

Article

Published in partnership with The University of New South Wales

https://doi.org/10.1038/s41534-025-01103-z

Hybrid acousto-optical swing-up state
control in a quantum dot

% | Check for updates

Mateusz Kuniej®, Pawet Machnikowski® & Michat Gawelczyk ®

State transfer between different quantum systems is key for successful quantum technologies. Over
long distances, photons are irreplaceable, but on short ranges in miniaturized complex devices or
hybrid systems, coupling via orders of magnitude shorter-wavelength acoustic waves has great

potential. With interfaces to light, acoustic waves, and more, optically active quantum dots (QDs) are
essential for multi-component systems. Here, we propose a hybrid acousto-optical method for non-
resonant QD charge state control, extending the recent all-optical swing-up state preparation. We
show that exciton and biexciton states, or other superpositions of charge states, can be prepared.
Each field can act as a trigger, allowing for the implementation of either an optically gated acoustic
control or the opposite scheme, where an optical pulse controls the transition during acoustic
modulation. Thus, we introduce acoustic state controlinto a system that lacks direct acoustic coupling
between the states. The method does not rely on pulse shaping and is expected to work with arbitrary
pulse shapes as long as the optical dressing is performed quasi-adiabatically. Evaluating the phonon
impact, we find an almost decoherence-free exciton preparation even at elevated temperatures with
current QD and acoustic technology. This approach may also pave the way for optically controlled
entanglement between emitters and acoustic modes, and further on-chip state transfer via quantum

acoustic buses.

Quantum information science and engineering have at their disposal many
specialized nanoscopic systems', and the success of the second quantum
revolution will depend on the effective use of their combined and structured
layouts. Thus, in addition to developing individual solid-state quantum
systems, it becomes important to explore short- and long-distance coupling
and state transmission between different types of them. For long-haul
quantum transmission, flying qubits, photons, and their entangled pairs are
anatural choice. On the other hand, for in-place quantum computation and
data processing, quantum-enhanced sensing, or quantum memories and
repeaters, a common coupling connecting all the involved systems is
essential and can be provided by augmenting optical protocols with either
acoustic waves or purely acoustically.

Recent years have brought phononic structures” and coherent
acoustic waves for quantum technologies. Surface acoustic waves with
microwave frequencies are well established”’ and methods for generating
THz coherent acoustic waves were also developed””. Acoustic waves have
already found applications in radio signal processing, acousto-fluidics, life
sciences, and biological and chemical sensors'’. In quantum technologies,
they have been used for spin-qubit control in color centers'"', shuttling
electrons between gate-defined quantum dots (QDs)", superconducting

qubit-cavity coupling™'®, and coherent control in van der Waals

materials”’. The naturally short acoustic wavelengths and universal

mechanical coupling to all solid-state systems open the way to the minia-
turization of future quantum devices'’, especially multi-component quan-
tum hybrid systems coupled via a universal acoustic quantum bus, and
combining different degrees of freedom to realize quantum information
transfer, processing, storage, communication, or quantum-enhanced
detection'”™"”.

Optically active semiconductor QDs are still at the forefront of plat-
forms for quantum technologies. They offer extensive tunability of optical
properties and cover a wide range of energy scales related to QD charge and
spin qubits, with applications in quantum communication, metrology, and
information processing™**. Above all, QDs can operate as very efficient and
high-quality quantum emitters™**, creating polarization-entangled photon
pairs™*. Consequently, due to their compatibility with light, microwaves,
and mechanical waves, QDs represent an excellent component of hybrid
systems'***”. Although their coupling with deformations is limited to
shifting state energies, i.e., phonons cannot create electron-hole pair exci-
tations, such phenomena as optomechanical wave mixing or modulated
resonance fluorescence have been studied**”.

Various methods are used to prepare charge states in QDs: resonant

excitation””’, phonon-assisted schemes™”, adiabatic rapid passage™”,
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Fig. 1 | Schematic energy structure of the studied three-level system with external
fields. a Ground |g) and two excited levels, |x) and |xx), corresponding to the exciton
and biexciton in a QD. Acoustic modulation of the excited states is marked with

green and violet arrows. Two optical driving cases are marked: |x) preparation (red
arrow) and |xx) preparation (blue arrow); b Dressed-states picture with acoustic field
frequencies tuned for |g)-|x) (green arrow) and |g)-|xx) (violet arrow) transitions.

two-photon excitation®”’, or schemes using resonant component
frequencies™”. However, each method has specific limitations, either
needing spectral™” or polarization filtering" or being incoherent'"*’.
Therefore, there is a long-standing demand for coherent non-resonant state
preparation. Recently, a new approach has been proposed”™ and
realized'*". It involves two off-resonant optical pulses, which, due to their
beating behavior, effectively modulate the system’s eigenenergies, in turn
leading to an excitation with a swing-up behavior. The method is innovative
and promising, as it is non-resonant and provides unmatched quality of the
state preparation.

Here, we extend the swing-up method to a hybrid acousto-optical
state-control scheme, aiming to meet the demand for new off-resonant
excitation schemes and overcome the natural limitation of the diagonal
coupling of QDs to material deformations. We propose to leverage recent
progress in acoustic control of quantum states and optical processes and
directly modulate the detuning by exploiting the deformation-potential
coupling of the QD-confined carriers with an acoustic wave. Our method
engages phonons in state control, although they could not induce it inde-
pendently. In addition to enabling optically gated acoustic control of a QD-
defined qubit that normally lacks such transitions, this approach may pave
the way for optically controlled entanglement between emitters and acoustic
modes and for further state transfer, leading to acoustically connected multi-
component devices. We describe this scheme theoretically and show that
either optical or acoustic fields can be treated as the ones controlling the state
evolution. By directly calculating the system evolution, we show how both
the exciton and biexciton states can be deterministically prepared. The
method does not rely on pulse shaping, and we expect it to work for any
pulse shapes as long as optical dressing is quasi-adiabatic. In our con-
siderations, we use basic shapes for the sake of simplicity and to obtain
analytical results where possible. Starting with flat-top pulses, we present
analytical expressions for the required acoustic field parameters. For more
realistic Gaussian pulses, we show how to optimize the protocol around
those estimated parameters to achieve full occupation of the desired state.
Finally, we estimate the phonon-induced decoherence for two relevant types
of epitaxial QDs: standard self-assembled (Stranski-Krastanov) InAs/GaAs
dots and GaAs/AlGaAs QDs grown by droplet etching epitaxy™’. We find
that our scheme is almost decoherence-free for GaAs/AlGaAs QDs even at
elevated temperatures, even for the sub-THz acoustic regime. Further
increasing the detuning (and consequently, the required acoustic field fre-
quency) to the THz range can further improve the fidelity, which indicates
the importance of developing THz acoustic technology.

In the following, we define the system and formulate its theoretical
description, and then in the first part of the analysis, we work in a simplified
model to gain some understanding and find approximate conditions for the

acoustic field needed to prepare the exciton. Then, we deal with biexciton
preparation in the full model. Finally, we evaluate the fidelity of all prepared
states.

System and its model

We consider a QD coupled to a linearly polarized laser detuned from the
optical transitions of interest. According to the selection rules, an appro-
priate linear polarization allows for single-photon transitions from the
empty dot (|g)) to the selected exciton (|x)) and from exciton to biexciton
(|xx)) states. The system thus has an effective three-level structure, as shown
in Fig. 1a. The exciton energy is sw. The biexciton state can be approxi-
mately described as a pair of excitons. Due to interactions, its energy is lower
than 2/w by the binding energy /A, for which we assume a typical value of
4meV. The red and blue arrows mark the two detuned optical couplings:
|g)-|x) and two-photon |g)-|xx). Additionally, the QD is modulated by an
external acoustic field (green and violet arrows marking the modulation of
the levels).

We will use two- and three-level system models, where the simpler one
will provide us with some intuitive insight, while the final quantitative
results will come from the three-level model. Let us start with two-level
systems, where the acoustic field couples only to the exciton state. The
Hamiltonian can be written as

H(t) = holx) (x| + hQ, (D)%) (x| — d - E(?), ¢y

where E(t) = E(t) cos(w t) is the classical optical field, d is the dipole
moment operator describing the coupling to light. We assume
(gld|g) = (x|d|x) = 0. Further, Q, () = Qg‘z)(t) cos(w, ) is the acoustic
field, with a slowly varying envelope Q(f). This Hamiltonian in the
rotating wave approximation (RWA) and rotating frame takes the form

H(t) = —hAx) (x| + AQ, (£)]x) (x|
+170"(t)(Ig) (x| + H.c.) )
= Hy + H, (1) + Hi(t),

where A = w;, — w is the laser detuning.

In a three-level model including the biexciton state, |xx), the acoustic
field modulates both excited states with different amplitudes due to different
coupling strengths. There is no first-order (one-photon) optical coupling
between the |g) and |xx) states, but they can be coupled by two-photon
transitions. The three-level system Hamiltonian in the RWA (see Supple-
mentary Note 1"’ for derivation) can be written in the form

H(t) = —hAJK) (x| — 7 [xx) (xx]
+1ROO(1)(1x) (gl + 1) (x] + H.c.) (3)
1 c08(, 1) (LI (1)[x) (x] + QL)) (xx]),

where QU (f) and Q™ (¢) are the acoustic coupling amplitudes for the
two excited states, and A, = 2A + Ag is the detuning from the two-photon
transition to the |xx) state. With such definitions, negative A or A, means
blue detuning, and the opposite sign means red detuning with respect to
either one- or two-photon transition. To estimate the strength of the
phonon-biexciton coupling, we assume the biexciton to be composed of two
uncorrelated excitons. Then, we have

(X[ H,[xx) & 2(x|H,[x), (©)

where H,. is the carrier-deformation coupling Hamiltonian, ie.,
the biexciton state is modulated approximately twice as strongly as the
exciton.

We aim at obtaining the evolution leading to the full occupation of the
|x) [laser marked with the red arrow in Fig. 1a] or [xx) (blue arrow) state
under off-resonant laser driving and with appropriately tuned acoustic
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modulation. Thanks to sinusoidally varying detunings resulting from the
acoustic modulation of both excited states’ energies, we should obtain the
swing-up behavior when the acoustic frequency matches the respective Rabi
frequencies for the system driven by the laser alone, in analogy to the original
swing-up concept”’. Those Rabi frequencies correspond to the splittings
between the new eigenstates (dressed states) that one can use to describe the
laser-driven system, schematically shown in Fig. 1b and discussed later. The
two arrows show the acoustic frequencies that will lead to the occupation of
the |x) (green arrow) and |xx) (violet) states.

In this and most of the next subsections, we will study the evolution of
the closed system by directly solving the Liouville-von Neumann equation

() = = [HG0), pl0)], ©)

where p(t) is the density matrix, with the initial condition given by
p(ty) = |g)(gl, i.e., the system is initially prepared in the ground state. The
numerical solution of Eq. (5) gives us the exact evolution of a closed
system. However, the prepared states undergo recombination, which may
diminish their obtained occupation, and even in high-quality QD samples
at low temperatures, carriers trapped in QDs couple to phonons, which
can cause decoherence. We address these issues separately in the last
subsection, where we account for recombination by solving the Lindblad
equation

pt) = — & [H(0), p(1)]
+> 0y, <L;4P(t)L2l _%{L;LH*PU)D’ ©

P=XXX

where L, = |g) (x], L, = |x) (xx], yx and y are the exciton and biexciton
recombination rates, and separately, we include the deformation-potential
and piezoelectric charge-phonon couplings to study the decoherence due to
the dynamical phonon reaction to the evolution of the system in a non-
Markovian approach. In this way, we evaluate the achievable fidelity values
for states prepared with the acousto-optical scheme.

Results

Two-level system: exciton preparation

While we will finally evaluate the state preparation fidelity in a three-level
system for both |x) and |xx) states to keep it realistic, in this Section, we begin
the analysis with a two-level system to provide some intuition and analytical
estimates for the needed acoustic field characteristics.

Resonance condition for acousto-optical control. In the case of a two-
level system described by the Hamiltonian (2), we can determine the
conditions leading to the desired evolution analytically. To find the
required acoustic field parameters, we first diagonalize the Hamiltonian
Hy + Hy, i.e., of the system coupled to the laser only. For slowly varying
laser pulse envelopes, the transformation is performed at each point in
time and yields

Hy + H () = E{ QN+ + E_()]=){—|, )
where the time-dependent energy difference
E,(t)—E_(t) = hy /A2 + {Q{“’(t)r = KOy (1) ®)

is now the Rabi frequency of the system described in the instantaneous basis

of states dressed by the light,

s'm@ |g> + cos@ |x),

[+ (1)

9
|- () ©

cos@ |g> - sin@ |x),

Article
where the time-dependent mixing angle () is given by
0(t) = tan™! <w> . (10)
A
The acoustic field Hamiltonian now takes the form
Hoo(0) = 10, (0)(sin? &2 1)+ + cos? &2 -) (1) -

+ 1R, (1) sin 6()(1+) (=] + |-) (+]).

Having both diagonal and off-diagonal elements, H, leads to energy shifts

B0 = B (0= E, 0+ 0, s 20 (20

E_(t) = E__(t) = E_(t) + hQ, (t)cos’ @ (12b)

—,ac

and, more importantly, transitions between the dressed states. The evolution
is thus driven by the off-diagonal terms o< Q,(f) o< exp( # iw, t). To obtain
the resonance condition, the frequency w, has to correspond to the energy
difference between the dressed states. However, this difference depends on
time and w, itself, leading to a generally nontrivial criterion. To find a
practically feasible condition, we neglect fast oscillations of the dressed
states’ energies and take their mean energy difference as in the original, all-
optical swing-up protocol®. The resonance condition is then given by

wac(t) = QR(t)' (13)
This condition will hold exactly for flat-top pulses when Qg is constant
during the pulse plateau, while some additional optimization around this
point will be needed for realistic, e.g., Gaussian pulses.

Acoustic control during optical driving. We can continue the fully
analytical discussion for the case of flat-top pulses with the acoustic pulse
shorter than the optical one. This situation also corresponds to quasi-
continuous optical driving with an acoustic pulse that triggers evolution.
We model flat-top pulse envelopes with

t—o t+o0
y Ky

where A, is the amplitude, for both optical (=L) and acoustic (1 = ac)
fields. Such a pulse has a plateau of duration ~g,, and the switching rate is
controlled by the parameter .

The parameter space to explore is large. We choose to fix the laser
amplitude A; equal to the detuning A so that we do not enter a regime where
the Rabi frequency is dominated by one of these parameters. Doing so, we
avoid negligible detunings and situations corresponding to the trivial
addition of laser and acoustic frequencies. Let #A = 1.75 meV, a typical value
providing enough spectral separation between the laser and the transition in
aQD. For such a case, the needed acoustic field frequency w,. ~ 2.474 meV
is in the range that is currently experimentally available®”. In this scenario,
we want the optical pulse to be long enough for the acoustic one to operate
during the optical plateau. We then have a fixed criterion for the acoustic
frequency, w,. = Qg = /A% + AZ. It is reasonable to assume that for the
protocol to work properly, the acoustic pulse should be long enough for the
energy of the oscillating states to average out, ie., at least a few periods
(Tae = 271/Q,) of the acoustic oscillation (for most of the paper, we keep it >
57,c). We will, however, show that the method works even beyond that limit.
Lastly, the optical dressing and undressing of states must be performed

o) = %AW {1 - erf< (14)
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Fig. 2 | Optically gated acoustic control. Exciton preparation with quasi-
continuous optical coupling and acoustic 7-rotation control pulse: a envelopes of
acoustic and optical pulses, b bare states occupations; inset shows state evolution on
the Bloch sphere, ¢ occupations of the dressed states. Parameters used:
hA=1.75meV, hAy =1.75meV, o1, = 11.7 ps, hA,. = 0.35 meV, 0, = 8.36 ps,
hw,.=2.474 meV, k1, = 3.34 ps, and «,. = 1.67 ps.

quasi-adiabatically. We choose 0, = 5T,c, k1, = 2Ta0 Kae = Toc and 01, = 7T,
The corresponding pulse envelopes are shown in Fig. 2a.

Now, we can fix the amplitude of the acoustic pulse. We want it to cause
a 7t rotation in the dressed-state basis, from the |+) to the |—) state. If the
entire acoustic pulse occurs during the plateau of the optical field envelope,
we can analytically determine the required acoustic pulse amplitude. In such
a situation, the mixing angle 6 [Eq. (11)] is time-independent, and the
effective driving amplitude is #A, sin /2 [cf. Eq. (14)]. Thus, for a 7
rotation we need

= 15
O, sinf oy (13)

which for our choice of A; = A gives A,. = /27/0,..

We show the result of a numerical simulation for such a pulse in Fig. 2b
where the system initially prepared in the |g) state is completely transferred
into the state |x). The inset shows the swing-up state evolution on the Bloch
sphere. As mentioned, the acoustic field envelope satisfies the condition
given in Eq. (15) and is switched on only during the optical pulse plateau, as
shown in Fig. 2a. Thus, it acts only on the states that are already dressed by
light, modulating the rotation axis of the qubit periodically. Figure 2c
additionally presents the occupation of the dressed states during the evo-
lution. As predicted, the transition is triggered only by the acoustic pulse,
which completely transfers the occupation. During the switch-off process of
the optical field, the state |—) quasi-adiabatically undresses to the excited
state. Note that for the chosen parameters, we have the ratio A,J/w,. ~ 0.1,
which corresponds to weak modulation under which no spectral shift of the
QD transition is expected and less than 1% of emission will redistribute to
the sidebands™. We maintain this regime for most of the discussion in

the paper.

Optically driven transition during acoustic modulation. For a more
realistic simulation and to explore the case with the reversed role of the
fields (optical pulse as a trigger), we now choose a continuous-wave

-0 0 10 20 30 40
Time (ps)

-40 -30 -20

Fig. 3 | Acoustically gated optical control: exciton preparation. a Optimal
acoustic-field parameters for exciton preparation. Occupation of the exciton state |x)
as a function of acoustic field parameters for a Gaussian optical pulse
(hA=1.75meV, hA; = 1.75meV, or, = 11.7 ps) and constant envelope of acoustic
driving. We mark a point corresponding to the maximum occupation (black circle)
and a point given by analytical prediction [Eq. (13) and Eq. (15)] for flat-top pulses
(white circle). b Evolution of bare states occupation in the two-level system (left axis)
and external field amplitudes (right axis) for acoustic field parameters corresponding
to the black circle in (a).

acoustic field and a Gaussian optical pulse,

t2
O =4 00 = A exp (— 2—) : (16)
oL

One should remember that the dressing and undressing procedure has to be
adiabatic to fully invert the system occupation. Thus, the laser pulse cannot
be too short. We maintain the parameters as in the previous subsection. This
case has a far-reaching application potential, which may allow entangling
QD states with an acoustic mode and further the transfer of a quantum state
via an acoustic bus.

