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Experimental studies on the role of nuclear quadrupolethe principal axis of the nuclear quadrupole interaction
interaction to the in-plane nuclear field forma- is almost parallel to the crystal growth axis. This fact
tion were carried out in single self-assembled suggests that the main origin of the nuclear quadrupole
Ing.75Alg.25AS/Alg 3Gay 7As quantum dots. In Hanle interaction which is related with in-plane nuclear field
effect measurements, the electron depolarization curveformation is not random alloying among In and Al nu-
apart far from a standard Lorentzian shape were ob<lei but residual strain of quantum dots. Further, a lon-
served: the curves with anomalously large width andgitudinal magnetic field by a neodymium magnet broke
hysteretic behavior at the critical transverse magneticdhe excitation-helicity independence of the Hanle curves
field. These anomalies indicated the growth of an in-and the shape of curves became very different depend-
plane nuclear field compensating the applied transverseng on the helicity. The obtained results were explained
magnetic field up to~1 T and appeared regardless of well with a simple consideration and indicated that the
the excitation helicity. The azimuth angle dependence ofnuclear quadrupole interaction takes multirole in the for-
the critical field of the hysteretic response revealed that mation of in-plane nuclear field.

Copyright line will be provided by the publisher

1 Introduction  Hyperfine interaction (HFI), a mag- Recently, a large nuclear field orthogonal to the photo-
netic interaction between an electron spin and nucleainjected electron spin has been reported in the self-
spins, has significant importance on the spin dynamics esassembled (SA) InAs and InAlAs QDs [9-12], which
pecially in quantum nanostructures such as quantum dots beyond the scope of a traditional model [1] where a
(QDs) [1-3]. This is because an electron spin and spindarge nuclear field parallel to the injected electron spin
of lattice nuclei in a localized volume form a strongly was mainly discussed. Such a laigeplanenuclear field
coupled system via the HFI. In this system, the angularinduces a drastic distortion of the electron spin depo-
momentum of the injected electron spin polarization canlarization curve under the transverse magnetic field (i.e.
be easily transferred via the HFI onto the nuclear subsysHanle curve), whilaN-shapedanle curve in a strain-free
tem where the spin polarization may be preserved for aGaAs/Al.3Ga) rAs QD was reproduced reasonably with
long time. Since the nuclear spin polarization (NSP) notthe traditional model [13]. These studies suggest strongly
only has the possibility for various applications such as athat the nuclear quadrupole interaction (NQI), which is
quantum memory [4-8] but also affects the electron spincaused from the coupling of nuclear spin and electric field
states as a nuclear field [2,3], it is important to reveal thegradient induced by the residual strain in SA-QDs, con-
formation and relaxation mechanisms of NSP entirely.  tributes to the formation of a large in-plane nuclear field.

To date, we have proposed a formation model of the large
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2 S. Yamamoto et al.: Influence of a longitudinal field on large in-plane nuclear field formation

in-plane nuclear field by considering the effects of NQI the blue and red lines correspond to horizontally and ver-
and successfully obtained a qualitative agreement with theically polarized PL component&r®, 7¥). The PL peak
observed anomalous Hanle curves [11,12]. In the modelwith the highest energy has no energy splitting while the
two effects; the stabilization of NSP along the principal other two peaks show the same energy splitting with a re-
axis of NQI and strongly anisotropic response of nuclearverse pattern of polarization. These facts allow us to assign
states due to the eigenstate mixing, are included as theach charge state as positive trioki (), neutral exciton
effects of NQI. (X9), and neutral biexcitonX X°) from the high energy

In this study, we focus on the role of NQI and extend side. Throughout this study, we focus on the specttd of
the experiments as follows; First, the azimuth angle depenwhose ground state consists of two holes in spin singlet and
dence of nuclear field provides the information about theone electron. In the case &f " PL, the degree of circular
characteristic axis of NQI. Next, a longitudinal magnetic polarization (DCP), is essentially determined only by the
field comparable to the strength of NQI is introduced in electron spin polarizatiofiS), and thus, it can be used as
the Hanle effect measurements, which affects the effecta direct measure dfS.). Here, the DCP is defined as
of NQI.

