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Hole-induced Dynamic Nuclear Polarization in Quantum Dots

Wen Yang and L. J. Sham
Center for Advanced Nanoscience, Department of Physics,
University of California San Diego, La Jolla, California 92093-0319, USA

We present a microscopic theory showing that an opticaltjted heavy hole can induce a steady-state nu-
clear polarization in a quantum dot. With the preferentiatction of the nuclear spin flip set by the energy
mismatch instead of thermal relaxation, the resulting eaicpolarization shows a sign dependence on the prod-
uct of the nuclear Zeeman splitting and the frequency detuof the pumping laser, leading to experimentally
observed bidirectional hysteretic locking or shift of thetioal absorption peak, accompanied by a significant
suppression of the nuclear fluctuation and hence prolonigettren spin coherence time.

PACS numbers: 78.67.Hc, 72.25.-b, 71.70.Jp, 03.67.LX¥,0Mbn

Electron spins in semiconductor quantum dots (QDs) () (b) A>0 (c) A<O
promising candidates as qubits for quantum technology
The main practical obstacle is the short spin coherence t ‘1>_+_
limited to a few nanoseconds by the contact hyperfine in A
action with the QD nuclear spins|[2], which produce a flt T‘T‘
tuating dfective magnetic field that randomly shifts the ele P2
tron Zeeman splitting (referred to as Overhauser shifttin Q \
erature) and rapidly diminishes its phase coherence [3]. ) _l__ S 0.1) j0.1) j0.T)
suppress the nuclear fluctuation and hence the electron _HM) 0.4 0.4)
decoherence, the simplest idea is to completely polariee

nuclear spins through dynamic nuclear polarization (DN FIG. 1. (color online). (a) Energy levels of the electrore tiole,

e.g., 99% polarization yield_s an order of magnitude suUpp  anq a typical nuclear spin (b) and (c): Two competing nuclear
sion [4]. Two DNP mechanisms, the well-known Overhau  spin-flip processes for () > 0 and (c)A < 0, respectively.

effect [5] and the recently proposed reverse OverhauBerte
[6], both based on the electron-nuclear contact hyperfine ...

teraction, have been intensively investigated [7]. Thébgj suppression of the steady-state nuclear fluctuation, sorea

polarization achieved so far is orly65% [8]. ; . ; :
Recently, significant suppression of the QD nuclear fluctu-able agreementwith the single pump experiment of Ref. [11].

ation has been reported [9+13]. In coherent dark-state- spec 1he essential physics of the hole-induced DNP is captured
troscopy in Voigt geometry, Xet al. [11] observe a 6-fold Py asimple model consisting ofa he.avy h_oIe Statean eIec;-
suppression by one pump laser and a unprecedente@- t_ron statIQO), and atypical nuclgarsp|r}/—2LW|th Zegm_an split-
fold suppression by two pumps, accompanied by a symmefing n in an external magnetic fl_eld along_thams ina QD

ric hysteretic broadening of the transient dark-state tspec [Fig- [I(@)]. The hole state is optically excited from thecele
The hysteretic broadening is attributed to the feedbaak fro ron state by a pumping laser with Rabi frequefizyand de-
atransient nuclear polarization induced by tmen-collinear ~ UNINGA = wen—w. Due to heavy-light hole mixing, the hole-
dipolar hyperfine interactiorl [14] with the optically evesit nuclear dipolar hyperfine interaction contains a non-oelir

1
R

heavy hole through a semi-phenomenologicati-order pro- ~ Secular tzer'"f‘ffi_lf;‘h(Pr + ) [11], whereoj = j)(il and
cess|[15]. A theory of hole-induced suppression of the rarcle & = O(79)an with 17 being the hole mixing cdgcient. The
fluctuation is lacking at present.|16] hole dephasing broadefis 1) and|1, |) to Lorentzian distri-