The evolution in this scenario is more complex, and some corrections
to our analytical predictions from Eq. (13) and Eq. (15) are needed. Thus, we
resort to numerical simulations in which we vary w,. and A,.. We again
choose o, = 11.7 ps to obtain approximately the same protocol duration. Fig.
3a shows the map of the resultant occupation of the state |x). We achieve a
full 7z-rotation for Aw,.~2.272 meV and hA,. =~ 0.311 meV (black circle),
which are relatively close in terms of the phonon energy and amplitude to
those from Eq. (13) and Eq. (15) for flat-top pulses (white circle), and allow
reasonable estimation of the needed parameters in the experiment. The
small differences are mainly due to the overlap of the acoustic field with the
periods of dressing and undressing of the states with the optical field, since
the Gaussian optical pulse does not produce a constant energy splitting
between the dressed states.

The other visible maxima in Fig. 3a correspond to 37, 571, etc. rotations.
The shift in the energy is once again caused by the impact of optical pulse
tails overlapping with the acoustic field, which is more pronounced for
stronger acoustic fields.

In Fig. 3b, we present the evolution of bare states occupation (solid
lines) for the optimal w,. and A,. from Fig. 3a, plotted together with the
envelopes of the continuous-wave acoustic and Gaussian-pulsed optical
fields (dashed lines). One may notice the typical swing-up behavior ending
with full occupation inversion.
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Fig. 4 | Biexciton preparation. a Occupation of the biexciton as a function of
acoustic field parameters for a Gaussian optical pulse with (7A,, = —2.5 meV,

hAp =1.5meV, gy, = 11.7 ps) and constant envelope of acoustic driving. The black
circle marks the optimal parameters. b Evolution of state occupations in the three-
level system (left axis) and external field amplitudes (right) for acoustic field para-
meters corresponding to the black circle in (a).

Three-level system and biexciton preparation

‘We now switch to a more realistic three-level model and focus on the biex-
citon preparation. We start our calculations with Eq. (3). Although there is no
one-photon optical transition between the ground and biexciton states, we
can construct an acousto-optical protocol that allows biexciton preparation,
again in an analogy to the all-optical swing-up scheme®. As previously, we
diagonalize the Hamiltonian without the acoustic field, which gives

H(t) = Eo(6)|0){0] + E,(DI1){1] + Ey(D)I2)(2]. (17)
written in the time-dependent dressed states
) = > a0k, (18)

ke{g.xxx}

with time-dependent coefficients a,x(f) dependent on the optical field
amplitude and the detuning.

Following a similar procedure as previously, we add the acoustic field
Hamiltonian H,, which also modulates the biexciton state. Writing H,. in
the basis of the dressed states |(f) ) results again in energy shifts and driving
due to the off-diagonal elements o< |n( t)> <m(t)|. The resonance condition
leading to oscillations between a pair of dressed states is given by

h{(t) = E,(t) = (1), (19)
The new eigenstates of the three-level system are not easily analytically
handled. Thus, we find the acoustic field parameters w,. and A,, needed for
the 7-rotation, via numerical optimization.

We again consider a non-resonant Gaussian optical pulse during a
constant acoustic driving [Eq. (16)]. In Fig. 4a, we scan the acoustic field
frequency and amplitude to find the optimal parameters. The higher,
(2n + 1)m rotations this time occur for significantly larger acoustic field
amplitudes than in the exciton preparation protocol, and we do not show
them here. The optimal parameters marked with the black circle are
hw,. =2.318 meV, and A, = 0.443 meV. We choose A, = —2.5 meV, and
hAL = 1.5 meV, which do not fully correspond to the parameters studied for

the two-level system, but the frequency of the acoustic field remains similar
to that in the previous section. In this case, the acoustic field amplitude
matches the one we needed to prepare the exciton state, but the energy scale
differs. The absence of resonant optical coupling between the ground and
biexciton states and coupling of both these states to |x) results in lower
splitting of the corresponding dressed states and thus lower Rabi frequency.
The obtained evolution of state occupations is shown in Fig. 4b (solid lines),
again together with the pulse envelopes (dashed lines), where a perfect
swing-up preparation of the biexciton state is achieved with only a transient
occupation of the exciton state during the optical pulse.

Phonon-induced decoherence

The evolution of a real system differs from the idealized one studied above.
First, there is the obvious impact of the radiative recombination from the
exciton and biexciton states, which forces one to prepare the state in a period
much shorter than the recombination time. This limits the maximal post-
pulse occupation produced by the protocol, for which we account by solving
Eq. (6). A more subtle effect arises due to the presence of a phonon envir-
onment. As both exciton and biexciton states couple to deformations,
phonons can dynamically react to the evolution of charge states in a QD™.
This reaction creates system-bath entanglement and, consequently, leads to
the decoherence of QD states. This process is non-Markovian and requires
careful treatment. Calculations in the 4th-order correlation expansion®,
path-integral method’', and tensor-network approaches™* showed that
this decoherence can be particularly strong when the relevant evolution
frequency falls in the range of strong phonon response. In our study, we
maintain the acoustic frequency within the range of weak to moderate
phonon response, which enables us to safely work in the second-order Born
approximation. We estimate the fidelity F of the prepared states by calcu-
lating the post-protocol difference in density matrices between unperturbed
evolution and one that includes phonon response. For this, we follow the
approach from ref. 50, which we outline in the “Methods” section with more
standard derivations provided in Supplementary Note 2.

To relate our study to existing and application-relevant platforms, we
consider two types of semiconductor QDs: standard self-assembled InAs/
GaAs QDs and GaAs/Al, 4Gag sAs QDs grown by droplet etching epitaxy*’.
Details of the calculation and QD modeling are given in the “Methods”
section. We calculate the post-pulse occupation of the desired state and
fidelity for the cases of exciton and biexciton preparation with Gaussian
optical pulses during continuous-wave acoustic modulation, which is the
case more prone to non-idealities due to temporal overlaps between acoustic
modulation and the (un)dressing of states with light.

First, in Fig. 5a, we show the post-pulse occupation of the prepared
states as a function of the pulse duration found by numerically solving
Eq. (6) that accounts for recombination. As expected, shortening the pulse is
generally favorable. However, it turns out that it can be shortened even
below a few periods of acoustic modulation, which we had previously
assumed to be a safe limit, down to the point of single acoustic cycles, below
which the method no longer works. We mark oy, =11.7 ps, which is
maintained throughout most of the discussion in the paper, with a vertical
dashed line, while dotted lines indicate the values we found to be optimal. It
can be noticed that, characterized by slower recombination, InAs QDs
enable the use of longer pulses while still achieving high occupations. Next,
we analyze the fidelity of the prepared states (with respect to a pure state with
a given occupation of the desired state), as shown in Fig. 5b, again versus the
pulse duration. Here, we observe that much higher fidelities are achievable
for GaAs QDs, which we explain further on, with arbitrarily high | x ) state
fidelity for short enough pulses.

Due to the predicted significantly better fidelity for GaAs QDs, we
explore their case further by calculating fidelity over ranges of temperature
and detuning, while keeping the sub-optimal pulse length of 11.7 ps (see
Supplementary Note 3 for more results for InAs QDs). The results are
presented in Fig. 6a and Fig. 6b for exciton and biexciton preparation,
respectively. In all the cases, we generally observe higher fidelity for higher
absolute detuning values. Additionally, the temperature has a crucial
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impact, with highly preserved fidelity up to 7'~ 100 K for the exciton and
T ~ 50 K for the biexciton. However, for specific ranges of detunings, a rapid
decrease in fidelity is noticeable. For A > 0, this is simply caused by the strong
carrier-phonon interaction in the low detuning range, while for A <0, this
drop is caused by the mixing of the dressed states, producing similar energy
differences between the desired and unwanted transitions. Additionally, the
phonon-induced decoherence still has a significant impact here.

The strength of decoherence can be understood based on its physical
origin, which stems from the dynamical phonon response to the evolution of
charges (polaron formation), thereby entangling the system with its envir-
onment. One can decompose this evolution into contributions with different
frequencies, which is described by the nonlinear spectral function S(w) (see

—
S
S

e
o
G

o
o0
<

Final occupation
f=]
)
S

Fidelity
(=)
e
(=)

0.85 | 1

0.80 L L M)
5 10 15 20 25 30 35

Laser pulse duration (ps)

Fig. 5 | Impact of laser pulse duration. a Maximal post-pulse occupation of the
desired state and b the fidelity of this final state calculated as a function of the laser
pulse duration oy. Solid (dashed) lines correspond to GaAs (InAs) QDs; red (blue)
lines are for the exciton (biexciton) state. Recombination times used: 7{%*AY = 0.426
ns, 789 = 0.39 ns®’, {49 = 1.22 ns, 7149 = (.76 ns”. The vertical dashed line
marks o7, = 11.7 ps, while the pale red (blue) vertical dotted line marks the optimal
value for the | x) (| xx)) state.

Supplementary Note 2* for a formal definition). Phonons can respond only
at a limited range of frequencies, and their frequency-dependent response
strength is described with spectral density R(w) (see Supplementary Note 2’
again), which also depends on the geometry of confined charge states. The
loss of fidelity is given by the overlap between those two spectral functions.
We present them in Fig. 6¢. The spectral densities for the two kinds of QDs are
plotted with filled curves for T=20K, and S(w) is shown for both exciton
(solid red line) and biexciton (dotted black line) preparation. One may notice
multiple peaks over a wide range of frequencies (energy), with a much richer
S(w) spectrum for the biexciton preparation protocol. The multiple peaks in
the range from 0.75 meV to 2 meV correspond to the transitions between
exciton and biexciton states during the evolution. Phonon spectral densities
strongly depend on the QD geometry, and R(w) is much wider and higher for
small InAs/GaAs QDs compared to the large-volume GaAs/AlGaAs QDs.
Thus, it covers a larger set of frequencies present in the system evolution,
lowering the value of the fidelity. The broadening of S(w) peaks around w = 0
comes from the finite duration of the laser pulse, while the rest of the visible
peaks can be assigned to the characteristic frequencies of the unitary evolution
of the states and the acoustic field frequency. In particular, the peaks around
hw =+2meV correspond to the optical Rabi frequency between dressed
states, to which we tune the acoustic field frequency. The peak around
hw ~4meV agrees with the detuning of the exciton state during the pre-
paration of the biexciton.

Note that by properly choosing the detuning, we avoid overlapping the
main evolution frequencies with the maxima of R(w), which would lead to
significant dephasing that we have checked to be reproduced even in our
2nd-order formalism (not shown), in agreement with less approximate
methods applied to the all-optical case**'~**. Thus, one way to even further
increase fidelity may be to blueshift the evolution frequencies more. This
requires higher laser detuning and, therefore, higher acoustic frequencies,
which emphasizes the importance of developing THz acoustic technology.

Finally, we leverage the observation made when analyzing Fig. 5, and
use the uncovered optimal laser pulse durations of o1 = 1.9 ps and 4.8 ps for
preparing the exciton and biexciton, respectively. The calculated tempera-
ture dependence of achievable fidelities is shown in the left part of Table 1. In
all the cases, we find a very high quality of the prepared states at low
temperatures. For InAs/GaAs QDs, we may notice a deterioration with
increasing temperature due to a significant increase in phonon occupations.
GaAs/AlGaAs QDs show excellent fidelity values at cryogenic temperatures
for both exciton and biexciton preparation, and even fidelity exceeding
92.8% at room temperature for exciton preparation. However, this result
only considers the evolution of the three-level system and the resultant

Fidelity ——1T—1 714 50 . 50
0.0 02 04 0.6 08 1.0 (c) :
2.6 T T T T T @ H 50 . 250
21r 1 Phonon : > Eas
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Fig. 6 | State preparation fidelity and decoherence source. Fidelity of the protocol
as a function of the detuning and temperature for GaAs/AlGaAs QDs for a exciton
preparation, b biexciton preparation; ¢ Spectral functions calculated for T=20 K.
The solid red and dotted black lines are nonlinear spectral characteristics S(w)
calculated for exciton and biexciton preparation, respectively. Teal- and yellow-

2
Aw (meV)

shaded areas show phonon spectral densities for InAs/GaAs and GaAs/AlGaAs
QDs, respectively. Values for GaAs QDs are low and are scaled 5 x for visibility. Note
that the central peak in S(w) extends beyond the right y-axis range, which is chosen
narrow to better show the lower side peaks, while the inset repeats the central part of
the graph to show those peaks around w = 0.
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Table 1 | Fidelity of prepared states

T(K) Proposed acousto-optical Resonant/two-photon

%) [%x) %) [xx)

fidelity (%) fidelity (%) fidelity (%) fidelity (%)

GaAs InAs GaAs InAs GaAs InAs GaAs InAs
1 99.91 9935 99.18 9393 99.92 99.71 99.78 98.46
4 99.88 9920 9894 93.03 99.86 99.47 99.52 97.64
10 99.76 98.67 98.23 89.53 99.68 98.81 98.93 95.65
20 99.53 9757 9690 8216 99.36 97.67 97.91 91.99
77 98.22 90.66 88.69 9755 90.79 91.82 66.72
300 92.86 5550 43.36 90.08 56.28 62.49

Left part of the table shows the fidelity of the exciton | x ) and biexciton | xx ) states prepared with our
method using Gaussian optical pulses and continuous-wave acoustic modulation, calculated for
GaAs/AlGaAs and InAs/GaAs QDs at different temperatures. All calculations are done within the
three-level model for optimal laser pulse durations of o, = 1.9 ps and 4.8 ps for the | x) and | xx )
states, respectively. For comparison, the right part of the table shows results obtained for resonant
(exciton) and two-photon (biexciton) preparation schemes simulated with the same optical pulse
duration as used for our method.

phonon impact (upper bound to the fidelity). We thus present the room-
temperature results in gray to emphasize their limited reliability, as thermal
excitations to higher orbital states play a significant role in the evolution at
such elevated temperatures, especially in large-volume GaAs QDs™.

The right part of Table 1 shows the fidelity calculated for the standard
optical methods that can be considered as a reference: resonant excitation of
the exciton and two-photon excitation of the biexciton. In all cases, we use
the same pulse duration as in simulations of our method to ensure direct
comparability of the results. It is worth noting that in most cases, our scheme
performs comparably or even better than the reference methods, while being
strongly non-resonant. Overall, for an appropriately selected detuning, our
protocol itself proves to be almost decoherence-free in terms of dynamical
phonon-induced effects, in agreement with recent findings for the all-optical

implementation**”’.

Discussion

‘We have proposed a new hybrid acousto-optical method for the preparation
of exciton and biexciton states and general charge state control in quantum
emitters like semiconductor QDs. The method extends the recently intro-
duced swing-up scheme, for which an all-optical implementation was ori-
ginally proposed. Here, we propose to use the acoustic field to directly
modulate the detuning in resonance with the Rabi frequency under off-
resonant optical driving and show that it leads to the desired coherent qubit
evolution. Our scheme is suitable for both positive and negative detunings,
with the primary limitation being the availability of the required acoustic
field frequencies. We thus highlight the potential advantage of developing
coherent acoustic fields in the THz range. In agreement with similar eva-
luations for the all-optical implementation, we have found that the scheme
can be almost phonon decoherence-free even at elevated temperatures.

We have shown the method to work in the weak modulation regime, in
which the central spectral QD line remains unshifted and retains more than
99% of the total weight, and only a fraction of the emission is redistributed
into sidebands™. Thus, any impact on, e.g., photon indistinguishability can
be mitigated by standard filtering or post-selection techniques, especially
given large modulation frequencies. On the other hand, sufficiently strong
modulation could be used to dynamically detune the QD from, e.g., a cavity
resonance™, to temporarily suppress recombination, similarly to what has
been exploited in the all-optical swing-up method with strong optical
pulses™”".

The proposed hybrid scheme offers a novel off-resonant excitation and
charge qubit control method for quantum dots, which does not rely on pulse
shaping. More importantly, it also enables acoustic state control when using
the acoustic field as a trigger during a longer period of optical driving, even
though the system lacks direct acoustic coupling between the charge states.
The opposite scheme, i.e., the optical pulse during continuous-wave acoustic

modulation, in the longer term, opens a path to producing optically con-
trolled entanglement between the emitter and a quantum acoustic mode and
further to state transfer via an acoustic bus, laying the foundations for future
acoustically coupled multi-component quantum devices.

Methods
Phonon-induced decoherence in the three-level model of a QD
In Supplementary Note 2*, we provide standard derivations of all required
equations to model the phonon-induced decoherence of a charge qubit.
Here, we summarize the most important part and provide the material
parameters used for numerical simulations.

The loss of the fidelity for a system coupled to the phonon bath can be
written as™**

FP=1- / ' dwS(w)R(w), (20)

where S(w) and R(w) are the nonlinear spectral characteristic and spectral
density of the reservoir, respectively. For carrier-phonon interaction, we use
the standard independent boson model with the interaction Hamiltonian
V=S8 ® R, where”

S=|x) (21)

(x] + 2pxx) (xx],

and

(22)

R= %: F(k) (bu + bim)’

where F(k) = F(—k). Here by, and bz,A are the annihilation and creation
operators for phonons in a mode labeled by k and branch (polarization) A
with three values, LA, TA1, TA2 corresponding to longitudinal, and two
transverse acoustic branches.