pe=I"—I")/(I"+1I"), @

2 Sample and experimental apparatus  The single
SA Ing.75Al0.25AS/Alg 3G& 7As QDs grown by molecu-  \heres— (1+) is the PL intensity ob~ (o+) component,
lar beam epitaxy on a (100)-GaAs substrate were usednq he relatiop,=2(S.) is held exactly. In additionX *
|n_th|s study. After fabrication of small mesa structures, p| g appropriate for precise evaluation of an Overhauser
m|cro-photoluml.nescencea(PL).measu_rements were car- qhift (OHS) which is the energy shift induced by the nu-
ried out. A continuous-wave Tizsapphire laser was tuned;agy field, and it is probed by the energy difference be-
to provide the transition energy to the band edge of theyyeens+ ando— PL peaks. This is because the state is

wetting layer A~730 nm). From atomic force microscopy  free from the exciton fine structures caused by the electron-
measurements of a reference uncapped QD layer and crosgg|e exchange interaction.

section transmission electron microscope observation, the
QDs have a lens-shaped profile with typical diameter of
20 nm and height of-4 nm, and the number of nuclei in a
single QD is estimated a§~3x10* [14].

Figure 1(a) is typical PL spectra from exciton com-
plexes of a single QD under non-polarized excitation at 6
K and zero magnetic field. The PL spectra indicated by

In the Hanle effect measurements, we observed the
DCP and OHS under a transverse magnetic fiBld up to
~1.2 T. In this| B, | region, the OHS is less than (or compa-
rable to) the linewidth of PL spectra, and thus, the separate
detection ofr* ando— PL components is essential for the
precise evaluations of DCP and OHS. In order to reduce the
measurement errors, a setup for the simultaneous acquisi-
tion of the orthogonal polarization components was devel-
@) (b) oped as shown in Fig. 1(b) [15]. The excitation helicity
LN,-cooled Si-CCD (0=, o) was changed by the combination of a linear po-
Triple-grating larizer, a quarter-wave plate (QWP) and a half-wave plate
spectrometer (HWP), where the HWP was used to correct the phase dis-
Lens tortion of the circular polarization due to the optics in the
Depolarizer excitation beam path. Ther™, o) PL components were
converted to(n®, w¥) polarization by the combination of
Beam displacer QWP and HWP, then separated spatially from each other
HWP by a beam displacer. The depolarizer placed in front of a
. Qwp triple-grating spectrometer resolves the unintentional error
.H/b; Neodymium L of DCR causgq by the polarl_zatlon dependence of grating
— magnet , from diffraction efficiency. Each displaced PL component was
‘ owTiS focused on a different area of a Si-CCD detector, and then,
the DCP and OHS could be evaluated accurately by a sin-
@6K gle exposure process.
Throughout this work, we performed the Hanle effect
Figure 1 (a) Polarization-resolved PL spectra of a typical single measurements at 6 K, whefe, was swept at the rate of
InAIAs QD at O T under non-polarized excitation. The origin of +0.1 T/min and the exposure time of the CCD detector was
horizontal axis is set to the energy &f" PL peakE,=1.6449eV. 1 s. Further, a small neodymium magnet was set to apply
(b) Simultaneous measurement systenzdfando~ polarized a longitudinal magnetic field@, as shown in the inset of
PL components. OL: objective lens, LP: linear polarizer, HWP: Fig.1 (b). Brief description including the magnitude and

half-wave plate, QWP: quarter-wave plate, NPBS: non-polarizingdirection of B, that the observed single QDs feel actually
beam splitter. Inset: closeup view of the sample holder. The ranggyt 6 K will be seen in Section 4.
of sample rotation angle — ~ rad.

IPL (a.u.)