In this Letter, we present a microscopic theory showing thaPution LO2X(E) = (v2/m)/(E*+¥5). Inthe weak pumping limit,
through asecond-order process, an optically excited heavy two nuclear spin-flip channelg, |) 25 1) 3L (down-
hole can induce aeady-state nuclear polarization. The pref-
erential direction of the nuclear spin flip is set by the prod-
uct of the nuclear Zeeman splittingy and the detuning
A = wen — w between the electron-hole excitation enedgy
and the laser frequeney. This hole-induced DNP is mani-
fested as a bidirectional hysteretic locking of the optiad
sorption peak onto resonance or as a bidirectional hygteret
shift of the peak away from zero detuning. This sheds light o
a puzzling observation of bidirectional hysteretic loakiof On )
the neutral exciton absorption peak in Faraday geomletfy [12f0r [0, 1) = [1, 1), while (wn + A) and LO?(wn + A) are cor-
Through the Fokker-Planck equation, we found d0-fold  responding quantities fdt, |) t |1, 7). For the up-to-down

to-up channel) anf®, T) 2 1, T e |1, |y (up-to-down chan-

nel) are opened up to leading order [Figk. 1(b)@nd 1(c)]. For
each channel, the transition rateggalitatively proportional

to the square of the coupling strength times the final deps$ity
states determined by the energy mismatch between the inter-
mediate state and the initial state. For the down-to-upebian

the transition rat&V, o QZ32L02)(A)L02) (wy+A), whereA is

Nhe energy mismatch arid”2)(A) is the final density of states
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channel, the transition rat_ o Q2&L02(A)LOD(wy — A).  § o0.05F Numerical N\
. . ; 2 A
Without other nuclear relaxation mechanisms, the hole mechg Analytical N\
anism alone establishes amtrinsic steady-state nuclear po- S <0 ’ \ AN
: : [ AN ST
larization C 0.0 frmmbeamrzereaamaanes R ‘(5’ o
2 TTIwA N\ ) : N\B
W, -W. 2w g NV = /\
iz + __ N 2, 2 2 C° ™ - )
Moo Fawr = "aray POk @ 2 N\ g e M
2 8 -0.05 x\/ - 0.0 —-:_':::", /\ \\\::.’:-
during a time scale characterized by the inverse of the DNF§’ | o A(r?s'1) °n
buildup ratel, = W, + W. = O(&:Q3). This polarization 10 5 0 5 10
shows a striking dependence &my: for Awy < 0, the down- Detuning A (ns™)

to-up channel involving a smaller energy mismaliok + A|
dominates and leads t0%) > O; for Awn < O, the down-to-  FIG. 2. (color online). s andT, (inset) from analytical (dashed
up channel dominates and leadg|tf, < 0. lines) and numerical (solid lines) results 16y = 0.2 s'* and (units
Compared with the electron-induced DNP, the direction ofs™*) Qr = 0.2 (curve A) 1.0 (curve B), 20 (cuve C) and; = y, =
the hole-induced nuclear polarization is determined bythe 1@ = ~0.1,8 = 4> 10°* (corresponding to a typicaj ~ 0.2).
ergy mismatch instead of thermal relaxation. For a nuclear
spin-1/2, theintrinsic electron-induced nuclear polarization
(%0 = (82 = (Seq (M0 = (SDeq) through the Over-
hauser (reverse Overhauser) mecharakme is equal to the
nonequilibrium (equilibrium) part of the electron spin aol
izatio?1 and is ingeqnsitive to 2hr:e pumping frequencyr.) ﬂ wn/712 hereafter. _ _ L
For the microscopic theory, we consider a negatively In the absence of optical pumping, the system is in ther-

e . . . ; mal equilibriumg® = (1/2)(10, 1) €0, 1] + |0, 1) {0, ||) with the
charged QD for specificity. We identif@) with the spin-up . : .
electron state anfl) with the trion state (still referred to as huclear spin being unpolarized. The (degree of) nuclear po-

. . — "z . . .
hole, which is the only active member of the trion). With the larizations = (%) is driven by the optically generated hole,

spin flip of the electron (hole) suppressed by the large eact
(hole) Zeeman splitting, we focus on the energy-conserving
term Gooel °/2 = Gooh of the electron-nuclear contact hy- |, the weak pumping limitl{, < T4), perturbation theory
perfine interaction and the non-collinear tesmyan(1* + 17) ivesp® = A% 4 A% with
of the hole-nuclear dipolar hyperfine interaction. The den Ve, Poro, ™ APoror
sity matrix o obeys the Lindblad master equation with spon- Qr/2 A, Qr/2
taneous emissiofl) — |0) (ratey:), hole dephasing (rate A = . - -
y2 > y1/2), and nuclear depolarization (rdtg) included. For TN —lyr At on—ly2 A=y
atypical self-assemble_d I_nAs QD containiNg= 104_nuclfzar up to O(&Q2). HereA, (A.) is the contribution from the
spins under a magnetic fieBl = 1 T, we have (unitsus™) R On 3 On
Qr, 71,72 ~ 10, wn ~ 10, @ ~ 10,an ~ 0.1a [L7], and  down-to-up (up-to-down) channgf!; = p10, = p1ro =
Iy ~ 1076, Sincglgel < lwn|, the contact hyperﬁne inter- P11 (pS?,o Or 1ot o o101 2 p1.11). The steady-state
action has a negligible influence on the energy mismatch angcjear po]arization is
hence the nuclear polarization. That, > |wn| provides a
small parametewy /y12 for keeping only the leading order. 4§§/),2 Awy Zéﬁ