The corresponding spectral density R(w) is given by

Vin(w) + 1]
R =G SS [ Pl o)

(23)
where V is the phonon mode normalization volume, n(w) is the Bose-
Einstein distribution, and the coupling g, between phonons and an
electron-hole pair

(e,.DP

(e,PE)
8kr = 8k

i g(h DP) | g(h \PE)

" +g (24)
contains couplings by piezoelectric effect (PE) and deformation potential.
We also assume linear phonon dispersion wy = cyk, where ¢, is the sound

velocity in the material. The coupling constants can be written as

(e/h,DP) hk
8 = a5y FenOdi (250)
(¢/h.PE) ey h -
=+i—2 [ ——M 25b
8k +’€0£r 2V, AT o (K), (25b)
where
Fomlk) = / Er ¥ ()Y (e (26)

is the form factor that contains all information about the system via the

electron/hole ground-state wave functions ¥,,(r), and M A(k) is a function

that depends on the orientation of the phonon wave vector®,

My(k) = 2kk, (&) + c.p. 27)
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Table 2 | Parameters used in calculations

QDs ac a, d Cia e & Ip I,
(eV) (eV) (kg/m°)  (m/s) (C/m?) (hm)  (nm)

InAs  —7.17 -1.16 5350 4730 016 129 6 2

GaAs 656 —0.29 4698 5530 -0.145 114 9 3

Material parameters from refs. 61-63 and structural parameters used to calculate phonon spectral
densities. For the AlGaAs barrier, linear interpolation between AlAs and GaAs is used. Material
parameters refer to the barrier materials, as we consider bulk phonons.

where &y, is the unit polarization vector for the phonon wave vector k with
polarization A, and k = k/k.
For a QD, we assume standard Gaussian wave functions

5 1 2 p?
¥ (1) =0m el -2~ )
() = (2m) IZI;EXP< 22 2P

(28)
where p = /x? +y%, and I, and I, are the out-of-plane and in-plane
extensions. We assume stronger hole localization compared to the electron,
ie, lgh) = 0.8156). The material parameters used to calculate phonon spectral
densities are shown in Table 2.

Data availability
The datasets generated during this study and used to produce the figures are
publicly available in RepOD at https://doi.org/10.18150/ESZTAE®.
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In this Supplementary Information, we provide derivations of the standard rotating wave approximation adopted
for our system, describe the details of fidelity calculations, and present additional results on phonon-induced

decoherence.

I. Supplementary Note 1: Rotating wave approximation in a
three-level model of a quantum dot

We consider a three-level system with the ground level |g)
and two excited states |x) and |xx). Let the 7iw be the transition
energy between |g) and |x) states, and 7iw — iAg between the
|x) and |xx). Then, the Hamiltonian can be written as

Hy = how |xXXx| + 72w — Ag) [xXXxX] . (1)

Let the QD interact with an external optical field with frequency
wy . In the dipole approximation, the interaction Hamiltonian
can be expressed as

Hy (1) = -d - E(1), (@)

where d is the dipole moment operator. Assuming no diag-
onal coupling between laser and QD states and appropriate
linear polarization of the optical field, we can write the full
Hamiltonian H, + H; in the form

H(1) = how [xXx| + 7 (2w — Ag) |xx)xx| 3)
+ 18y (1) (IxXg| + [xXxx| + H.c.),

where Q (1) = Qﬁo)(t) cos(wy 1) is a classical optical field.

Next, we perform a unitary transformation to a rotating frame

with U(t) = eS®) given by

S(1) = iwp t [xXX] + 2iwp 1 |xxXxX] . 4)
The transformed Hamiltonian is
H(1) = UQHOU (1) + ikU (U (1), 3)
which gives
H(r)=h (w=wp) [XXx| + 7 (2w - 2w — Ag) [xxXxX]|
+ %hgﬁ‘”(z) ('t 4+ e7ient) (6)

x ("t |xXg| + e~ 1! |x)xx| + H.c.) .

In the rotating wave approximation (RWA), the terms o
exp(+2iw; t) are neglected due to fast oscillating behavior. The
difference w; — w = A is the detuning of the optical field from
the |g)-|x) transition, and 2w, — (2w — Ag) = 2A + Ay is the
detuning from the two-photon |g)-|xx) transition. Finally, the
Hamiltonian in the dipole and RWA approximations reads

H(t) = — A |XXX| — A(2A + Ag) |xxXxX]

o) @)
+ EhQ'L () (|xXg| + |xXxx| + H.c.).

II. Supplementary Note 2: Fidelity calculation

Here, to find the fidelity of the prepared state, we follow
the approach from Supplementary Reference [1]. Let the
isolated carrier subsystem be described by the Hamiltonian
Hg = Y; E; |iXi|. In the non-perturbed case, the unitary evolu-
tion of the entire system composed of the studied subsystem
and its phonon bath is given by

Uy(t) = U(t) @ et/ ®)
where U(t) = exp(—iHgt/h) is the unitary evolution operator
of the carrier subsystem in the absence of the carrier-phonon
interaction and Hyy, is the free phonon Hamiltonian. The inter-
action between carriers and phonons can always be written in
the general form

V=2 5m®R,, ©)

where S,,,, = |n)m| acts in the Hilbert space of the carrier
subsystem and

an = é an(k) (bk:,/l + bik,/l) (10)

acts only on the phonon environment with the coupling func-
tions F,,, (k) = F,,,(~k). Here by, ; and b£,4 are the annihi-
lation and creation operators for phonons in a mode labeled
by k and branch (polarization) A with three values, LA, TA1,
TA2, corresponding to longitudinal and two transverse acoustic
branches.

We assume that the system is initially in a product state

o(t9) = po ® pr» (11

where o is the full density matrix, p, = |W0><Wo| is the initial
density matrix of the carrier system, and py is the phonon
density matrix in thermal equilibrium.

The evolution of the full density matrix o(t) is given by the
Liouville-von Neumann equation

i

n
We are interested in the evolution of the reduced density matrix
of the carrier subsystem, p(t) = Trg 0(¢), where Try, is the trace
over the environmental degrees of freedom. We assume that
the influence of the environment is weak so that the reduced
density matrix has the form

p(1) = p (1) + Ap(1),

0(t) = == [Hs + Hy + V, 0(1)] . 12)

13)
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where Ap(t) is the phonon-induced correction to the unper-
turbed evolution p© () = UO(t)pOUg(t). To quantify the
quality of preparation of the given carrier state, we use the
fidelity, which measures the overlap between final (r — oo)
states with and without perturbation. It is given by the scalar
product of the unperturbed and perturbed density matrices,

F? =T p'% () p(e0) = (o] Uy (20)p(20) Up(0) [wrg)
=1+ (ol A5 () [0p) -
where Ap(oo) is the perturbation in the interaction picture at

the end of the protocol, and it is calculated in the second-order
Born approximation,

(14)

Ap(t) = —%/ d‘r/ dr'Trg [V(‘r), [\7(7’), Q(to)]] ,

()
where V(1) is V written in the interaction picture. At this stage,
it is convenient to introduce two types of spectral functions.
The first is the spectral density of the reservoir

1 [ A
Rijk,(w):E[ di (R (DR, ', (16)

where the operator R; ,(t) is transformed into the interaction
picture. The second spectral function is the nonlinear spectral
characteristic, defined as

Siju(@) = 2 (ol Y (@) [0, X Y (@) |wo) . A7)

n

where the set of vectors |zpn> spans the space orthogonal to the
initial state. The functions Y;;(w) are defined as

t
() = [ ars e, (1)
Ty

where S;;(7) = Ug(t)Sij U, (2). Using the above equations, the
fidelity can be written in the form

FP=1-3] dwR; 3 (w)S; 1 (w). 19)
ikl J—e0

III. Supplementary Note 3: Phonon induced decoherence in
quantum dots

We can study the dependence of achievable fidelity on laser
detuning with the results for three selected temperatures shown
in Supplementary Figure 1. Panels (a, b) correspond to GaAs
QDs and (c, d) to InAs QDs. Results for exciton and biexci-
ton preparation are shown on the left (a, ¢) and right (b, d),
respectively. The fidelity of preparing the exciton state behaves
as one could predict. As the detuning increases, the overlap
between spectral functions decreases because the evolution is
driven by higher frequencies (the detuning range corresponds
to w, between 1.29 and 3.36 meV), for which the phonon re-
sponse is weaker; thus, the fidelity increases. The temperature
increases the number of phonons that entangle with the qubit,
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Supplementary Figure 1. Achievable fidelity as a function of the laser
detuning. The top row corresponds to InAs/GaAs QDs, and the bottom
row corresponds to GaAs/AlGaAs QDs. The left column stands for
the exciton preparation, and the right column for the biexciton case.

increasing the protocol error. In the case of the biexciton prepa-
ration (the detuning range corresponds to w,, between 2.91 and
2.07 meV), one of the main transition frequencies in the evo-
lution is the one between dressed exciton and biexciton states.
Thus, increasing the absolute value of the detuning causes this
transition energy to decrease, increasing the overlap between
spectral functions. On the other hand, decreasing the absolute
value of this detuning below 2.2 meV causes difficulties due to
the mixing of the exciton and biexciton states.

As shown in Supplementary Figure 1, the fidelity of the
biexciton state preparation is significantly lower than for the
exciton case for the sub-THz phonon frequencies studied here.
We perform additional simulations to show that our biexciton
state preparation can achieve a very high fidelity even at the lig-
uid nitrogen temperature when terahertz acoustic frequencies
are used. In Supplementary Figure 2, we show the fidelity for
larger detunings corresponding to driving with acoustic fields
with the phonon energy in the 5.8-8.2 meV range. In this case,
we predict a significant increase in the fidelity for both types
of QDs. For InAs QDs [Supplementary Figure 2(a)] it exceeds
95% at T = 20 K, and 75% at T = 77 K (fidelity can be
further increased, increasing the detuning), while at lower de-
tunings [Supplementary Figure 1] the phonon impact was even
beyond the perturbative regime. For GaAs QDs [Supplemen-
tary Figure 2(b)], we observe a qualitatively similar behavior
of the fidelity as previously, but with even higher values. At
T = 4 K, the biexciton preparation is almost decoherence-free
(F > 99.7%), and at higher temperatures, we also find signif-
icantly improved fidelity compared to the sub-THz acoustic
modulation.
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Supplementary Figure 2. Achievable fidelity of the biexciton state
preparation as a function of the laser detuning. The top row cor-
responds to InAs/GaAs QDs, and the bottom row corresponds to
GaAs/AlGaAs QDs. The range of needed acoustic field energies is
from 5.8 meV to 8.2 meV.
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Supplementary Figure 3. Phonon spectral densities: (a) Contribution
of piezoelectric effect (PE), deformation potential (DP), and total
spectral density for GaAs/AlGaAs QDs calculated at T = 4 K, (b)
the same as (a) but for InAs/GaAs QDs, (c) Temperature dependence
for GaAs/AlGaAs QDs, (d) Temperature dependence for InAs/GaAs
QDs.

Phonon spectral densities

Spectral densities for the two types of studied QDs and the
contributions of PE and DP couplings at a low temperature of
4 K are shown in Supplementary Figure 3(a) and Supplemen-
tary Figure 3(b). The temperature dependence is presented in
Supplementary Figure 3(c) and Supplementary Figure 3(d).

[1] K. Roszak, A. Grodecka, P. Machnikowski, and T. Kuhn, Phonon-
induced decoherence for a quantum-dot spin qubit operated by
raman passage, Phys. Rev. B 71, 195333 (2005).
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Higher-harmonic acoustic control of laser-dressed quantum-dot states at sub-Rabi frequencies

Mateusz Kuniej ©, Pawet Machnikowski ©, and Michat Gawetczyk
Institute of Theoretical Physics, Wroctaw University of Science and Technology, 50-370 Wroctaw, Poland

Acoustic control and coupling of quantum systems via phonons can enable miniaturized on-chip quantum
devices. Optically active quantum dots (QDs) are essential for such platforms, yet they have long lacked direct
acoustic transitions between charge states. The recently proposed hybrid acousto-optical swing-up scheme
introduces such high-fidelity transitions but, as typical for coherent control, requires driving fields matching the
transition energy and has been proposed for sub-THz phonon frequencies, limiting practical implementations.
Here, we overcome this limitation by exploiting higher-harmonic-assisted processes arising from strain-induced
modulation of the optical transition energy. This parametric modulation of the optically dressed splitting produces
multi-phonon-like resonances when a harmonic of the mechanical modulation matches the generalized Rabi
frequency. An effective model reveals a hierarchy of harmonic couplings, while our geometric interpretation shows
how modulated dressed splitting enables even harmonics that are otherwise symmetry-forbidden. We predict
faithful state preparation with an acoustic frequency being only a fraction of the splitting, specifically 42 GHz for
a 0.341 THz splitting, bridging accessible acoustic frequencies and THz energy scales. This establishes control
principles that separate optical energy delivery from coherent acoustic control. A non-Markovian calculation of
phonon-induced decoherence indicates high state-preparation fidelities comparable to one-phonon and all-optical
schemes. Since the same interaction structure arises for a quantized acoustic field, our results provide a foundation
for multi-phonon processes in QD-phononic-resonator systems, including entanglement, state transfer, and optical
preparation of nonclassical mechanical states.

I. INTRODUCTION method encounters a bottleneck due to the challenging neces-
sary phonon energy in the sub-THz range.

Here, we propose a way to overcome the limited avail-
ability of acoustic drive frequencies, thereby significantly ex-
panding the method’s application potential. We show that
acousto-optical swing-up extends naturally to a fractional-
frequency regime enabled by multi-phonon-like processes in-
volving higher acoustic harmonics. These harmonics arise ef-
fectively from periodic phase modulation [46] of excitonic
optical transitions [47, 48], enabling parametric multi-phonon-
like resonances with the laser-dressed Rabi splitting even when
the modulation is provided by a classical acoustic wave. Our
study identifies the resonance conditions, optimal modula-
tion strengths, and decoherence constraints for such higher-
harmonic parametric control.

By calculating the driven evolution and decoherence within
anon-Markovian framework, we show that the scheme enables
optically gated acoustic control of the QD charge state, includ-
ing high-fidelity preparation of exciton and biexciton states in
application-relevant local-droplet-etched GaAs/AlGaAs QDs
[49]. Moreover, the fidelity is almost independent of the har-
monic order, and we show that at least an order of magnitude
in frequency can be bridged using a ten-phonon-like process to
drive sub-THz dynamics. While we focus on the regime where
the acoustic field can be treated as a classical drive, the theory
is structurally identical to that for a quantized acoustic mode in
the large-coherent-amplitude limit (we thus further use the term
‘multi-phonon’ where higher acoustic harmonics are involved).
This establishes mechanically programmable coherent control
of QD states and constitutes a necessary first step towards fully
quantum multi-phonon dynamics, where an engineered me-
chanical resonator could support nonclassical phonon states
generated and manipulated via the same multi-phonon-type
couplings in a QD.

Acoustic waves [1, 2] couple to all solid-state systems, clas-
sical or quantum. This property enables various applications,
including quantum technologies [3-5]. Recent advances in
generating coherent acoustic waves [2, 6] combined with the
development of phononic structures [7, 8] and the fabrication
of surface acoustic wave cavities [9], may enable connecting
diverse quantum systems into multi-component hybrid archi-
tectures [10] through a universal acoustic quantum bus [11, 12]
and controlling various systems acoustically [13-17], thus ig-
niting the field of quantum acoustodynamics [18, 19].

Optically active quantum dots (QDs) may serve as charge
and spin qubits [20] and high-quality quantum emitters [21—
23], providing single [24, 25] entangled [26, 27], and cluster
photon states [28-31]. Several QD state preparation methods,
including resonant excitation [32, 33], two-photon excitation
[34, 35], and phonon-assisted processes [36, 37], have been
proposed and realized. A recent promising all-optical approach
utilizes the beating of two detuned optical pulses. It moves the
optical qubit to the opposite pole of the Bloch sphere along
a spiral defined by two tilted rotation axes [38, 39], and also
applies to other quantum emitters [40].

Although carrier-deformation coupling in QDs cannot drive
optically allowed transitions, optomechanical wave mixing
and modulated resonance-fluorescence spectral dynamics have
been explored [41-44], with recent surface-acoustic-wave de-
signs allowing selective quantum-dot modulation [45]. To ex-
cite QD charge states using acoustic waves, one can exploit
mechanically assisted photon scattering [15] or the recently
proposed acousto-optical swing-up scheme, involving direct
acoustic modulation of the detuning [16]. We focus on the
latter scheme, which can be nearly phonon-decoherence-free
and enables acoustic or acoustically gated optical control of
quantum emitters, with potential to generate QD-phonon en-
tanglement and achieve acoustic state transfer. However, this

arXiv:2603.09849v2 [cond-mat.mes-hall] 13 Sep 2026
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FIG. 1. (a) Schematic energy structure of the three-level system with
external fields. Laser (red arrows) couples charge states |g) and |x)
corresponding to empty QD and exciton state with detuning A, while
it is detuned from the two-photon transition to the biexciton state |xx)
by A,,. Acoustic modulation of states |x) and |xx) is marked with the
blue arrows. (b) States of the system dressed by light; exemplary case
of strong |g) < |x) mixing into |[+) and |-), while |XX) is a weakly
perturbed |xx) state. Acoustic field energy is marked with green arrows,
and its multiple nw,. corresponds to the |+)—|—) splitting.

II. THEORY
A. System and model

Figure 1(a) presents the schematic level diagram of the sys-
tem comprising a semiconductor QD coupled to an off-resonant
linearly polarized laser, with detuning A from the fundamen-
tal transition. Appropriate linear polarization selects one opti-
cal path for transitions between the ground state |g) and one
of the bright exciton states |x) (we neglect the other), and
between |x) and the biexciton |xx), with splittings hw and
n(w — Ag), respectively, where 7iAg is the biexciton binding
energy. The system is additionally subject to an acoustic wave
with frequency w,., which modulates the exciton and, approx-
imately twice as strongly, the biexciton energy. Although the
carrier-deformation coupling in QDs is diagonal in charge
states, acousto-optical control of charge states was predicted
and demonstrated [ 15, 16]. Here, we extend the acousto-optical
swing-up scheme to enable multi-phonon transitions between
QD states. This approach fundamentally differs from the all-
optical swing-up scheme, in which QD excitation involves pho-
ton scattering between different laser modes [50, 51], whereas
here population transfer is mediated by multi-phonon reso-
nances with integer multiples of the acoustic frequency.

The Hamiltonian of the system with optical coupling and
acoustic modulation, in the rotating wave approximation and
frame rotating at the laser frequency wy , is [16]

H(1)

= — RA|XXX| — A | XXX XX|

+ %hQL(t)(lx)(gl + |xxXx| + H.c.)