Sample Rotation mechanism
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g & 'M% ' © ? , field B, ., which develops with compensating fé, un-
W Sof(s) til the critical field B. where the abrupt change i oc-
03 0 o il the critical field B, where the abrupt change i oc
% 0.2 {W“ I ﬁ"‘"“*f‘\m curs [11,12]. The value oB. depends on the sweep di-
0.1 PR O Lo ., rection of By; |B.| with increasing|B,| was larger than
00l #H----- - DT & ) Buz A "B, that with decreasingB,|. This hysteretic response is con-
: e ———— @ B ] sidered to originate from the bistable nature of the in-
061 (b) ' ""“me\l plane NSP(I,) as the case of well-known out-of-plane
~ 04 M’ 1 02 omee T NSP(I,) [16-20]. These features in Hanle curves were ob-
= 02] o MW,%W Mw 1 8 00 — served not only in the specific QDs but in all of the studied
3 A !
g 00F ‘MV ﬁMWW’\’\A/\,M 02} ot exc. )_ QDS . . .
02} 1 I i The observed value dB.| increased with the excita-
0.4
R R T R — tion power density and saturated eventually [12]. This in-
-0. -0. B,,'(T) . : 0.0 o.g 0.(4T)0-6 dicates thatB,| is limited by the time when unpaired elec-

tron occupies a QD, and the saturation Bf| is synchro-
nized with the saturation of the PL intensity. In this paper,
we set the excitation power as the saturation range of the
PL intensity.

Figure 2 (a) Anomalous Hanle curve observed in a single SA
InAlAs QD unders ™ excitation. The curve with increasing (de-
creasing)B, is depicted as the solid (dotted) lines. Dashed curve ) .
indicates an expected normal Hanle curve with a measgwed Figure 2(b) shows the out-of-plane nuclear figid .
(=0.38) and a typical value &, (= 0.5 ns). (b) Out-of-plane nu- deduced from the energy splittind £ betweeno~ and
clear field B, .. Shaded area represents twice the standard devie ™ PL peaks. With the out-of-plane electron g factor.,
ation of the measured value. (c) Schematics of the effective magthe relationB,, .=AFE/(g. .ug) is held unde3,=0. The
netic fields on electron spinS). (d) Anomalous Hanle curves change ofB,, . was relatively slow while the traditional
unders~ ando™ excitations. model predicts a steep decay in the range-@fmT [1],
which corresponds to the dipolar interaction among the nu-
clear spin ensemble. The gradual decayBgf, is one of
3 Azimuth angle dependence of the anomalous key points to explain the largB,, ., formation. Consider-
Hanle curve From the Bloch equation, the steady state of ing the spin transfer via the collinear HFI, which requires
electron spin polarizatiofS) in the total magnetic field  simultaneous spin flips between electron and nuclear spins,
B$) is written as the development oB, , following B, requires a finite
component S, ) of electron spin polarization to fulfill the
momentum conservation.

(So - BY)BY) + By jo(BY) x 8o) + B2, 8,

(S) = According to Eqg. (2){S.) is written as
B, + By - BY £92)
) oy _ g BILBYL + BBy '
whereS| is the initial value of the photo-injected electron (Sz) = So B2 4+ BO.BY (4)
spin andB ;, = h/(g.nsTs) is the half width at half max- 1/2 T T

imum of a Lorentzian Hanle curve (called a normal Hanle gince only the component d8,, along the effective field
curve, hereafter) determined by the electron g fagt@nd  on nuclei'is preserved, the component ofB,,, B, is
electron spin life timel;. Here,h and up are the Dirac  ¢onsjdered to be very small [1,11]. In this situation where
constant and the Bohr magneton, respectively. SBicis © g negligible, the finite(S,) calls for a non-zero

parallel toz axis due to the normal incidence of the excita- =~ T>v ©
tion light, one yieldsS. ) as value of By”,. Therefore,B, must have the component

z

B, . [Fig. 2(c)], and it was actually confirmed as shown

B2, + B(Te) 2 in Fig. 2(b). SinceB, . originates from the out-of-plane
(S.) = So . / @ = Ok 3) component of NSRI,), the relaxation ofI,,) due to the
By, + By’ - By nuclear spin precession i, is an issue for the formation