In the exact steady stadeof the electron-hole subsystem in SRS T 5011C0 ~ T, Xw=on 4)
the absence of the nuclear spin, the populationgOpand ! 2 !
1) areooo = (1 + W/y1)do ando1n = (W/y1)do, respec-
tively, wheredy = oo — 011 = v1/(y1 + 2W) andW =
27(Qr/2)°LO2)(A) is the optical transition rate betweg@ and
|1). The symmetric and antisymmetric correlation functions of
the population fluctuationrgg = 690 — (Go0) areC(t —t’) =

wherecy = 1/2+y,/y1+ f +W/yr andcy = 1+ [y1/(2y2)]f +
W/y; are non-negative constants,= (y5 — A%)/(y5 + A?),
and “~" is used for approximate results up to the first order of

S= —F1$—45.h|mp1T,1l. (2)

®3)

A2+ vy

up to leading order ira; andQg. The sign ofs®S is deter-
mined by—Awy;, in agreement with Eq[]1).

For the evolution of the nuclear spirizZlunder a gen-
eral pumping intensity, we note that the motion of the nu-
- - - - clear polarizations characterized by the DNP buildup rate
({700(t). Too(t)1)/2 andx(t — t) = ([Foo(l), Too(t)])/2, re- I, = (p)(éﬁcwzo) (estimated from th)é fluctuation-dissigation
spectively, wherg: --) = Trg(:--). Their Fourier transforms theorem) is much slower than the electron-hole subsysteim an
are evaluated through the quantum regression theorem as the nuclear spin coherenc¢&™) ~ e, which is strongly

damped by the fluctuating contact hyperfine interactiorty wit

2 A
Cuo = —o1103¢C1, I'; = (a2/8)C.-0- This enables us to identifg = 2(1?) as
& A 2 the slow variable and single out its dynamics from the cou-
Xow=awy “’Lz_gudgco, pled motion through the adiabatic approximation, which es-

A+ 72 sentially assumes that the response of other variablessto



instantaneous. Replacing; 1(t) in Eq. (2) with its steady- < 0@ o0 (d)wa) 80 o~
. . = | | c
state response;’, () to a givensyields - 82 0 g J - 080 S
S= —F]_S+ ZWJr Pl - 2W_ PT = —F]_S— Fp(S— &)) (5) 5 (b) on<0 L (©) o0 <
valid up to O(éﬁ), whereW, (W.) is the transition rates for g JD; J_/l §
the down-to-up (up-to-down) channél, = (1 - 9)/2 [P; = < —— L ="\ <
(1+9)/2]is the spin-down (spin-up) probability of the nucleus, :\bw 10 0 ¥“) T~ T :\bw
4 4
W, —W_ Awn 71C  Xw=oy B m o
So(4) = ~ - ——=x-——(6) 00 00
W, + W_ A2 + )’g v2Cy Cu-0 120 60 0 60 120 120 60 0 60 120

Detuning 4 (ns™) Detuning A (ns™)

is theintrinsic steady-state nuclear polarization in the absence

of other nuclear spin relaxation mechanisms, and

52

_ A o e
Fp(A) =W, +W_ ~ ngldocl =~ 2awa:0 (7)

FIG. 3. (color online). (a) and (d): Stable (black lines) antta-
ble (grey lines)h vs. detuning. (b) and (e): Optical absorption
spectra obtained by sweepingn different directions (indicated by
the arrows). (c) and (f): Nuclear fluctuation under holedicetd DNP
relative to thermal fluctuation. The calculation is doneddypical

is the hole-induced DNP buildup rate. In the presence of nueD (e.g., InAs QD) containingl = 10* identical nuclear spin/@’s

clear depolarization, the steady-state nuclear poléoizas
§59) = T'ps/([1 + I'p), Which recovers Eq.[14) in the weak
pumping limit ", < I'1). The analytical results in Eqs.1(6)

with (unit: ns?) Ae = 100,y; = ¥, = Qg = 1, andwy = —0.2 [(a)-
(c)] or 0.2 [(d)-(f)]. The sharp Lorentzian peaks centering\at O
in (b) and (e) are absorption spectra in the absence of tHeinuc

and [T) agree well with the direct numerical solutions of the

density matrix master equation (see Fib. 2).