+ 1Q, (1) cos(w,t) (|xXx| + 2|xxXxx])
= Hy+ H +H,,

(€]

where A = w; — w and Ay = 2A + Ay are the detunings

from the ground state-exciton and two-photon ground state-
biexciton transitions, respectively. € (r) and Q, (f) are the
field envelopes with maximal values (plateau) A; and A, with
subscripts indicating the optical (L) and acoustic (ac) fields. To
obtain an exact evolution, we solve the Liouville-von Neumann
equation p(7) = (—i/h)[H(t), p(t)] for the density matrix p
with the initial state p(0) = |g)Xg|. When studying decoherence,
we treat the QD as an open system in contact with a phonon
bath, with the total Hamiltonian

Hfull:H+Hh+V, 2)

where Hy, = h X, wga b! 4104 15 the free-phonon Hamiltonian
withb' , creating a phonon with wavevector ¢ from the A branch

(acoustic) with frequency w,,, and

V = (IxXx] + 2lxxXxx]) @ 37 g4 (qu + qul) 3)
qa

is the carrier-phonon couphng w1th stren th (q’ ) for a charge
state 7, and we have used g =0,g XX X 2g ). We eval-
uate g7 7Y and the phonon- 1nduced coherence loss for a typi-
cal GaAs/AlGaAs QD in a non-Markovian approach [52, 53]
adopted previously [16] and described in the Supplementary
Information [54], where the material parameters and details of
the QD-phonon coupling are also given.

To analyze the evolution and derive an analytical formula
for multi-phonon processes, we first neglect the biexciton state,
simplifying the problem to a two-level system. Next, we diago-
nalize H+ H; . For a slowly varying laser envelope, this is done
at each moment, yielding instantaneous dressed eigenstates |+)
as combinations of |g) and |x) with a time-dependent mixing
angle (7) = tan~!(Q (r)/A) and a splitting corresponding to
the optical Rabi frequency, E, (1) — E_(1) = 1€ (7). In this ba-
sis, the acoustic field coupling is no longer diagonal and takes
the form

H, (1) = hQ, (f) cos(w,t)
2 ()

o(t
X | sin 2()

—— [+ X+ +c

— =X~ “

+ %hQﬂC(I) cos(w,ct) sin (1) (|[+X—| + [-X+]) .

Alongside the key off-diagonal elements that enable the acous-
tic driving of transitions when w,. = Qg [16], the diagonal
terms parametrically modulate the energy of dressed states and
thereby the Rabi frequency, in addition to its slow variation
due to envelopes,

EP) (1) = E%) (1) = hQy — 5, (1) cos(w,.t) cos 8(F). (5)

B. Effective Hamiltonian

Unlike original approaches for all-optical [38] and acousto-
optical swing-up [16], we do not neglect the modulation of
Qp, demonstrating its essential role in parametric acousto-
optical control via exchange of integer multiples of the acous-
tic frequency (multi-phonon processes). Let us assume both
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envelopes constant for simplicity, & (7), Q,. (), 8(t) = const.
To highlight multi-phonon dressed-state resonances, we apply
an additional unitary transformation, H(¢) = S(1)H(1)ST (1) +
ih$(r)ST(r), with respect to the term that drives the Q modu-
lation, i.e., with

etQMﬁﬁdT cos(wac‘r)(sm“ §|+)(+\+cos' g \—)(—|) )

S() = ©
After integration, we apply the Jacobi-Anger formula,
eMAsin) = 51 ] (A)e'™, to expand S(t) in terms of harmonic
functions with fundamental frequency w,.. Shifting the energy
zero, we obtain the transformed Hamiltonian,

H(t) = %th(|+><+| —|=X=]) + %hgﬁ sin@
oo %)
X Z [J,(Qcos @)™ |+X~| + H.e.],

n=-—oo

where Q = Q. /w,, J,(x) are Bessel functions of the first
kind. The evolution is now evident to be driven by the terms
o e’ with integer n, i.e., the harmonics enabled by phase
modulation in the system [46], corresponding to multi-phonon
dressed-state couplings. Using property J_, (x) = (=1)"J,(x),
we express the Hamiltonian as

n even,

H(t) = iQo, + >, J, » odd

n=0

{cos(na)act)ax, ®)

sin(nw,.t)o,,

where J, = hQ, sin@J,(Qcosh), to see that it comprises
effective Rabi drives at successive multiples of w,, with dif-
ferent rotation axes for even and odd harmonics. Bringing
one of these drives to resonance, nw,, = Qg, while keep-
ing others off-resonant, induces multi-phonon transitions be-
tween laser-dressed states. This is apparent after switching
to a rotating frame through a unitary transformation with
S(t) = exp(inw,to,/2) and neglecting all nonsecular (os-
cillating) terms, yielding (for even n)

H(1) ~ 1 (Qg —nw,) o, + %J”a'x,
which is a standard Rabi Hamiltonian (a similar approach ap-
plies for odd n). Further numerical calculations demonstrate
that this effective model captures the primary processes in the
evolution.

‘While the illustration uses a two-level model, selective transi-
tions between any pair of states in the full model can be achieved
by matching nw, to the splitting between given dressed states.
A similar effect should occur in the all-optical swing-up, where
multiples of the beat frequency of the two detuned pulses can
be exchanged. However, fundamentally different mechanisms
govern the two effects at the quantum level: here, coherent popu-
lation transfer is mediated by multiple acoustic quanta, whereas
the all-optical effect relies on photon scattering between two
optical modes [50, 51].

Intuitively, excitation via this scheme for n = 1 involves pe-
riodic modulation of the inclination of the qubit rotational axis
at frequency w,, = Qg [16]. During one optical Rabi period,
the state traces semicircles on the Bloch sphere around two
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FIG. 2. Final occupation of the (a) exciton state, (b) biexciton state as
a function of acoustic field amplitude and inverse of its frequency.

axes, ascending more along one semicircle than descending
along the other, resembling a spiral path. In the fractional case
with n > 1, the trajectory appears less evident. The explanation
seems to fail for even n, since a single period should become
symmetric: both halves of the period contain identical sets of
ascending and descending segments. Consequently, the path
should be closed, never reaching the opposite pole. However,
the segments are unequal due to the modulation of the Rabi fre-
quency. The rotation about one axis lasts longer than about the
other. This asymmetry enables coherent spin rotation despite
even n. For odd n, the evolution over a single Rabi period is
intrinsically asymmetric, enabling the scheme to function. In
other words, Rabi frequency modulation removes the symme-
try constraint that otherwise suppresses even harmonics in the
standard Rabi model.

III. RESULTS

A. Numerical results

Having gained intuition, we now study the evolution of the
system by numerically solving the Liouville-von Neumann
equation for the full model of Eq. (1) and the system initially
in the ground state. We take both fields with flat-top envelopes
with plateau durations of 0.4 ns (laser) and 0.28 ns (acoustic).
Thus, the acoustic pulse is contained within the optical pulse,
which corresponds to optically gated acoustic driving. Calcu-
lations use feasible envelope switching rates of 0.04 ns (L)
and 0.028 ns (ac; single period) and A = AiA,, = 0.1 meV.
We choose A; = |A] for exciton preparation. For the biexciton,
we set A = 0.65 meV to maintain an optical Rabi frequency
similar to that used in exciton preparation.

Fig. 2(a) and Fig. 2(b) present the final exciton and biexciton
state occupations as functions of acoustic field amplitude and
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FIG. 3. (a)-(c) Evolution of exciton occupation for r-rotations from Fig. 2(a) for (a) one- (fw,. = 0.141 meV, 1iA,. = 0.0213 meV), (b) two-
(hw,, = 0.0733 meV, 7A,. = 0.0696 meV), and (c) three-phonon processes (fiw,. = 0.0536 meV, 1A, ~ 0.125 meV). Insets show the state
evolution on the |g)-|x) Bloch sphere. (d)-(f) Nonlinear spectral function S(w) for evolution from panels (a)-(c). Filled curves show phonon
spectral density R(w) calculated for typical GaAs/AlGaAs QDs at T = 4 K; vertical dashed lines show w,.

frequency (note the broken axes with irrelevant frequencies
omitted). We plot one-, two-, and three-phonon processes (con-
secutive maxima along the 1/w,. axis). The vertical maxima
along the A, axis correspond to multiple r-rotations. In both
cases, n = 3 maxima correspond to sufficiently low acous-
tic frequencies achievable with current interdigital transducers
[3, 55, 56]. Figures 3(a)-3(c) show evolutions corresponding
to the r-rotation maxima for one-, two-, and three-phonon pro-
cesses from Fig. 2(a), respectively. We predict perfect state
preparation (neglecting environmental effects) with the oscil-
lation complexity increasing with the acoustic harmonic order.
Insets to Figs. 3(a)-3(c) show the qubit evolution on the Bloch
sphere.

The evolution is more easily characterized in the spectral
domain. For this, we calculate the nonlinear spectral charac-
teristic S(w) = (Y(w)P, Y (w)), with (0), = TrOp,, Y (w)
the Fourier transform of |xXx| + 2|xx)Xxx|, in the interaction
picture with respect to Hy + H;, and P, = |x)x| + [xx)xx|
projecting onto the orthogonal complement of the initial carrier
state [57]. S(w) reveals the frequencies present in the evolution
of charges, where the factor of 2 arises from the biexciton com-
prising approximately two excitons. The information carried
by S(w) will also be further used to quantify the environmental
decoherence. First, we use S(w) to demonstrate the presence
of parametric multi-phonon processes during state preparation.
In Fig. 3(d), we show S(w) for the one-phonon case, showing
peaks only at zero and the Rabi/acoustic frequency. Figure 3(e)
and Fig. 3(f) reveal successive multiples of w, ., corresponding

ac?
to fractions of Q, with additional beat frequencies.

Three phonons
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FIG. 4. Error of the (a) exciton and (b) biexciton preparation as a
function of the corresponding detuning for one- (solid lines), two-
(dashed), and three-phonon (dotted) processes for GaAs QDs. The
inset in (a) shows minimal differences between curves. In (b), we omit
a narrow range of detunings around 0.65 meV, where we encounter
an unwanted resonance leading to exciton occupation.

B. Preparation error

Besides recombination, subtle dissipative processes arise
from interactions with phonons of the host material. Excitons
and biexcitons couple to deformations, enabling bath phonons
to respond to charge evolution and leading to system-bath en-
tanglement and decoherence of QD states. To address this
non-Markovian effect, we include carrier-phonon coupling via
the deformation potential and the piezoelectric effect, and em-
ploy the second-order Born approximation. We determine infi-
delity 6y, by calculating the final difference in the unperturbed
and bath-phonon-impacted density matrices. For this, we fol-
low the approach originally introduced in Refs. [52, 53] and
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FIG. 5. Evolution of exciton occupation in the sub-THz detuning
regime. Using 10-phonon processes, QD is excited with an acoustic
wave with feasible frequency w,. /27 ~ 42 GHz and 1A, =~ 2.49 meV
on top of a far-detuned cw laser with ZA = 1 meV, and A; = 1 meV.

applied in Refs. [16, 57] that allows us to find J, as an intu-
itively understandable overlap of S(w) and reservoir’s spectral
density R(w) = |n(w)+ 1572 5, 187V 26 (|w|-w, ). with
n(w) the Bose-Einstein distribution, that shows frequencies
at which the environment can respond (see Supplemental Ma-
terial for details). The filled curves in Figs. 3(d)-3(f) display
R(w) calculated for a GaAs QD, demonstrating its overlap with
S(w). Notably, R(w) peaks at ~ 0.8 meV, beyond the plot range.
For large detunings and thus phonon frequencies that exceed
this value, almost decoherence-free evolution is possible [16].
Here, we focus on the lowest phonon frequencies to meet the
technological limitations in acoustic generation. Thus, we are,
in turn, below the R(w) maximum, ensuring that the system
experiences relatively weak phonon response during evolution.

In Fig. 4(a) and Fig. 4(b), we show the exciton and biexciton
preparation error at 7 = 4 K. The differences between acousto-
optical processes of different harmonic orders are minimal,
indicating the potential to utilize higher acoustic harmonics.
Comparing this result with Fig. 2(a), we predict the potential
to prepare an excited state with an error below 2%. For the
exciton state, the error increases rapidly with detuning until
reaching the frequency of maximal phonon response. For the
biexciton state, the error decreases with two-photon detuning,
as the transition between the exciton and biexciton states is
crucial [16].

C. Approaching THz dynamics

Having understood the effect and estimated the achievable
fidelity, we now show how parametric multi-phonon dressed-
state resonances can bridge over an order of magnitude in
frequency, enabling acoustic driving of sub-THz dynamics. As
a proof of principle, Fig. 5 illustrates that an acoustic pulse
at 42 GHz allows the excitation of the exciton via a multiple
of n = 10 for a sub-THz laser detuning of 1 meV and laser
amplitude of 1 meV. These conditions correspond to an optical
Rabi frequency of Qg /27 ~ 0.341 THz, surpassing accessible
base acoustic frequencies (the ratio of Qg /w, differs from 10

due to additional splitting of the doubly-dressed levels). Despite
high n and multiple beat frequencies in regions of high phonon
spectral density, the preparation error remains low at 3.4%. This
demonstrates that the proposed multi-phonon swing-up scheme
may be a practical route toward the THz splitting regime. This
example displays how the scheme decouples energy setting
from coherent control, with the state splitting addressed by
the laser frequency and state manipulation achieved using the
lower-frequency acoustic field.

IV. CONCLUSIONS AND OUTLOOK

We have proposed an extension of the hybrid acousto-optical
method for preparing exciton and biexciton states in QDs using
higher acoustic frequency multiples. Even a monochromatic
acoustic modulation can effectively generate higher harmon-
ics through multi-phonon-like processes arising from periodic
phase modulation of optical transitions, leading to parametric
resonances with the Rabi splitting of the laser-dressed exciton.
We have shown deterministic preparation of exciton and biex-
citon states using multiples of the base acoustic frequency in
combination with a detuned laser, achieving low errors that
can be further reduced by increasing the detuning. In partic-
ular, the method can bridge at least an order of magnitude in
frequency, as illustrated by predicting the successful driving of
0.341-THz dynamics with 42-GHz acoustic modulation. This
establishes coherent control of optical-QD states while sepa-
rating optical energy delivery from acoustic control. Beyond
driving charge states in QDs, this approach can enable deter-
ministic multi-phonon state generation in acoustic resonators
via a detuned laser and facilitate information transfer between
solid-state systems using quantized acoustic modes.
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In this Supplementary Material, we provide details of the fidelity calculations and quantum-dot modeling used

in the main paper.

I. FIDELITY CALCULATION IN GENERAL OPEN
SYSTEMS

We consider a quantum dot modeled as a three-level system
coupled to the acoustic phonon bath. Our goal is to find the
fidelity of the prepared state, including the pure-dephasing in-
teraction between carriers and phonons, accounted for beyond
the Markov approximation. First, we define the specific inter-
action Hamiltonian present in our problem. This is followed
by the assumption of weak carrier-phonon interaction, which
allows us to treat it perturbatively. We find that the final fidelity
can be expressed as an overlap between phonon spectral density
and the dynamical spectrum of the system.

To assess the fidelity, we follow the approach described in
Refs. 1 and 2, adapted to our problem, as also applied in Refs. 3
and 4. The total Hamiltonian of the system is Hyy; = H @ I +
I® Hy;, + V. The Hamiltonian of the isolated carrier subsystem
is H=X,E;|[E;XE;|,i € {g,x,xx}, H,, is the free phonon
Hamiltonian, and V is the coupling. Without interaction, the
evolution of the entire system is

Uy(t) = e~ Hst/h @ o=tHmt /1 (Y]

Phonons couple diagonally to the exciton and biexciton states
[5]. We write the coupling in the general form

V= Sx,x ® Rx,x + Sxx,xx ® Rxx,xx 2

where S, ,, = [nXm| acts on the carrier subsystem and
Rn,m = Z Fn,m(k) (bkxl + bik,,/l) (3)
k.4

on the environment with the coupling functions F,, ,,(k) =
F,, ,(=k). Here by, , (b,:, ) 1s the annihilation (creation) oper-
ator for phonons in a mode with wave-vector labeled by k and
polarization A with three values, LA, TA1, TA2, corresponding
to longitudinal and two transverse acoustic branches. Further,
we assume R,  , = 2R, , which allows us to simplify the
interaction term as

V=S®R, @)

with § = [xXx| + 2 [xxXxx]|, and R = R, ,.
The evolution of the full density matrix o(t) is described by
the Liouville-von Neumann equation

i
h

and we assume a product initial state o(f,) = p, ® pr, Where
Po = |WoXy,l is the carrier system’s initial density matrix, and

o(t) = == [H+ Hy + V, 0(0)] , ©)

PR is the phonon thermal density matrix. Partial trace over the
environmental degrees of freedom yields the subsystem’s re-
duced density matrix p(¢) = Trz 0(#). Assuming a perturbative
environmental impact, we can write

p(1) = p (1) + Ap(1), (©)

where Ap(t) is the phonon-induced correction to the unper-
turbed evolution p (¥ (1) = Uy (1) pOUg (1). We calculate fidelity
as the overlap of the final density matrices with and without
perturbation

F? = Tr p' (00) p(00) = (ro| Ug (00)p(00) Uy (o) |ty )

7
=1+ (ol Ap(o0) wo) . @

where tilde denotes the interaction picture, oG =
Uy (1)OU, (1), and Ap (o) is the perturbation calculated in the
second-order Born approximation,

Aﬁ(t):—h—lzfd'r/ dr'Trg [V(2), [V(7)), 0(9)]] - ®)

After expanding commutators and taking the partial trace, one
gets

1 t T
Ap(t) = —ﬁ/dT/dT,[S(T),S(T’)p0]<R(T)R(T/)> + H.c.
)

To proceed, we switch to the spectral domain and define the
phonon spectral density

1 © ;
R = — dt (R(t)R) '", 10
@ =52 [ arRoR)e (10)
and the nonlinear dynamical spectrum

S(w) = > Kol YT () |w,,)

2

, an

where states { [y,,)} span the space orthogonal to the initial
state, and Y (w) = /lt dr§(r)e~7. By using those in Eq. (9)
and plugging this back into Eq. (7), we arrive at the fidelity
loss expressed as the overlap of the spectral functions

F2=1 —/+wde(w)R(w), (12)

o0

which we evaluate numerically.
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TABLE I. Material parameters from Refs. 6—8 and structural parame-
ters used to calculate phonon spectral densities for the AlGaAs barrier
based on linear interpolation between AlAs and GaAs. For sound ve-
locity, the quadratic interpolation formula from Ref. 7 is used.

a, a, d CLA ey & l 1

C 4 z
V) (eV) (kg/m?) (m/s) (C/m?) (nm) (nm)
-6.56 -1.68 4696 5590 -0.145 118 9 3

II. APPLICATION TO SEMICONDUCTOR QD STATES

For carriers confined in a quantum dot, the phonon spectral
density is

1
R(@) = In@) + 11 25 3 g0 (w0l = wp0) . (13)
q,A

where n(w) is the Bose-Einstein distribution, and the exciton-
phonon coupling,

(e,DP)

— (e,PE)
gk:,)\ - gk!,)\

h,DP
oy (h,DP)

h,PE
T8 T gl(c A )

14)

includes couplings via the piezoelectric effect (PE) and de-
formation potential (DP). Assuming linear phonon dispersion
wy 2 = ¢k, where ¢, is the sound velocity, the couplings

2
are [9]
{ hk
I(:Qq,pm =26, 1 dejy M}‘C/h(k), (15a)
(e/nPE) _ , .€€14 / h .
= —_ M 1
8k ilSUSr Ve, (B) Fen(K), (15b)
where
Fe(k) = /R A () (r)e ™ (16)

is the form factor with electron/hole ground-state wave func-
tions ¥, ,(7), and My (k) = 212x1?y(é,w)z + c.p., where & )
is the phonon unit polarization vector, k = k/k and c.p. stands
for a cyclic permutation of indices. Here, a, (a,) denotes the
electron (hole) deformation potential, V is the phonon mode
normalization volume, d is the crystal density, e, is the piezo-
electric constant, and &, is the relative permittivity.