) ) . of alargeB, .. This can be settled by considering the stabi-
which corresponds to the experimentally accessible Hanlgization of (1. ) thanks to the enhanced NQI in SA QDs [11,
curve with the relatiop. = 2(S.). The presence of anu- 21
clear fleldBn deforms the curve with a Lorentzian Shape It is worth noting that the anomalies in Hanle curves
through the change cng) as replacingB, by B, + B,,. mentioned above remain despite the change of the exci-

Figure 2(a) shows the Hanle curve observed in a sintation helicity (i.e. the sign of,) as shown in Fig. 2(d).
gle SA InAlAs QD without B,. In the figure, a dashed Although the the sign of DCP was reversed according to
curve indicates a calculated normal Hanle curve which isthe definition [Eq. (1)], the overall features of the Hanle
free from the effect ofB,,. Obviously, the observed curve curves were identical including the gradual decaysgf, ;
is distorted drastically from a normal one. The anomalousthe sign ofB,, , was also reversed reflecting the sign inver-
broadening indicates the presence of the in-plane nucleasion of S.

Copyright line will be provided by the publisher



4 S. Yamamoto et al.: Influence of a longitudinal field on large in-plane nuclear field formation

o* PL peak energy. Owing to the creation Bf, ., AE
was modulated by changing the excitation polarization.
Because the value oAE at (S,)=0 can be described as
(o.-48n.) B B., B.=—265+1.4 mT was deduced from
the fitting shown as a solid curve [24]. This value is com-
parable to the strength of NQI (the reduced quadrupolar
field Bq as ~280 mT) estimated from an independent
experiment [15].

The Hanle curves with the fixe®, are shown in
Fig. 4(b). The shaded area represents the Hanle curves of

270
0|Bc| in downward |B,| (T)
u|B.| in upward |B,| (T) ’ the same QD undert and o~ excitations withoutB,,

which have almost the same shape with reversed signs.

Figure 3 (a) Polar plot of Bc| for the upward (solid squares) and The remarkable point is that the application®f broke

downward (open circles) sweeps versus azimuth anglig,oin the symmetry; the anomalies were kept underexcita-

the laboratory frame. Solid curves are guides for eyes. (b) Polaﬁon while they disappeared under excitation. Further,

plot of |ge, 1 |. The solid curve is the fitting by sine function. the absolute value of DCP a,—0 increased for both

o~ ando™ excitations. This is becaud®, suppressed the

. decay of(S,) caused by the nuclear spin fluctuation and
Figure 3(a) shows a polar plot ¢B.| for the upward hemgd to< ke>ep the initieﬁ value ¢5.) [25?26]-

and downward sweeps as a function of the azimuth angle In order to explain these observations in Fig. 4(b), we
¢p Of B,. Note thaig, is the angle in the laboratory frame. deal with the effective magnetic field on nuclei explicitly

As clearly shown, the largEB.| was almost constant for . o . :
each¢gp. Further, we measured the in-plane electron g fac—?hseSheorg?a:nsfé%é:;’écégg (:2 tr\:\:a hg(]) clfw goﬂzltiséer}]mnnvclztlgar
tor |ge, 1 | of the QD and confirmed that it was isotropic as 9 q ’

shown in Fig 3(b). Therefore, the behavior Bf can be spin cooling theory [1], and/or our proposed model [11].

attributed directly to the effect of NQI without worrying First, tr(]f) Ste(il? y state Of. NSP.h.a S a part proportional to
about the anisotropy df.. . |. These findings allow us to ({o - By ") By . Here, I, is the initial value of NSP and
consider the principal axis of NQI and its origin. B(T“) is a total effective field on nuclei. This part is a pre-

dACCOV(Ijli”Q tO.Rer- [}']A trt])elli\l(%l or(ijginating? from the fserved portion of NSP which does not precess ardaid
random alloying in GaAlAs bulks (random replacement o because it is (n) I .