The adiabatic theory above can be readily generalized t&' [Sl <1, whereAe = 3}, & is the contact hyperfine inter-

many nuclei of spin higher tharny2. The only diference

is that for many nuclear spins, the large Overhauser shiff@user shif

action constant andyr = A — hye. The steady-state Over-
1> obtained fromhyr = (Ael /2)S) (Aur) may

h =3 ae,jl’?/z of the electron leve|0) must be treated have multiple solutions sinc))(Ave) is a highly nonlinear

non-perturbatively. With the electron-hole motion an@ o
diagonal nuclear coherences|[18] adiabatically elimitatee
diagonal partP of the nuclear density matrigy”™ = Trenp
obeys the rate equation

1

2

P= D Wi (B (TP + P i - 27 PF7)
J

1 AN (14D 2 B+ o+ B(
=5 2, Wie () (I 11 P+ P I} — 217 PT)
J

up toO(éﬁ). Eq. [8) shows that thgh nuclear spin jumps be-
tween adjacent eigenstates pfvith rates~ | il + 1)Wj’i(A)

dependent on other nuclear spins through the Overhauser shin the strong polarization phade,:

h, wherer,i(A) is obtained fronW.. by replacingg, wn, and
A with 8y j, wn j, andA = A — h, respectively.

For a single nuclear spih-by neglecting the Overhauser
shift, Eq. [8) gives théntrinsic steady-state (degree of) nu-
clear polarizatiors = (i%)/1:

2(1 + 1)
3 S)’

(9)

D) = B (| n=* 50) o<t

l1-%
whereB; (X) is the Brillouin function. For many nuclear spins,
to keep the theory simple, we consider identical nuiglei |,
WNj = WN,3j = 8 dnj = an and hence uniform nuclear
polarizations; = (fj?)/lj = (I%/I = s. When the fluctuation
of h is much smaller thar., we can replacé by its mean-
field averagdwr = Acl S/2 and obtain

he = —Tp(Aue) [P — %%'%)(AMF) (10)

function of Ayr and hencéayr (see Fig[R). The condition for
a given solutiomS? to be stable isc{hMF/thF)hﬁ? < 0.

As an example, we consider a typical QD containikhg-
10* identical nuclear spin/2's. Theintrinsic steady-state
Overhauser shifn(,\j? is shown in Figs[13(a) ard 3(d). For a
given detuning\, there are at most three possible Overhauser
shiftshS, with two being stable (black lines) and one being
unstable (gray lines). Fasy < 0 [Fig.[3(a)], when sweeping
the laser frequency from large (blue or red) detuning toward
resonancehfj? starts from the weak polarization phase (curve
I) and gets trapped into the strong polarization phase é&urv
II) when the detuning becomes smaller than a critical value.

sS) always tends to compen-
sates the “bare” detuning and locks the #ective detuning
Ave = A - hfj? onto the resonance condition for bath< 0
andA > 0. By contrast, the electron-induced DNP is weakly
dependent ok and locks the fective detuning onto the res-
onance forA > 0 (orA < 0) only [6,119,20]. As a result of
the hole-induced DNP, the sharp Lorentzian optical absorp-
tion peak is broadened symmetrically into a round top with
abrupt edges, where bistable Overhauser shift manifeang
hysteretic loopd]3(b)]. By identifyin@®) as the vacuum and
|1) as the spin-up neutral exciton, the hole-induced DNP qual-
itatively explains the puzzling observation of hysterdfidi-
rectional locking of the blue neutral exciton absorptioalpe
[12]. Takingy: = y2 = Qr = 1 ns!,ay = 0.2a8, = 2 us™, and
a typical hole mixing cogicientn = 0.1 for self-assembled
QDs [21,22], the DNP buildup time, = 1/, ~ 5 s agrees
reasonably with the observed vakfg® ~ 1 s.

Forwy > 0, h(,\j? in Fig. [3(d) always tends to repel the ef-
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fective detuning\yr away from the resonance condition for fruitful discussions. W. Y. would like to thank Chi Ma and
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metric Lorentzian absorption peak is shifted hysterdtical
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