For a QD, we utilize the harmonic confinement approxima-
tion with Gaussian wave functions

31 2 p?

Pem(r) = (27) Z—eXp(———— ; a7

/h
¢ 112 202 212

where p = yx? +y2, and [, and I, are the out-of-plane and

in-plane extensions. We assume stronger hole localization com-

pared to the electron, i.e., [ = O.Slfe . The material param-

eters for calculating the phonon spectral densities are listed in
Table 1.
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Mechanical degrees of freedom very weakly couple to spins in semiconductors. The inefficient coupling
between phonons and single electron spins in semiconductor quantum dots (QDs) hinders their integration
into on-chip acoustically coupled quantum hybrid systems. We propose a hybrid acousto-optical spin
control method that circumvents this problem and effectively introduces acoustic spin rotation to QDs,
complementing their rich couplings with external fields and quantum registers. We show that combining
continuous-wave detuned optical coupling to a trion state and acoustic modulation results in spin rotation
around an axis defined by the acoustic field. The optical field breaks spin conservation, allowing phonons
to drive transitions between disrupted spin states when at resonance with the Zeeman frequency. Our
method is compatible with pulse sequences that mitigate quasistatic noise effects, which makes trion
recombination the primary limitation to gate fidelity under cooled nuclear-spin conditions. Numerical
simulations indicate that spin rotation fidelity can be very high, if the trion lifetime is long and Zeeman
splitting is sufficiently large, with a currently feasible 50 ns lifetime and 44 GHz splitting giving 99.9%
fidelity. Applying our advancement could enable acoustic QD spin state transfer to diverse solid-state
systems and transduction between acoustic, optical, and microwave domains, all within an on-chip

integration-ready setting.

DOI: 10.1103/tbth-t2q5

Introduction—Acoustic waves have long been used for
signal filtering, mixing, and duplexing in classical elec-
tronics like radio-frequency (rf) communication systems.
These components are foundational in modern mobile and
wireless technologies, where coupling mechanical waves to
electrical signals enables highly selective signal processing
in compact architectures [1,2]. This widespread application
in classical rf systems is accompanied by advancements in
coherent acoustic generation [3] with increasing frequency
limits [4-6]. This is followed by explorations at the
quantum level, where mechanical degrees of freedom
can couple to single charges and spins in low-dimensional
systems [7]. Among such systems, epitaxial semiconductor
quantum dots (QDs) offer a highly controllable environ-
ment for investigating acoustic control of charge dynamics
[8] and optical effects, including acoustic control of single-
photon scattering [9] and emission [10].

The next logical step is to extend acoustic control to spin
states. Spins in QDs present a substantial advantage for
quantum information processing due to relatively long
coherence times. While defect centers offer a well-estab-
lished acoustic interface to spin states [11], QDs stand out
as solid-state quantum emitters for their brightness and
purity of single photons [12-14]. Spins in QDs assure
compatibility with photonic interfaces [15] in the optical
range and show potential for generating entanglement with
flying qubits [16] and producing photonic cluster states
[17-20]. Good quality QDs can couple confined spins to
homogeneous nuclear-spin ensembles, allowing quantum

0031-9007/26/ 136(4)/046904(9)
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information transfer to nuclear degrees of freedom [21-23].
With optical emission tunable to the telecom band on
various material platforms [24-27], QDs hosting single
spins seem to be the preferred physical platform for
quantum networking applications.

A challenge in achieving spin-acoustic coupling with
QDs is the relatively weak intrinsic coupling between
mechanical deformation and spin in semiconductors.
Recent advances in integrating coherent laser sources on
various chip platforms [28,29] indicate that hybrid opto-
mechanical interaction is a viable, technologically feasible
path, circumventing this obstacle. Pursuing this idea paves
the way for universal acoustic transducers [30] using spin
qubits in QDs that might couple photonic, charge, nuclear,
and mechanical degrees of freedom at the quantum level.
Furthermore, it would provide a quantum data bus to
various qubits, including superconducting circuits, one
of the workhorses of today’s practical quantum computing,
thus opening new frontiers in scalable quantum information
processing.

Here, we take an important step toward quantum
coupling of multiple degrees of freedom: while potential
implementations across various solid-state systems have
been proposed [30], we address the persistent gap for single
spins by proposing an acousto-optical method for single-
carrier spin control. It relies on detuned optical excitation
that breaks spin conservation by coupling both spin states
to a trion state, and acoustic modulation resonant with
the spin splitting, which can then induce spin transitions.

© 2026 American Physical Society
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This hybrid method enables any spin rotation using
acoustic pulses during detuned continuous-wave optical
coupling. We show that already a naive two-pulse imple-
mentation of the Pauli-X gate can be fast enough to keep
the infidelity due to the Overhauser field below 0.1% in
QDs with cooled nuclear spins [31-34], and that pulse
sequences that mitigate this quasistatic noise to the leading
order can be employed. The remaining limiting factor for
spin-rotation fidelity is then trion recombination, which is
largely suppressed by the tiny trion occupation during
operation. Thus, fast evolution, assured by a high acoustic
frequency, and slow trion recombination are essential
factors. We predict the recombination-caused infidelity
<0.1% with the currently available acoustic frequency
for a double QD (DQD) system, where a spatially indirect
long-lived trion state can be used.

System and model—Figure 1(a) pictures the idea outlined
here, and Fig. 1(b) presents a more detailed level diagram.
The resident electron spin in a QD is subject to an external
magnetic field in the Voigt configuration and off-resonantly
coupled to a charged exciton (trion) state with a continuous-
wave laser (red arrows). The laser frequency w; is detuned
from the trion energy Awt by A = w;, — wy. According to
selection rules, the Voigt configuration and ¢ -polarized
laser ensure equal coupling of both |—) and |« ) states to
the same trion state |T). This coupling aims to break spin
conservation by coupling both spin states to a common
state, thereby slightly mixing them (such A systems utilize
the third state for transitions within the doublet [35,36]).
Detuning prevents noticeable trion occupation, which
could be detrimental due to the finite trion recombination
time 7, causing dephasing. The optical transition (trion)
energy is modulated by a coherent monochromatic acoustic
wave via deformation potential, like a surface acoustic
wave (SAW) generated by an interdigital transducer (IDT).
As we show in the following, tuning the acoustic energy
hw,, to resonance with the spin splitting Aw; induces spin
rotation.

The Hamiltonian of the system is given by
H(t) =Hy+H,(t) + H () + Hs=H.(1) + Hs, (1)
where Hy = hwy| —)(— | + hwr|T)(T| describes the sys-
tem’s free evolution. Further, H, includes acoustic modu-
lation. With acoustic wavelengths exceeding the QD size
and corresponding piezoelectric fields typically screened
by a metallic layer between the QD membrane and the
piezoelectric material [37], we deal with mechanical,
spatially homogeneous, quasiadiabatic band shifts without
significant wave function distortion or level hybridization.
All orbital states are modulated, but since the trion is
modulated with a different strength than single electron
states, H,. can be written as pure trion modulation,

Hac(l) = _hAacf(l) cos (wact - (/1) |T> <T|' (2)

(a)

Qac cO8(wact + ¢)

T)

I

Qr, cos(wrt)

' U o

FIG. 1. Idea of the acousto-optical spin rotation in a quantum
dot. (a) Principle of the method: detuned laser couples spin states
to a trion state (red arrow), which is acoustically modulated (pink
arrow) with a frequency equal to spin splitting, e.g., via an
interdigital transducer (gold). Because of optical coupling, spin
conservation is lifted, allowing for acoustic spin rotation.
(b) Schematic energy structure of the three-level system with
external fields. Spin states | <) and | —) are split in a magnetic
field in Voigt configuration and optically coupled (red arrow) to
the trion level |T) with detuning A. Acoustic modulation of the
trion state is marked with the pink arrow. Blue arrows show the
effective coupling between spin states.

where f(7) is an acoustic pulse envelope with amplitude A,
(see Appendix A). Hy (1) = —d - E(r) describes the optical
coupling in the dipole approximation, where d is the dipole
moment operator, and E(7) = E(t) cos(wy 1) is the laser
electric field. Those three terms form our control
Hamiltonian H(7). The last term, Hs = (7/2)6 - ¢ with
o6 denoting the vector of Pauli matrices in the basis
{|-=),]<)}, describes the effect of quasistatic
Overhauser noise ¢ from the isotropic nuclear-spin envi-
ronment [38], assumed to have independent zero-mean
normal distributions with standard deviation o5 per com-
ponent. In the rotating frame (with respect to w, and wy)
and rotating wave approximation, the Hamiltonian can be
written as [35]

Hc(t) = _hA‘TMTl +I{ac(l‘)

+ ZAL(ein’|—>><T| + |<){T| 4+ H.c.), (3a)
Hy(t) = 25,0, + D[(6,+ i8, ) ) ] + Hie]
(3b)

where A; is the laser amplitude. To find the dissipative
evolution of the system with trion recombination, we
numerically solve the Lindblad master equation for the
density matrix p,

1

pt) = - [H(1).p(1)]

i (omi-Hnsof).

with Hamiltonian (3) and the initial state p(zy) = |—)(—],
where L; = |i)(T| are the jump operators for i = —, «.
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Spin state control. Acousto-optical driving rotates the state around an inclined axis. (a) Comparison of the inclination angle of

the spin-rotation axis between the effective model (solid line) and the full numerical solution for two different laser amplitudes (dashed
and dotted lines). All inclinations up to 45° are conveniently achievable. (b) Naive implementation of the X gate. Evolution of spin states
(bottom panel) under a continuous-wave detuned laser and two acoustic pulses of close to opposite phases (shown in the top panel) tuned

to provide z rotations around 45° inclined axes.

Parameters:

hwz; = 0.182 meV, hA~0.766 meV, hAp ~37.9 peV,

hA,. = 0.189 meV, acoustic pulse duration ~11.8 ns, and Aw,. = 0.182 meV; dissipation and noise neglected. (c) Evolution on
the Bloch sphere. Arrows mark rotation axes related to the first (¢ = 0, red) and second (¢ = x, blue) acoustic pulse. At the bottom,

explicit operations and an equivalent quantum circuit are shown.

Effective Hamiltonian—To reveal how the laser and
modulation jointly drive the spin evolution, we perform
a unitary transformation, H(r) = ¢S H(1)e () — n8(r),
with respect to H,.(1),

1 [t .
S(t) = 5A d'H,o (1) m —A(t) sin(wyct — @) [T)(T]. (5)
where A(1) = A, f(t)/w,., and we assumed slowly varying
f(t). We get Hs(t) = Hy(t), and, using the Jacobi-Anger
formula 45" = 5™ J (A)e™,

() = —hAIT(T + 2 3

n=-—oo0

X <ei(”’z’”“’ﬂc)’|—>)(T\ —+ e’i"”’uf’|<—>(T\) + H.c.] ,

(6)

where J, are the Bessel functions of the first kind. For
w7 = nw,, with integer n, corresponding to n-phonon
processes, we get a secular (nonoscillating) driving term
that dominates the evolution. The strongest coupling
corresponds to w; = w,., which we discuss further.

In the secular approximation, and during the acoustic
pulse plateau, A(f) = A, we obtain a time-independent
control Hamiltonian,

{J,1<A<z>>ef"<w+">

H, = -hA[T)(T|
h .
3 (1@ T 4 ST ).
()
to which we use adiabatic elimination (see Appendix B) to

eliminate the weakly occupied trion state and arrive at an
effective spin control Hamiltonian,

hA?

Hspin = _H

{3 - e,
+2Jo(A)J(A)(cos po, + sin (pay)}, (8)

with typical longitudinal (detuning) noise H s = hd,o, [38].
Hgyiy describes a Stark shift and off-diagonal coupling,
causing spin rotation around an axis inclined at an angle,

o 206(A)(A) )Aél
o~ (i) S O
depending on A only, with the azimuth set by the phase ¢,
at arate Q = A2[J3(A) + J3(A)]/(24).

We show the dependence of the inclination angle on A in
Fig. 2(a). The effective model prediction (solid black)
agrees well with numerical solutions of Eq. (4) (dashed and
dotted lines; the axis extraction is described in
Appendix C), indicating that the simple Hamiltonian
captures the primary process in the evolution. The visible
laser amplitude dependence not predicted by the effective
model is due to nonsecular terms that cannot be neglected
for stronger optical fields. Nonetheless, acoustic field
parameters fully control the spin-rotation axis.

Numerical results—A fully horizontal rotation axis
cannot be achieved without significant trion occupation.
Still, the available rotations allow for full qubit control. As
a proof of concept, we construct the X gate by using two
flattop acoustic pulses shown in the top panel of Fig. 2(b).
The first takes the state to the Bloch sphere’s equator, while
the second further to the opposite pole [Fig. 2(c)]. Both
pulses last ~11.8 ns with switching time x = 500 ps, have
amplitude A,. ~ 189 peV, and differ only in phase by ~z,
providing 7 rotations around axes inclined by € = z/4 but
with opposite azimuths. A deviation from exactly opposite
phases compensates for the short phase accumulation
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FIG. 3. Fidelity and robustness of spin rotation. (a) Average infidelity of the X gate due to longitudinal Overhauser noise for the naive

two-pulse implementation with two w values (blue, black) and for the seven-pulse noise-mitigating sequence (red) as a function of the
noise root mean square energy o, (bottom axis) or corresponding spin 7 time (top axis). Vertical lines mark 77 for relevant systems:
red circles, Ref. [34]; blue squares, Ref. [33]; green triangles, Ref. [31]; orange stars, Ref. [34]; purple diamonds, Ref. [32]. (b) Infidelity
due to trion recombination as a function of the trion lifetime 7 for two Zeeman splittings (dashed and dotted lines). Vertical lines mark
typical 7 values for relevant systems. (c) and (d) show the gate robustness to field fluctuations for fixed w, = 44 GHz, v = 50 ns.
(c) Infidelity versus laser amplitude and detuning for a given acoustic pulse, and (d) as a function of acoustic field amplitude and phase

of the second acoustic pulse for fixed optical field parameters.

during the acoustic field switching. This sequence performs
a full spin rotation, shown in Figs. 2(b) (bottom) and 2(c).
The rotation is exact when no noise (6 = 0) and dissipation
[z = oo in Eq. (4)] are considered.

Formally, we begin in the |—) state, and perform
rotations Ry, (7)R;, (7) with axes fp) = (£% +2)/V/2.
as shown in Fig. 2(c). When performed coherently, it is
equivalent to applying H and Z followed by H quantum
gates, giving X in total. This evolution can be stopped at
any time, covering all horizontal-axis rotations. Combined
with the phase gate via a detuned laser and ac Stark shift,
this enables complete qubit control.

Fidelity and robustness—Spin-rotation fidelity is limited
by quasistatic noise and finite trion lifetime. In both cases,
the operation time is crucial, mainly set by w,. = @z, and
we consider the state-of-the-art IDT-generated SAW
frequencies of 22 and 44 GHz [4-6]. Favorable impedance
matching conditions enable almost lossless SAW transfer
from piezoelectric LiNbO; to bonded semiconductor
membranes with QDs, with frequencies increasing as the
membrane thickness decreases [37,39]. Moreover, current
IDTs on GaAs reach ~18 GHz [40], while optical excita-
tion demonstrates ~30 GHz SAWSs, ~42 GHz coherent LA
phonons [41], and > 20 GHz guided modes [42] in GaAs,
indicating the availability of tens-of-GHz acoustics in
semiconductors. While a few-meV modulation amplitudes
are achievable [43], our scheme requires ~100-200 peV,
leaving room for imperfect efficiency.

We examine each decoherence source in turn. Figure 3(a)
shows the average infidelity, 7 = 1 — F, of our naive two-
pulse X gate realized for the two acoustic frequencies as a
function of the longitudinal noise strength zc; = #i\/2/T%,
where T; is the spin transverse dephasing time. 7 is
calculated by numerically solving Eq. (4) with varying
0, while neglecting recombination, and averaging over the

distribution of §,. Vertical lines indicate o values for self-
assembled InAs/GaAs [31-33] and droplet-etched GaAs/
AlGaAs QDs [34] with cooled nuclear environments (see
Appendix D for details). The acoustic control is fast enough
to keep the infidelity of the naive gate below 0.05% for
GaAs QDs (~0.15% for InAs QDs). As expected, the
transverse noise can be neglected [38], as its contribution
becomes considerable only for ic; > 935 neV (T; < 1 ns)
(not shown).

Substantial literature exists on mitigating quasistatic
noise effects during qubit rotations [44]. Composite pulses
and dynamically corrected gates are compatible with
restricted-angle control [45-47]. We demonstrate lead-
ing-order error cancelation with an exemplary seven-pulse
sequence, found via numerical optimization (see
Appendixes E and F), that maintains the z/4 inclination
while only involving phase skips on the acoustic drive, with
a total nutation of 3.785z, only 1.9x more than for the
naive gate. The red line in Fig. 3(a) shows the infidelity due
to longitudinal noise for that sequence at w; = 44 GHz and
k =250 ps. We find strong suppression pushing the
infidelity below 0.1% already for 7%~ 52 ns, leaving
above order-of-magnitude headroom for current systems
with cooled nuclear spins. Methods like real-time Bayesian
Hamiltonian estimation [48] should enable further
improvements. This demonstrates that quasistatic noise
can be effectively canceled despite relatively long acous-
tic-gate durations.