i . i Y parallel tB..”. Considering the spin transfer
Ga by Al atom) induces the deformation and bistability of to nuclei via the collinear HFIT, is proportional to(S),

CH;Sn;e ﬁg\:\)’:vg: tgﬁ] CSSS‘MZ r rr?r?é(imalLajEe?c}) 1/ QN)QIInIitehlz:Ion and thus the reversal of the excitation helicity results in the
’ 4 P p gsign inversion ofly .

Al-As bonds (third order axes dfi11)), the deformation I
depends onby strongly. As shown in Fig. 3(a), the sub- (J)f ‘B.=0 as shown in Fig. 4(c), the component of
stantial deformation of the Hanle curve in the SA InAlAs B’ is determined only by the Knight fielf8. (~ 1 mT)
QD was almost insensitive tog. It implies that the prin-  Which is always opposite t¢S) [1,3,27]. The excitation-
cipal axis of NQI is not in the sample growth planey(  helicity reversal induces the sign inversion@l@l via the
plane) but along the sample growth axisakxis), and the  sign inversion ofB. ., and the sign of, . is also reversed.
residual strain has a larger contribution to NQI than theBy comparing the left and right panels of the figure, one
random alloying in the SA InAlAs QD. This consideration may notice that the configuration of the NSP and effective
is consistent with the previous reports of the Hanle meadields on nuclei just turns upside down by changing the ex-
surements in a strain-free GaAs QD [13] and NMR studiescitation helicity. Therefore, the NSP parallel B{" has
in the single SA InP and InGaAs QDs [22,23]. always the in-plane component which is oppositeBp
under both excitations. This is why the excitation-helicity

4 Effect of an external longitudinal field in independence of the anomalies was observed as shown in
anomalous Hanle curves In this se(;tion, we use a Fig. 2(d) and the shaded areas in Fig. 4(b).
constantB. by a neodymium magnet in addition to the | contrast, if B, larger than B.| is applied like our
variable B, by a superconducting magnet as shown in theexperiments, the direction (B(Tn)z does not depend on the

inset of Fig. 1(b). The neodymium magnet has a cylin- =" . o X 2
drical shapge Wg'[h) diameter ofy7 mm andgheight of 4 r>r/1m. excitation helicity, and is determined only 8 as shown

The actual field strength at the QD position was evaluateddne F(Iagn. di(((j))r.] meﬂgic?t?\?i%nsrlmrgiii:ge 3'32 dgt;rrpeligﬁa'_\lsp
from the Zeeman splitting ok = PL spectra. Figure 4(a) . PE . T

L Z n tion is parallel toB, and increases the in-plane component
shows the energy splittingd & betweens~ ando™ PL () ) - S r )
components as a function 6§, ), where the excitation po- ©f By, while B, , undero™ excitation is anti-parallel
larization was changed systematically aBdwas applied to B, and decreaseB(T“). Consequently, the bistable be-
while B,=0. Here, AE=E, —E_., whereE,+ is the  havior was disappeared under the excitation and re-

Copyright line will be provided by the publisher
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AFE (ueV)

: " i . Figure 4 (a) (S.) dependence of
ETY ko 7 By Zeeman splitingAE of X+ PL
S S0 82 O 3o,z under only a fixedB.. The fitting

(5) d) by model calculation is indicated

b)yosfF T T by a solid line. (b) Hanle curves
undero~ and o™ excitations with

0.4
0.2
0.0}
-0.2
-0.4
-0.6

P B.~—265 mT. Shaded area indi-
1 (I) cates the anomalous Hanle curve

| Sz B B without B. which did not depend on

ol . >% ;. the excitation helicity. (c) and (d) In-

1 clination of NSP(I) due to the ef-
: SAN\ID fective magnetic field is illustrated.
; . . . . . A LA A (c) ano_l (d) indicate the cases without

0.0 02 0.4 0.6 08 1.0 1.2 : and with B (> B.), respectively. In
B, (T) Bz"———f——i (n) B;'———m?\: (n) (c) and (d), left (r!gh_t) panels are the

By Br7  case ofr () excitation.