Although we keep the trion occupation below 1074
recombination remains the second limiting factor for
fidelity. The small trion occupation incoherently returns
to both spin states at a rate 1/7 and forms a mixed fraction
of the spin state. To determine the strength of this effect, we
numerically solve Eq. (4) with varying 7, while neglecting
the quasistatic noise and using the two-pulse sequence for
simplicity. Figure 3(b) shows the infidelity of spin rotation
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as a function of 7, optimized with respect to the remaining
parameters for the two Zeeman splittings. Shorter evolution
accumulates less trion recombination, yielding better results
for w; = 44 GHz, providing faster operation. Nonetheless,
both curves approach 0 with increasing 7, indicating that
very low infidelity is achievable with a sufficiently high 7 to
gate duration ratio. We mark the trion lifetimes for relevant
QD systems like GaAs QDs [trion ground states with
7~ 0.3-1.2 ns [49,50] and orbitally excited (envelope-dark)
trion with effectively 7 ~ 1-3 ns [51,52] ], self-assembled
InAs/InP QDs (z ~ 1.5-2 ns [53]), and vertically stacked
DQD exploiting spatially indirect states with electron-hole
separation [54—57]. While all the mentioned lifetimes can be
extended using the Stark effect, in DQDs, the electric field
allows tuning by orders of magnitude. Using 7 = 50 ns
already provides 0.1% infidelity, and much wider tuning is
possible [56,58].

Lastly, we examine how the fidelity of the two-pulse gate
is affected by small deviations from the optimal parameters
that may occur in experiments. Figure 3(c) addresses laser
amplitude and detuning, while in Fig. 3(d), we vary acoustic
field amplitude and phase difference. In both cases, spin
rotation is robust to perturbations as fidelity remains high in
wide (approximately £5%) ranges of parameters. Note that
the color scale ends at 1%. The disappearance of fidelity in
Fig. 3(c) for 1A ~0.819 meV = 4.5hw,. is caused by an
accidental resonance leading to the phonon-assisted trion
excitation. We do not show the dependence on @,, as it can
be precisely set with no fluctuations [9], and its deviations
are mainly equivalent to &,.

Conclusions and outlook—We have proposed a hybrid
acousto-optical method of single spin control in a QD,
enabling the spin-phonon interface in the system that
practically lacked it. Combining acoustic modulation with
off-resonant optical driving enables coherent spin transi-
tions. The operation can be fast enough to allow efficient
cancellation of quasistatic noise errors in QDs with cooled
nuclear spins. The remaining important limitation to fidelity,
caused by the finite trion lifetime, can be reduced by large
Zeeman splittings, resulting in shorter evolution. This
requires high acoustic frequencies, but even for the currently
achievable 44 GHz we show 99.9% fidelity for a DQD.
Acoustic spin rotation has a direct advantage over micro-
wave-based methods. Because of their low sound velocity,
acoustic waves are 4 orders of magnitude shorter, enabling
seamless on-chip integration. Introducing acoustic coupling
for single spin states to QDs has broader implications. With
established interfaces to light, microwaves, and nuclear-spin
registers, now extended to phonons, QDs could become
fundamental elements in hybrid quantum architectures. This
capability could open pathways for controllable spin-pho-
non entanglement and acoustic state transfer. Moreover, the
simultaneous coupling of QD spins to multiple physical
fields creates the potential for QDs to become versatile
transducers, facilitating quantum information transfer not

only across the electromagnetic spectrum but also between
distinct physical domains.
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End Matter

Appendix A: Shape of acoustic pulses—The envelopes
of flattop pulses used in numerical simulations are given

— ¢ — At -7 )
erf(t ! At,/2)erf<t tl+At,/2)}’
K K

(A1)

where 7/ is the i th pulse center, x the switching rate,
and At; the pulse duration. For series of M pulses
;=35 Atj— (Ar, + Ar;)/2, and the total envelope

is f(r) =31, fi(0).

Appendix B: Adiabatic elimination—We begin from
writing the Schrodinger equation for the system
iy = Hayy with w = [c_(1).c_(t),cp(r)]T and the
Hamiltonian (7) rewritten as H, = —hA|T)(T|+
A |=)(T| + n_|<)(T| + H.c.), with ne =
ArJ (A)e /2, no = ApJo(A)/2. We deal with a set of
three differential equations, the third of which reads

iér(t) = —Aer(r) + o en(f) + e (r).  (B1)

In the adiabatic elimination [60], we separate the
timescales of the fast but weak and unimportant
oscillations of ¢y due to the large detuning A and the
slow evolution governed by the coupling to |—) and
|<) states. As the trion is initially unoccupied, we may
estimate |cp| to be as small as |n/A| (let n_, ~n_ =1n).
Neglecting the fast “own” evolution of the trion as
averaging to zero, and only keeping the sought-for
second-order processes, the retained contribution to |¢7]
is of the order of |?/A|. These estimates yield |c7| <
|Act| given |n/A| < 1. Thus, we set ¢t = 0 on the left-
hand side of Eq. (B1) and then solve algebraically for
cr as a combination of ¢_, and c_,,
ne

e (1) + e (1),

’,I*

A (B2)

cp(f) =

We can arrive at the same result formally. Let us factor
out the fast oscillation, ¢(7) = exp(iAf)ér(t), and define

TABLE L.
column refer to labels in Fig. 3(a).

ft) =nteo(t) +nic_(t). Now, we have iép(t) =
exp(—iAt)f(zr), which we formally integrate &r(f) =
—i [$dre™™7f(7). Integrating by parts and returning to
the original amplitude ¢, we get

erlt) = g |10 =27 0) - ["arerea O] o3y

We continue integrating by parts, producing a series

ex(t) = Y- g ) = 0] (Bay

where  fU)(r) = d"f/d". This form conveniently
separates the adiabatic and oscillatory contributions. The
consecutive derivatives |f"~"| are of order |7|", with
n representing the characteristic frequency of adiabatic
evolution. We thus obtained a series expansion in the
small parameter |7/A|, where adiabatic elimination retains
the leading nonoscillatory term, reproducing (B2).

By making the trion state amplitude evolution fully
dependent on the other two amplitudes, we reduce the
problem to a Schrodinger equation for an effective two-
level system, in[¢_(1),¢(1)]T = Hypinlco (1), c(2)]T,
with Hgy, from Eq. (8) describing a second-order
acousto-optical coupling between spin states.

Appendix C: Inclination of rotation axis—To extract
the qubit rotation axis from the full numerical
simulation, we identify the lowest point in the qubit
trajectory (i.e., nearest to the south pole of the Bloch
sphere, |«<) state) and pair it with the extremal point of
the initial state, |—). The vector normal to the line
connecting these points defines the qubit rotation axis.

Appendix D: Spin T} values—In the simulations, we
calculate the root mean square Overhauser field energy
as hoy = /2h/T; based on the literature T% times
(assuming hyperfine-limited) for InAs and GaAs QDs
with cooled nuclear spins. Table I lists these values,
including their sources and cooling methods.

Electron-spin 7 values and corresponding Overhauser root mean square energy in QD platforms. Symbols in the first

System T5 (ns) hos (neV) Cooling method Reference
¢ InAs/GaAs (self-assembled) 39 23.9 Coherent population trapping feedback [32]
A InAs/GaAs (self-assembled) ~80* 11.6 Hole-assisted dynamical nuclear polarization [31]
n InAs/GaAs (self-assembled) 296 3.14 Quantum-algorithmic feedback [33]
* GaAs/AlGaAs (droplet-etched) 78 11.9 Rabi cooling [34]
. GaAs/AlGaAs (droplet-etched) 608 1.53 Quantum-sensing-based cooling [34]

“Reference [31], T3 is converted from the reported linewidth via 7% = 1/y, with y,/2x =2 MHz.
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TABLE 1I.
Overhauser noise.

Pulse parameters, ¢; and «; and o; for the X-gate sequence that cancels the leading-order longitudinal quasistatic

Pulse index i 1 2 3 4 5 6 7

;|7 1.0656 0.9867 0.8159 0.3096 1.9170 1.6056 0.6490
a;/x 1.0550 0.5589 0.1152 0.6825 0.3454 0.5169 0.5111
At;(ps) 12406.7 6573.00 1355.05 8026.48 4062.43 6078.64 6010.35

Appendix E: Example longitudinal noise canceling
sequence—Standard CORPSE-like sequences [61] do not
apply to our tilted rotation axes, and typical methods
require continuous tuning of both the inclination and
azimuth [45,62]. Here, we show that one can maintain a
fixed inclination (set by the acoustic amplitude) while
piecewise altering the azimuth through feasible phase
skips on the acoustic drive. The pulse sequence used
here to implement the X gate while canceling leading-
order longitudinal quasistatic noise is ideally represented
(for square pulses) as R, (ay)...R, (a1)R, (a;) with
N =17. Here, ¢ defines the azimuth of the i h rotation
axis (equal to the acoustic phase), always inclined by
0 = /4, and «; are the rotation angles. Table II lists all
@; and «@; found by minimizing the leading-order
contribution to gate infidelity (see below). The sequence
was then simulated with realistic pulses with x = 250 ps.
Pulse durations At; are calculated from «; based on the
duration of a = rotation of 11.7599 ns, with values in
the last two rows of Table II. No further optimization of
the sequence was performed; only the laser parameters
were optimized to compensate for the nonideal acoustic
pulses, yielding AA ~ 0.76593 meV, hA| ~ 37.9335 peV.

Appendix F: Mitigating quasistatic noise impact—We
adopt the approach from Refs. [63,64]. The control
Hamiltonian for a single pulse inducing rotation about
axis i is H.= (hQ/2)it-6 and for duration a/Q
induces evolution U, (a,#t) = cos(a/2)1 — isin(a/2)f - 6.
The actual evolution during a pulse, driven by H =
H.+ Hs is given by U(t) =exp(—iHt/h) and differs
from the ideal by the error propagator

Uerr(l) = UC(Z)TU(Z)~ (Fl)

Differentiating shows that

Uerr(t) = (_i/h)H(t)Uerr(t) with H = Uc(tyHﬁUc(t)’
(F2)
ie., the error evolution is driven by the noise

Hamiltonian in the interaction picture of the control
Hamiltonian (the toggling frame). For longitudinal noise,

H; = (hd/2)é. -6, we have H(t) = (h5/2)[RT(1)e,] - o,
where R(z) is the Bloch-sphere rotation performed by
U.(t). Next, we express U (f) as a time-ordered
exponential and apply the Magnus expansion,

Unr(t) = T exp (—i_ /O ’drH(T)/h)

= exp (—I(Dl —Z(D2+ ), (F3)
with 7 denoting time ordering. Retaining the first-
order term with @) = [(dtH(7)/h yields U.,(r) =
exp[—idg - 6/(2Q)], characterized by a dimensionless
error vector g = Q [!drRT(z)é,. For a square pulse, the
angle ¢ = Qr varies from 0 to a over pulse duration 7.
We may calculate

T
g= Q/ dzR"(7)e,
0

— ["aora(-o2.
=sinae, — [t x &.](1 —cosa) + fifii - &.](a — sina).

(F4)

The error accumulates over the sequence. The toggling
frame differs for each pulse, and for the k h pulse, it is
given by Ré@ the total rotation from k —1 previous
pulses. The total error for M pulses is the sum of

contributions rotated to a common frame,

M 0 T
8ot = Z (Rére) g(k)

k=1

(F5)

The sequence has to both cancel g, and realize the
desired target evolution Uy. The mismatch between
the target and ideal evolution Uy = U.(ay,fiy)...
Uclay, ity)Uc(ay, fiy) is U&Uozexp(—ivﬁﬁ), For a
fixed rotation axis inclination, g, and v are functions
of M azimuths ¢; and M rotation angles «;, which we
find by minimizing both vectors (weighted).
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Fast universal parametric spin control in an acoustically modulated quantum dot

Mateusz Kuniej © and Michat Gawelczyk
Institute of Theoretical Physics, Wroctaw University of Science and Technology, 50-370 Wroctaw, Poland

Quantum communication, distributed computing, and hybrid architectures rely on nodes enabling coherent
control of qubits and coupling to propagating quantum modes. While semiconductor quantum-dot (QD) spins
couple to microwave and optical photons, weak interaction with mechanical waves has limited the integration of
single-QD spin qubits into on-chip, acoustically coupled hybrid systems. The existing theory of acoustic QD spin
control suffers from a limited range of rotation-axis angles, enforcing complex realizations of gate primitives
and long gate times, leaving little margin against decoherence from trion decay and quasi-static nuclear-spin
noise. We propose parametric control that overcomes these problems. We use far-detuned optical coupling to
a trion state to dress and thus mix spin states, combined with acoustic modulation of the optical transition
energy. Instead of relying on direct acoustic resonance with the spin splitting that leads to significant bottlenecks,
we induce spin rotations parametrically via resonance with the dressed-spin splitting. We thus develop a spin
analog of the “swing-up” charge-state excitation. Our scheme provides fast universal qubit control with nearly
arbitrary rotation axes. Our ~155 ps Pauli-X gate duration is ~290x faster than in the previous acousto-optical
formulation and ~14x faster than optical Faraday-geometry spin rotation. The parametric scheme naturally
enables higher-harmonic processes. Numerical simulations for ~44 GHz acoustic driving show average gate
fidelity > 99.9% even for uncooled nuclear-spin environments of GaAs and InAs QDs for trion lifetime > 1.25 ns.
These metrics suggest practically usable control and may introduce a spin-phonon interface with high interaction

arXiv:2609.05634v2 [cond-mat.mes-hall] 18 Sep 2026

rates, versatility, and multi-phonon processes, essential for future acoustically coupled hybrid architectures.

INTRODUCTION

Coherent control of solid-state spins and their coupling to
propagating quantum modes are two essential requirements for
building scalable quantum nodes for processing and exchange
of quantum information [1-3]. Acoustic fields are particularly
promising in this context as they can serve both as a local
control field and an on-chip quantum bus connecting confined
spin states to a broad range of solid-state degrees of freedom in
quantum hybrid systems [4—7]. However, to realize this poten-
tial, acoustic spin manipulation must be universal and robust,
and provide gate speeds that are competitive with established
control techniques.

Semiconductor quantum dots (QDs) are widely studied as
quantum light emitters that stand out for the quality of single
photons [8, 9], their entangled pairs [10, 11], and ability to
generate cluster states [12—14]. QD spin states have attracted
attention due to their relatively long coherence times [15], the
controllable interface with optical photons [1], and the possi-
bility of harnessing [15—18] and coherently controlling their
nuclear spin environment [19], and turning it into a quantum
register [3, 20]. Thus, QDs are a promising platform that meets
both of the aforementioned requirements for a quantum node,
currently exploiting photons and enabling long-distance state
transfer.

Due to low sound velocity in solids, acoustic waves and their
quantized modes occupy the short-wavelength regime, with
wavelengths several orders of magnitude shorter than electro-
magnetic waves at comparable frequencies, which is useful for
extending the use of QD spins toward compact, on-chip, short-
range communication and control. This acoustically mediated
integration is enabled by strain and piezoelectric couplings
to a broad range of systems in solids [6], including supercon-
ducting qubits, a leading platform in current quantum comput-
ing [21-23], thus facilitating phonon-mediated heterogeneous
information processing and transduction between otherwise

disparate quantum degrees of freedom [5]. While proposals for
realizing acoustically driven control and state transfer involv-
ing double-QD singlet-triplet qubits exist [5, 24], acoustically
driven control of individual confined spins would provide the
missing link for a mechanical interface to QD quantum nodes.

Realizing such an interface has been hindered by the weak
intrinsic coupling between lattice deformation and spin in high-
symmetry solid-state systems [25, 26], where the dominant
deformation-induced interactions mostly preserve the spin pro-
jection. One route towards overcoming this limitation was
taken by exploiting virtual optical coupling to a trion state in
a A-system that breaks spin conservation in the ground-state
doublet, enabling coherent acoustic spin rotation [27]. How-
ever, the resonant character of the method, where the acoustic
frequency must match the Zeeman splitting, combined with
relatively low available acoustic frequencies, results in long
gate operation times that exceed the involved trion lifetime
and inhomogeneous spin dephasing time, leading to strong
decoherence constraints. Moreover, the restricted set of feasi-
ble qubit rotation axes necessitates composite pulse sequences
even for simple spin gates and the development of custom
noise-mitigating sequences. These limitations affect not only
the acoustic spin gates, but also the usefulness of the same
interaction as a coherent spin-phonon interface for state trans-
fer and hybrid quantum operations. Thus, further exploration
of QD acousto-spintronics requires overcoming bottlenecks of
gate operation speed and lack of simple universal control prim-
itives, which, in turn, translate into a spin-phonon interface
restricted in both speed and functionality.

Here, we overcome these obstacles by proposing a para-
metric acousto-optical method for spin control. We not only
rely on virtual optical coupling to the trion to enable acous-
tic spin transitions but also exploit optical dressing to move
away from the bare-spin resonance. Instead, to achieve coher-
ent manipulation, we use the parametric resonance that occurs
when the acoustic frequency matches the splitting between opti-
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FIG. 1. Acousto-optical parametric spin control scheme. (a) Principle of the method: a single electron trapped in a QD with a magnetic field
perpendicular to the optical axis (Voigt) is modulated with a monochromatic surface acoustic wave. (b) Energy diagram with external fields
marked. Zeeman doublet |—), |«) is coupled off-resonantly to the trion state |T) by a laser (green arrow). The trion state energy is modulated
by an acoustic wave (blue arrow). (c) Optically dressed states. The acoustic field frequency (blue line) is tuned to drive the [+) < |-) dressed
spin transition. (d) Spin rotation: exact evolution in the lab frame. The electron spin (blue arrow) is initially in the |—) state. Without optical
and acoustic fields, the rotation axis (red arrow) points to the pole. Next, the laser pulse couples both spin states via |T), simultaneously
tilting the rotation axis. The acoustic field periodically modulates this axis, leading to spiral evolution on the Bloch sphere (blue line). (e)
Spin rotation: effective evolution in the dressed qubit rotating frame: dressing (orange), rotation (red; cones of possible rotation axes shown),
undressing (orange), and the total effective rotation (blue). (f) The range of available inclinations of the spin rotation axis according to Eq. (15)

for parameters from the third column of Table I and varied 6.

cally dressed spin states, in analogy to the “swing-up” method
for preparation of charge states in QDs [28-32] and the re-
cently observed hybrid acousto-optical double dressing of a
two-level quantum emitter [33]. Thanks to the parametric char-
acter of the control, the acoustic frequency no longer needs
to be resonant with the Zeeman splitting. Since the dressed
spin splitting is itself modulated, higher-harmonic processes
arise naturally and can also be utilized [34]. We show that
this approach is substantially faster: the ~155 ps 7 rotation
time (defined as 40 of the Gaussian control pulse) is ~290x
shorter than the noise-mitigating gate reported in Ref. 27 and
significantly shorter even compared to all-optical Faraday con-
trol with few-nanosecond timescales [35]. This substantial im-
provement stems from relaxed restrictions on acoustic field
parameters. In contrast to Ref. 27, the present scheme does not
require the acoustic amplitude and frequency to be compara-
ble, and allows one to compensate for weak acoustic driving
by applying a stronger optical pulse without compromising the
desired qubit rotation axis. Thanks to reduced gate times, we
achieve 99.9% fidelity even for noise amplitudes of uncooled
thermal nuclear-spin environments of typical QDs for the fun-
damental acoustic harmonic and trion radiative lifetime above
1.25 ns, and 99.8% fidelity for the second-harmonic process for
representative cases of cooled environments and trion lifetime
> 2.5 ns. For a future spin-phonon interface, these advance-
ments have the potential to translate into higher interaction
rates, greater interface control, and availability of multiphonon
transitions. Thus, the approach may not only open the way
for acoustic QD spin control, but also enable coherent spin-
phonon state transfer and QD integration into hybrid quantum

architectures.

THEORY
System and its model

Figure 1 shows schematically the idea presented here. Fig-
ure 1(a) illustrates the system and idea of spin control in an
acoustically modulated QD. Spin states are split in a Voigt-
configuration magnetic field and are optically dressed by a
laser pulse. A continuous-wave coherent acoustic field gen-
erated, e.g., by an interdigital transducer, drives spin rotation
while the system is optically dressed. In Fig. 1(b) we show
the energy diagram of the system. The QD electron spin states
|—) and |« are split by the Zeeman energy 7w, and coupled
off-resonantly to a trion (negatively charged exciton) state via a
pulsed o-*-polarized laser. Selection rules in typical semicon-
ductor QDs ensure that coupling of both spin states to one of
the trion states is equal in this configuration [1], while in the
far-detuned case the other trion state can be safely neglected
(see Appendix ). The laser energy 7wy is detuned from the trion
optical transition energy fiwr by Ay = wp—w to avoid populat-
ing the trion, which would cause decoherence, and only exploit
it virtually. Crucially, the system is modulated acoustically by,
e.g., a surface acoustic wave (SAW), which introduces periodic
changes to the detuning of the optical transition [27, 36, 37].
Figure 1(c) shows a dressed-state picture of the system. In
this symmetric A-like system, the optical dressing effectively
creates opposite-spin admixtures in the spin states and con-
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sequently relaxes spin conservation, while the detuned trion
dressed state |[T) ~ |T) almost does not mix with the Zeeman
doublet. When the acoustic field frequency w,, is tuned to the
dressed-state spin splitting, coherent rotations are enabled. In
Fig. 1(d), we sketch the evolution of the spin qubit on a Bloch
sphere in the lab frame. The spin is initialized in the |—) state.
Next, the states become dressed during the pulse turn-on, and,
subsequently, the acoustic field induces spin rotation in the
presence of optical dressing. During the quasi-adiabatic opti-
cal pulse switch-off, the system undresses to the desired final
state.

The full Hamiltonian of the system coupled to external fields
is given by

H(t) = D) hwliXil—d-E(t) + He (1),

ie{—,—,T}

(¢Y)

where E(t) = E(t) cos(wy t) is the classical optical field and
d is the dipole moment operator describing the light-matter
coupling in the dipole approximation, for which we assume
(ildli) = 0. Furthermore, H, (t) = %A cos(w,t + ¢)|TXT|
is the acoustic modulation of the |T) state with a constant
amplitude A, angular frequency w,., and phase ¢. In the frame
rotating at w; and in the rotating wave approximation, the
Hamiltonian reads

H(r) = %hwz (I=>X=| = [«X1) + RA()|TXT] o
)
+ %h@f(t) (| oXT| + |«XT| + He.),
where

A1) = Ay + %(T|Hac(t)|T) = Ay+ Acos(wyt+¢), ()

is the acoustically modulated instantaneous detuning, @ is the
area of the optical pulse, and f(¢) is its envelope normalized to
unit area. To avoid accidental resonances when the amplitude
of the acoustic field matches the detuning, and to keep the trion
occupation low, we consider [Ag| > A.

Effective Hamiltonian

‘We aim to achieve full spin control by combining far-detuned
optical coupling with acoustic modulation at a frequency match-
ing the splitting between optically dressed spin states. We
expect this to induce an acousto-optical evolution similar to
“swing-up” excitation of charge states, resulting in acoustic ro-
tation of the dressed spin state. As shown below, the dressing
amounts to a rigid rotation of the Bloch sphere, so a rotation of
the dressed spin translates directly into a corresponding rota-
tion of the bare spin. This process is illustrated schematically
in Fig. 1(e) for an X spin gate, where the (un)dressing (orange)
and dressed rotation (red) comprise the effective rotation of
the bare spin (blue).

In the next section, we solve the evolution numerically us-
ing the full three-level Hamiltonian, but to gain understanding
and make predictions, it is convenient to construct an effec-
tive model. To do this, we would like to switch to the basis

of optically dressed states, which requires diagonalizing the
Hamiltonian (2), and then adiabatically eliminate the trion state.
Doing it in this intuitive order would, however, spoil the han-
dling. Thus, we reverse the order of the operations and start by
eliminating the trion state using adiabatic elimination [38, 39],
which is formally valid for small @ f(¢)/(2|A(?)| — |w,|) [27].
The effective two-level Hamiltonian reads

ho* f2(1)

W © )

Heff(t) = %hwzo-z -
where o are Pauli matrices in the {|—), |«)} basis, and we
dropped a term proportional to the identity.

To obtain a transparent analytical description of the para-
metric resonance, we construct a leading-order theory in the
acoustic modulation depth A/A,. Expanding the modulated
detuning into a series

1 1

O

Ag ®

A
1- A_o cos(wyt+ @) |,

allows us to separate the purely optical contribution from
acousto-optical effects. The separation will allow analysis in
the optical dressed-state language, while retaining only the
single (A/Aj)-linear monochromatic term enables analytical
treatment. Our numerical simulations below use the full three-
level Hamiltonian and do not rely on this expansion. In Ap-
pendix , we present a nonperturbative derivation preserving
the full nonlinearity arising from the modulated detuning, and
show that it reduces to the leading-order theory given here for
A/Ag < 1. Even beyond this limit, the full theory gives struc-
turally identical results with renormalized parameters such as
qubit effective drive strength or detuning.

We are now able to distinguish terms generated by purely op-
tical and acousto-optical mechanisms: the quasi-static coupling
generated by the pulsed optical field

6% f2(1)

T ©)

w,(t) =

and the leading-order dynamical coupling that arises due to the
acoustic modulation

A
(1) = (1) cos(,el + ). @)
0
With this, we can rewrite the effective Hamiltonian as
Hy (1) =~ HY (1) + HE (1), ®)

where He(g)(t) = fiwy 0,/2 — hwy(t) o /2 and He(:fc)(t) =
hiwy ()0 /2. One can notice that fiwy(¢) can be interpreted as
a second-order acousto-optical coupling between spin states,
and since the acoustic modulation term is no longer diagonal,
it drives transitions when w,, = w; as previously shown in
Ref. 27.

We do not focus here on those known direct resonances.
Instead, we continue analyzing the effective Hamiltonian in
the optical dressed-state basis. For a slowly-varying laser-pulse
envelope, we diagonalize the purely optical quasi-static part
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He(f(f» (¢) at each time point and find new instantaneous states
dressed by light

[+() = D(a(®) =), |=()=D(a(®)]|<), 9
with
D(a) = e”1@%y/2 (10

describing a simple rigid rotation of the Bloch sphere by
the mixing angle a(f) = —tan™!(wy(¢)/w;). The dressed-

state spin splitting is Q(¢) = /a)% + w?(1). Nonadiabatic ef-

fects are negligible, as the nonadiabaticity parameter remains
|@(2)/[292(1)]| < 0.03 for parameter sets further used and col-
lected in Table I. Since typically |wy(?)| < |wy]|, the needed
acoustic frequency for the resonance is greater, but of the same
order of magnitude as w,. We can rewrite He(éc)(t) in the
dressed state basis as

Tiwy (1)

7y (ac) _
Heg (1) = 20Q(1)

[~w,(t) T, + w; 5y | an
where ; = D(a)o; D' (@) are the Pauli matrices in the new
basis of states. Next, we perform a unitary transformation given
by €5 where

o)
S() = /Odr—mm 5, (12)

to remove the ¢, component from ﬁe(;c) (1), thus moving to the
frame in which the acoustic drive is purely transverse. Assum-
ing that the optical pulse is rectangular-like and £ and w, are
piecewise constant, we can calculate this integral analytically:

S(t) = —%A[sin(wact + ¢) — sin ¢] oy, (13)

where we defined A = Aw?/QAyw,, for convenience. Using
the Jacobi-Anger formula ¢~ sin(¥) = S I e~ mX fol-
lowed by a secular approximation to maintain only the m = n
phonon processes, gives the following effective Hamiltonian
with a transverse acoustic drive

Hop(r) = %hQ G, + hg, [cos(nw,t + D, (¢)) T,
+sin(nw,t + ®,(4) 7y ],  (14)

where g, = nwewyd,(A)/(Q2w), and ,(¢) = né -
Asin ¢. This approximation is justified by well-separated mul-
tiphonon resonances compared to the driving strength, with
max,,.,|g,,/[(n — m)w,]| < 0.08 for all parameter sets in
Table 1. To eliminate direct time dependence, we perform a
final transformation to the rotating frame, with respect to the
acoustic frequency, @« %/ The time-independent effective
Hamiltonian then reads

—~p ] ]
HD = 3, T = D(a)[zhﬂn . a]D*(a), (15)

eff,n

where 2, = (2g,, cos P, (¢),2g, sin®, (¢),d,) is the instan-
taneous rotation vector in the rotating frame (fixed during a

pulse plateau). Thus, for fixed effective detuning §,, = Q—nw,,
and effective drive strength g, = nw,.w, A"/ (2™ 'n! w,) (we
generally consider A < 1), varying acoustic phase ¢ defines,
through @,,(¢) =~ n¢, a cone of available rotation axes around
the z axis, with the cone angle ¢ = atan2(2g,, ¢,,), which
can be set by detuning. The transformation D (@) rotates the
dressed frame with respect to the bare one. In the adiabatic
limit, the (un)dressing ramps can be written as U; =~ DP,
and U, =~ P,DY, where Py(y describes the phase accumulated
during (un)dressing. Therefore, the complete bare-to-bare evo-
lution for a rectangular pulse in the nw,, rotating frame is

Upe = Upe #2077y, = P 30T (16)

gate
with 7 the rotation time, and describes qubit rotation around the
same vector £, in the bare state basis, sandwiched between ad-
ditional phase rotations accumulated during (un)dressing that
can be incorporated into control phases. For a nonrectangular
pulse, there is no single rotating frame in which the effective
Hamiltonian is time-independent, and adopting the standard
experimental w, frame is the natural choice as it preserves the
stationary logical qubit basis, while residual nonsecular mo-
tion during the pulse will be present. Figure 1(e) schematically
shows the effective evolution together with cones of possible
rotation axes, and Fig. 1(f) shows the range of available rotation-
axis inclinations for parameters further used in the paper (third
column in Table I) and a laser pulse area varied in the range of
0.20(-1.86, where @ corresponds to §,, = 0. The scheme
allows virtually any rotation axis, more than sufficient for full
control over the spin qubit evolution.

After gaining intuition from the effective model, we can
confront it with the results of direct numerical simulations. To
study the evolution of the closed system, in the next section,
we numerically solve the time-dependent Schrodinger equation
for the Hamiltonian from Eq. (2)

in|¥(1)) = HD| ¥ (1)), an

where |¥(7)) is the state vector of the three-level system,
whereas for the open system dynamics, we use the Gorini-
Kossakowski-Sudarshan-Lindblad master equation

P = = (@), p(0)] + Z(L,»p(r)Lj—é {L}'L,«,pm}), (s)

i

where p(7) is the density matrix of the system, L; = [i{XT|/ V2t
are the jump operators fori =—, <, and 7 is the trion radiative
lifetime.

RESULTS
Efficient 7-rotations

To study and fully determine the conditions for the desired
qubit evolution, we numerically investigate the system in this
section. To relate to experimental conditions, we assume the
optical pulse envelope to be a normalized Gaussian with a
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FIG. 2. (a) Final value of the (S,) as a function of the optical pulse
area and acoustic frequency for iw, = 80 peV, A = 3.94 meV,
hA = 2 meV, and 07 ~ 78.6 ps. (b) The same as (a) but for fiw, =
160 peV, 1Ay =~ 3.44 meV, A = 2 meV, and 07 = 38.8 ps. The yellow
circle shows the optimal parameters for the 7 rotation: ® ~ 38.4x,
w,. = 1.134w;. (c) Time evolution of the three-level system for
optimal parameters from (b); black solid and red dashed lines present
the occupation of the spin states, while the blue dotted line corresponds
to the trion. (d) Maximum trion occupation max({|T(¢)XT()|) (red
triangles, left axis) and optimized optical pulse area @, (blue squares,
right axis) as a function of 1A, for A = Ay/4, ¢ = 0, and 7 = co. The
value of max(|T(¢)XT(z)|) was fitted with a ~ 1/A, function, and
O, Via square root of the detuning.

standard deviation oy . Since such realistic pulses do not pro-
duce a constant dressed-state splitting, parameters must be
optimized. We chose to study the behavior of the system for
a given fiw,, connected with the time duration of the optical
pulse 07 > 27 /wy, so that the transitions are performed quasi-
adiabatically [28, 30, 32].

In Figs. 2(a)-2(b) we show the average value of S, = 7ic;,/2
at the end of the evolution, for different Zeeman energies as
a function of the optical pulse area and acoustic frequency.
Fig. 2(a) shows the results for 7iw, = 80 peV, 1A = 3.94 meV,
and A = 2 meV. The optimal parameters for the acousto-
optical mr-rotation are ® ~ 69.1x and fiw,, ~ 99.88 peV. The
latter corresponds to SAWs at a frequency of 24.15 GHz. The
higher maxima correspond to the (2n— 1) -rotations, for which
the optimal acoustic frequency changes slightly due to the
AC Stark shift. To show impact of detuning, Fig. 2(b) shows
analogous results for iw, = 160 peV, A, = 3.44 meV, and
hA = 2 meV. Here, the optimal parameters change to ® =~
38.47 and hiw,, ~ 181.46 peV (43.88 GHz).

The evolution itself is shown in Fig. 2(c), where one can rec-
ognize the “swing-up”-like evolution of the spin qubit (black
solid and red dashed lines) [28, 32], leading to an exact r rota-
tion (within numerical precision) over the ~155 ps gate duration
(defined as 407 ). This timescale is significantly shorter than
the ~45 ns acousto-optical noise-mitigating X gate in Ref. 27,

/ O/ ~29.06
05 1
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O/r
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FIG. 3. Position on the Bloch sphere after the pulse for an initially
spin-right state, parametrized by spherical angles 6, ¢ (a) as a function
of laser pulse area. Other parameters as in Fig. 2(b). (b) The same
but for a fixed laser power (@ /7 ~ 29.06), plotted as a function of the
acoustic phase ¢.

the ~2.2 ns Raman n-rotation time recently demonstrated for
all-optical spin control in the Faraday configuration [35, 40],
and the typical nanosecond-scale radio-frequency or electric-
dipole electron-spin-control pulse durations [41-43]. While
the method remains slower than picosecond all-optical spin
control in the Voigt configuration [44], its gate speed is com-
petitive with established spin-control techniques while addi-
tionally introducing an acoustic interface. Additionally, the
speed is limited by the acoustic frequencies that can currently
be generated by interdigital transducers, so the continued de-
velopment of this technology [45-47] or switching to other
generation techniques [48-50] could further reduce the gate
time.

The occupation of the trion state [dotted blue line, Fig. 2(c)]
remains relatively low. In particular, for the A, > 3 meV
regime used here, we remain within the validity range of the
adiabatic elimination performed in the effective model. How-
ever, since the evolution timescale is a non-negligible fraction
of the typical trion lifetimes in single QDs, its radiative decay
may lead to noticeable dephasing. Thus, in Fig. 2(d) we show
that the trion occupation can be reduced via detuning. The red
triangles show the maximal instantaneous trion occupation for
optimized laser and acoustic parameters needed for a 7-rotation
as a function of 7iA. The red dashed line shows a 1/A de-
pendence. Additionally, blue squares (right axis) present the
optimal laser pulse area, which scales as \/A_o (blue dashed
line). Both dependencies agree with the intuition given by the
Hamiltonian and optical shift strength [Eq. (2) and Eq. (6), re-
spectively]. The maximal trion occupation decreases as 1/A,,
as expected for an off-resonantly driven A-system at fixed ef-
fective coupling [44, 51]. Moreover, as follows directly from
Eq. (6), maintaining a constant optical shift while varying the
detuning requires 6 \/A_O.

opt ~

Universal qubit control

From the effective model [Eq. (15)], we know that both the
inclination and azimuth of the qubit rotation axis can be con-
trolled. In particular, changing the acoustic phase rotates the
transverse component of the axis around z, while the detun-
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FIG. 4. Demonstration of spin control in the w, rotating frame for
three selected gates: X (top row), VY (middle), and R, (7/3) with
A o (3,2,1) (bottom) for three exemplary initial states: |—) (left
column), (|—=) + |«))/V2 (middle), and (|—) + i|«<))/V2 (right).
Filled, open, and cross symbols denote the initial, final, and target
states, respectively; solid lines show qubit trajectories. In all the cases
we use 7iw, = 160 peV. The remaining parameters are gate-specific
and are listed below the gate symbol.

ing controls its inclination. The resulting non-collinear axes
provide non-commuting rotations and hence universal qubit
control. In Fig. 3 we demonstrate the results of the control
gate for a given initial state of the system (|—)). The final
state is parametrized via spherical angles on a Bloch sphere
|¥) = cos(0/2)|—) + e'¥ sin(8/2)|«). In Fig. 3(a), we show
how both angles change as a function of @ for the same param-
eters as in Fig. 2(b). The solid red line shows the behavior of
the colatitude, which reaches 7 for © ~ 38.4x, as in Fig. 2(b).
During this, the azimuth (solid blue line) also changes non-
linearly. In Fig. 3(b), we vary the acoustic phase ina 6 = 7/2
rotation and notice that the nonlinearity in @, (¢) is negligible,
as could be expected for A < 1, for which @,,(¢) — n¢. Since
the colatitude (solid red line) does not change, we are always
able to prepare the desired spin superposition, while the ma-
nipulation of the phase can be used to periodically control the
relative phase between spin states (solid blue line), demonstrat-
ing independent access to the relative phase of the prepared
spin superposition, as predicted through the effective model.
Having established the possibility of arbitrary state prepa-
ration after a reset, we now turn to universal qubit control.
Hamiltonian (15) predicts that nearly arbitrary rotation axes
are accessible, as also illustrated in Fig. 1(e). In Fig. 4, we
numerically demonstrate the action of an X gate, a VY gate,
and a more general /3 rotation about 77 o« 3% + 2y + Z for
three different initial states, |z, ), [x,), [y,), (|z,) = |= /<),
l.) = (I=) £ [=)/V2, [y.) = (I=) £ il<))/V2) in the ro-
tating frame at frequency wy. Filled, open, and cross symbols
denote the initial, final, and target states, respectively, while the
solid lines show the exact trajectories. In all cases, the exact

evolution reaches the corresponding target state (in the absence
of decoherence sources, the gates have an average fidelity of
unity up to our numerical precision of 107%), confirming the
predictions of the effective model and demonstrating universal
qubit control.