DCP

mained under the— excitation. The experiments with a hancement ofS,,) intuitively, the maximal value oB.
similar scenario were performed in InGaAs QD ensem-seems to be determined by the material properties like the
ble by Kuznetsovat al.[28]. Although their Hanle effect strength of NQI fundamentally and independent of the ex-
measurements were carried out in the regjiBg <20 mT ternal condition such aB, . Since the NQI originates from
where the traditional model was applicable, it was shownthe couping to the electric field gradient around nucleus, a
that the direction of a sma,, ,, is reversed by changing magnetic field in any direction cannot modulate the NQI
the direction ofB,. directly. Thus, there is no contradiction with the idea that
the maximal value o3, which is a benchmark aB,, , is
determined by NQI. The above consideration implies that
the formation of largeB, , cannot be explained by only
the emergence ofS,), and thus, the NQI plays not only
the stabilizer of NSP but also other roles on the generation
of By ;. Our proposed model actually assumes the strong
anisotropy in the magnetic response of nuclei as well as

Finally, the relative strength of NQI against the Zeeman
interaction by B, in this experiment is discussed. Even
without consideringB,,, the observed Hanle curve under
o1 excitation can be reproduced approximately. The calcu
lated Hanle curve witlB, and without the effect oB,, is
plotted by the dashed curve in the lower panel of Fig. 4(b).

From Eq. (3), it is obvious that the shape of Hanle CUV€ihe NSP stabilization [11]. In order to support this sce-

with a fixed B, is Lorentzian function as well, whose half . . . . . . .

) na 5 5 e nario, more detailed discussion dealing with the eigenstates
width is given as, /By, + BZ. Consequently, it is not o nyclear spins explicitly is necessary. Since it seems to
strange that the broadened curve is obtained. According tbe possible to modulate the eigenstate ordering by varying
this idea, it is also reasonable that the widthof anoma-  B., similar experiments under various, will yield deep
lous Hanle curve under~ excitation became larger than insight into the effect of NQI from microscopic viewpoint.
that withoutB,,.

Here, in order to discuss the effect of NQI, we would 5 Conclusions We investigated the role of NQI via
like to introduce the broadening ratio, which is defined the anomalous Hanle effect in single self-assembled QDs
as a ratio between the width undB=0 and that under where the in-plane nuclear field developed compensating
B,#0. In the case of3.=0, the expected value db, /, for the appliedB,. It was revealed that the critical field
was ~50 mT and the width of anomalous Hanle curve B.was almost insensitive to the azimuth angld3af This
~B. was larger than 600 mT. Then, the broadening ratiocisotropic feature ofB. suggests that the principal axis of
was larger than 12. In the case with on the other hand, the NQI is close to the sample growth axisaxis). There-
the normal Hanle curve is270 mT and the observed value fore, the residual strain in QDs has major contribution to
of B, undero~ excitation is~1 T. Therefore the broad- the in-plane nuclear field formation via the NQI compared
ening ratio was only about 3 and reduced to one quartewith the random alloying in InAlAs. Further, an additional
compared to the case &f,=0. Although the introduction longitudinal magnetic field, induced clear changes in the
of B, may strongly assist th&, , formation via the en- Hanle curves depending on the excitation helicity, which

Copyright line will be provided by the publisher



6 S. Yamamoto et al.: Influence of a longitudinal field on large in-plane nuclear field formation

could be explained with a simple consideration. While it [19]
has a stabilization effect on the electron and nuclear spins
along thez axis as well as NQI, our analysis based on the[20]
broadening ratio indicates that the maximal value of in-
plane NSP is determined mainly by the material propertied21]
like the strength of NQI and insensitive to the experimental
conditions. [22]
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