Gate fidelity

Up to this point, all simulations were performed assuming
unperturbed evolution. We expect the precision and robustness
of the spin control protocol to be limited by two independent
factors: the limited radiative lifetime (varying from sub- and
single-nanosecond values in single QDs [35, 52, 53] to hun-
dreds of nanoseconds in QD molecules [54]) and quasistatic
magnetic noise.

The latter arises due to slow random evolution of 10*~103
nuclear spins within a QD [18], forming the quasi-static random
Overhauser field . The impact is described by the Hamiltonian

1
Hy = 36 0. (19)

Under the rotating wave approximation and in the rotating
frame with respect to wy, the system Hamiltonian (2) reads

H" (1) = hA(1) I TXT]
+ %h@f(t) (e%“’z'|—>><T| + e PO | YT + Hc) (20)

Under these transformations, the o,-component of the Over-
hauser noise does not change, and the transverse noise can be
neglected due to its nonsecular evolution. Thus, we are left
with the term

1
Hy = Shoo,, Q1)

which produces an additional unknown magnetic field aligned
with the applied external magnetic field, thereby modifying
the Zeeman splitting and making the acoustic field slightly
off-resonant.

The random nuclear spin ensemble can be described as a
zero-mean normal distribution A/(6; 0, os) with standard devi-
ation o5 = \/E/Tz*, where T} is the spin transverse dephasing
time [55]. A single gate realization is coherent but imprecise,
and probing different noise realizations yields an average gate
infidelity. We calculate the impact of both sources of infidelity
by numerically solving Eq. (18), varying § for a given recombi-
nation time 7 and averaging the final density matrix p(%-7) (co)
over the distribution of ¢ for each of the six initial states |u),
HE{x,ye, 2}

pL7™ (o) = / BN (6:0.05)p" " (). (22)

o

Then the average gate infidelity r(T)(0'6) =1-F (T)(a—(;)

of( the )gate is given by projecting onto the target final states
target i

Pu = Vtarget Pu (0) Ut:;rget (561,

1 arge —(os.7
rD(0p) = 1= 2 ST ol () 77 7 ()] 23)
I
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FIG. 5. Average gate infidelity for the X gate as a function of the Overhauser root-mean-square energy %o s for selected fixed trion lifetimes.
Vertical lines mark 73 times for relevant systems: o Ref. 15, m Ref. 18, A Ref. 16,  Ref. 15, ¢ Ref. 17, x Ref. 15, v Ref. 18. Parameters used
in simulations are given in Table I. (a) Fixed 7 = 1.25 ns and different values of w, /27: 43.88 GHz (solid purple line), 24.17 GHz (dashed
blue), 11.09 GHz (dotted green). (b) Fixed w,. /27 = 43.88 GHz and different values of 7: 0.5 ns (solid purple line), 1.25 ns (blue long-dashed),
2.5 ns (green dotted), 5 ns (brown dashed-dotted), and 50 ns (orange dotted-dotted-dashed). Dotted and solid black lines show the results from
Ref. 27 and correspond to the two-pulse naive gate and a noise-mitigating sequence, respectively. (c) The same as (b) but for an acoustic field

tuned to two-phonon processes with w,. /27 ~ 19.85 GHz.

TABLE 1. Parameters used in simulations for Fig. 5.

11.09 GHz 24.17 GHz 43.88 GHz Two-phonon
hw, (neV) 40 80 160 160
hA, (meV) 3.475 3.943 3.448 3.000
hA (meV) 1.999 2.001 2.002 2.001
oy, (ps) 154.6 78.64 38.72 207.1
O/n 75.48 69.21 38.37 116.9
o/n 1.000 1.000 0.000 0.500

In Fig. 5, we show r(7)(o) as a function of /o5 and T;
(top axis) for exemplary evolutions implementing the X gate
with parameters used in simulations shown in Table 1. We
use the X gate as a representative conservative reference. The
acoustic phase only sets the gate-axis azimuth, while both the
longitudinal Overhauser noise and the trion decay are invariant
under z-axis rotations, so the calculated infidelity is identical
for 7 rotations about other transverse axes (e.g., Y). Moreover,
both error contributions increase with gate time, so shorter-
angle rotations are expected to have higher fidelity. Figure 5(a)
shows the results for 7 = 1.25 ns. The vertical lines show the
literature T3 values for various spin-cooling techniques and
an unprepared thermal environment. We show results for three
different acoustic-field frequencies (and therefore different Zee-
man energy and evolution timescale): 11.09 GHz (dotted line),
24.17 GHz (dashed), and 43.88 GHz (solid). The infidelity
remains below 0.1% for all noise amplitudes corresponding to
cooled environments and even thermal environments in both
GaAs and InAs QDs, if the gate time is short enough (solid
line). Even for longer gates, r(7) (o) is low, and stays below
0.8% for all considered cases. Additionally, we compare those
infidelities with results from Ref. 27: black lines calculated for
w,./2n = 44 GHz for naive two-pulse gate implementation
(dashed) and noise cancellation sequence (solid) for infinite
trion lifetime. Since our protocol is ~290x faster than the

noise-mitigating gate (or ~160x compared to the naive imple-
mentation, offering incomparably lower fidelity), the accumu-
lated error due to the Overhauser field remains low compared
to the previous work. Even without introducing a noise cancel-
lation sequence to the proposed protocol, the infidelity stays
below 0.1% for ~20x shorter 7 times, marking progress from
proof-of-principle to a potentially practically usable method.

In Fig. 5(b), we study how the trion lifetime in the range of
0.5-50 ns affects the scheme. We focus on a single frequency
of the acoustic field (43.88 GHz) corresponding to the shortest
evolution. The region below 7ios ~ 100 neV is purely domi-
nated by the recombination of the trion, which limits the fidelity
of the gate when 77 is large enough. For an extended trion life-
time (e.g., for an orbitally dark trion, or an indirect trion in
a double QD), its influence is negligible, and the remaining
infidelity comes only from the fluctuations of the Overhauser
field, which become meaningful only for the thermal environ-
ment, and even in this regime, r() (0s) remains below 0.1%
for 7 > 1.25 ns, which shows the method should provide high
fidelity in real QD platforms.

In Fig. 5(c), we show the average infidelity of the same X gate
realized using second harmonic acoustic resonance. As shown
in Table I, the required evolution time is in all first-harmonic
cases shorter than in two-phonon parametric resonance. Thus,
the latter is more strongly limited by both the finite trion life-
time and the Overhauser field fluctuations. However, we still
predict high fidelity for the higher-harmonic control gate, for
all considered cooled environments when 7 > 2.5 ns. This
approach may become particularly useful for controlling and
entangling multi-phonon states in acoustic resonators coupled
to a charged QD.
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DISCUSSION

We have proposed a parametric control method for a
quantum-dot spin qubit based on the resonance between acous-
tic modulation and the optically dressed spin splitting. The
method removes both the speed and restricted-rotation-axis
bottlenecks of the previous proof-of-concept method [27] and
provides universal spin control, with a nearly arbitrary spin-
rotation axis determined by the acoustic phase and detuning
from the parametric resonance. The simulated ~155 ps gate
time is more than two orders of magnitude shorter than the
proof-of-concept protocol and over an order of magnitude
shorter than for all-optical Faraday control and far exceeds
conventional electric-dipole methods. This fast operation sup-
presses Overhauser-noise errors even without noise-mitigating
sequences and limits the impact of trion recombination.

Although it requires relatively high acoustic frequencies and
modulation amplitudes (43.88 GHz and 2 meV, corresponding
to ~2-3 x 10~% strain and few-picometer displacements), the
approach can provide average gate fidelity above 99.9% even
for an uncooled nuclear spin environment and with a realistic
~1.25 ns trion lifetime, the latter of which limits fidelity in
the low-noise regime. For cooled nuclear environments, signif-
icantly lower acoustic frequencies allow reaching the 99.9%
fidelity threshold. Thus, the method provides fast, universal
spin manipulation that is competitive with current methods
while potentially introducing the spin-phonon interface into
the system, including access to multi-phonon excitations via
available higher-harmonic resonances. Our effective model not
only predicts the resonance conditions and accessible rotation
axes but also reveals the analogy to the “swing-up” excitation
method for charge states in quantum emitters [28].

Acoustic spin rotation also has an important integration ad-
vantage due to the low sound velocity, which yields a shorter
wavelength at the given frequency, enabling compact on-chip
structures with the possibility of in situ generation using in-
terdigital transducers. With established interfaces to light, mi-
crowaves, nuclear spins, and phonons, QDs could become fun-
damental elements in hybrid quantum systems, potentially ca-
pable of acoustic state transfer and controllable spin-phonon
entanglement.

APPENDIX A: THREE-LEVEL DESCRIPTION IN THE
VOIGT GEOMETRY

A negatively charged QD in the Voigt geometry generally
forms a four-level double-A system with two electron spin
states and two trion states [1]. Here, we show that under far-
detuned circularly polarized excitation, this structure effectively
reduces to the three-level model used in the main text.

Let |T,) be the trion state that can be exicted with a o*-
polarized light from the electron-spin |T) state (and analogously
|T_) from |]) with o7). In the Voigt geometry, the electron
eigenstates are |—) = (IN+[1))/V2and|<) = (I1) - [1))/V2
and are both equally coupled to the |T, ) state by a o* light,
while |T_) remains not optically addressed under such driving.
Taking into account the Zeeman effect for the trion, the com-

plete four-level Hamiltonian in the rotating frame at the laser
frequency is

Hy (1) = 30 (1% = [=Xe)
+ %hwh(|T+><T,| +He)
+RAM(ITXT, |+ [T_XT_)
+ 28010 [(1=) + [ONT I+ Hel, (AD

where wy, is the trion transverse Zeeman splitting, which for
heavy-hole trions arises only from perturbative effects and
is thus typically low and anisotropic, which allows for addi-
tional minimization [1, 57, 58]. The acoustic coupling is spin-
independent, so both trion states are modulated identically.

For wy, = 0, |[T_) state is exactly decoupled, and Eq. (A1)
separates into the energy of that state and the three-level Hamil-
tonian from Eq. (2). For nonzero w,, the |T_) is still not ad-
dressed optically, but can become indirectly populated via the
Zeeman term. Let the system state be

(@) = c,(D]=) + c (D) + ¢, (DIT) + c_(DIT),
(A2)
for which, through the Schrodinger equation, we get for the ¢_
amplitude

1
i (1) = A)e_(1) + 5wy, (1), (A3)
Under far-detuned optical field, we have A;, = [Ag] — A >
lwyls €], and ¢ _(¢) adiabatically follows c_ (),
o Y
c_(t) = A0 c, (7).

Thus, the occupation of |T_) remains perturbatively small
2 R ’

Pr_~ lwy /200, pr, . Its elimination only renormalizes the

detuning,

(A4)

A ()= A wﬁ

(0= A0 - 310,
while reproducing the Hamiltonian from Eq. (2). Taking the
literature ratios of transverse trion and electron g-factors gr/g.
of 0.65 for InAs [59] and 1.18 for GaAs [15], the estimated
maximal pp remains below 0.003 py and 0.009 pr , respec-
tively, for all parameter sets from Table I, while pT+ itself is
kept perturbatively low. Direct numerical checks show relative
infidelity differences of less than 2% (~0.001% absolute differ-
ences) between the three- and four-level models (interestingly,
with the four-level model often exhibiting higher fidelity) for
81/8. in the range up to 5, after a narrow-range re-optimization
that primarily compensates for the aforementioned detuning
renormalization.

(AS5)

APPENDIX B: NONPERTURBATIVE TREATMENT OF THE
ACOUSTIC MODULATION

In the main text, we presented a simple and transparent
derivation of the effective Hamiltonian by expanding the mod-
ulated detuning to leading order in the modulation depth
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a = A/A,. Here, we present a more rigorous derivation that
is nonperturbative in a and thus accounts for all nonlinearities
leading to a dressed spin splitting renormalization and retains
higher harmonics in both longitudinal and transverse modula-
tions, as well as their interplay. We mark quantities that are
nonperturbative equivalents of those in the main text with a
prime. Finally, we show that the rigorous result reproduces
the leading-order theory from the main text in the ¢ < 1
limit, while beyond that limit it has the same structure but with
renormalized qubit rotation-axis parameters.
We begin with the Hamiltonian from Eq. (4)

1 1
7, = Sho, () 0. (BI)

1+ acos(wyt + ¢)

He(1) = Sho

To isolate the purely optical part of the Hamiltonian H, © )(t) =
eff(t)|A o» We Tewrite

1

—=1-7(1), B2
L+ acos(wyt + ¢) n() (B2
with
a cos|\w,.t +
n(t) = (@t +9) (B3)
L+ acos(wyt + ¢)

and obtain the nonperturbative acousto-optical part

HG 1) = —hw (1) 0. (B4)

In the optically-dressed state bas1s from Eq. (9), this reads

H1) = —h[hz(t) T, + ho (03], (B5)
where the longitudinal and transverse modulations
_ ws(t)wZ
h(t) = o0 n(t), (B6)
2
_ Wy (t)
h () = 20) n(t), (B7)

both contain the same nonlinearity through r7(¢) but differ in the
amplitude, /1, (t) = —(wz/w;)h, (). The nonoscillating part of

(),
27/ w,
w(’lC a© 1

= drp(r)=1- , B3
M=%, /0 n(1) Nrw (B8)

reveals the renormalization of the dressed spin splitting

2
w; (1)

Q=9 - = . B9
(0= 20) = 55 (B9)

As in the leading-order derivation, we consider the plateau
of a rectangular-like optical pulse and treat w, and Q as con-
stant over an acoustic period. We remove the oscﬂlatory part

(osc) (t) = h (1) + wZ(t)/Q(t)n, from the diagonal via the
umtary transformatlon

S'(1) = %/O[dr R (r) 7, = %[F(t) - F(0)]7,, (B10)

where dF (r)/dt = h{® (¢). This yields

~ l

H (1) = -m'(z) +5 hle " Og(n) T, +He.], (B11)
where g(t) = h,, (1)e'F®) is periodic in ¢ and thus also in the
angle ¢ = w, ! + ¢. We thus expand it into a Fourier series

)

g(n = D) (2g))e @+

n=—oo

(B12)
where

1
= df g(&)e™e,

=i (B13)

and we chose the integration constant of F(¢) such that g/, are
real. By inserting this into Eq. (B11), switching to the nw,,
rotating frame, and performing the secular approximation, we
arrive at a time-independent effective Hamiltonian

;éfrfn)(t) h&; o, + hg,, (e’i(b:’(‘/’) o, + H.c.)
1 ,
= S (B14)
with the rotation axis
Q) = (2g,,c0s P}, (4), 2¢,,5in D},(¢), 6,), (B15)

where @, (¢) = n¢ + F(0), and §;, = Q" — nw,.

The structure of Hamiltonian (B14) is identical to that of
Eq. (15). The nonperturbative treatment of nonlinearities renor-
malized the rotation vector through the change of the dressed
spin splitting £’ and consequently detuning 6/, as well as the
drive strength g;, and the azimuthal phase @/,(¢). In the limit
of low modulation depth, we recover

, axl

ey (B16a)
o =L, (B16b)
@, (0) 5 @, (), (Bl6c)

and thus £;, =l Q,,, which exactly reproduces the leading-
order effective model given in Eq. (15) of the main text.

APPENDIX C: DETAILS OF MAIN-TEXT DERIVATIONS

Our goal in deriving the effective model is to transform the
effective Hamiltonian to the form of the standard Rabi model.
As shown in the main text, the Hamiltonian from Eq. (11) has a
time-dependent o, component that needs to be transformed out.
We achieve this and obtain the Hamiltonian (14) by applying
the unitary transformation from Eq. (13), i.e., Ug(?) = eiS(0),
Its action on o, is

+00
Us(OF UL ()= >y (Aye Iment+ @u(@] oy | 4 He.,
m=—oo (Cl)
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where we also applied the Jacobi-Anger expansion. In the
Hamiltonian, &, is additionally multiplied by wy(z), and thus
yet another frequency multiplies the above series. We can group
these additional frequencies with those already existing in the
expansion by shifting the summation index and applying the
identity J,,,,(a) + J,,,_,(a) = 2mJ,, (a)/a. This yields

Us (1) cos(w,et + )T U5 (1)
+00
> S(Ae et @D | 4 He. (C2)

m=—o00

In the last step, we perform a secular approximation to retain
only the resonant m = n phonon processes, yielding the effec-
tive transverse-coupling Hamiltonian in Eq. (14).
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The datasets generated during this study and used to produce
the figures are publicly available in RepOD [60].
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