
 

Instructions for use

Title Influence of a Longitudinal Field on the Large In-Plane Nuclear Field Formation in Single Quantum Dots

Author(s) Yamamoto, Sota; Arakawa, Takuya; Matsusaki, Ryosuke; Kaji, Reina; Adachi, Satoru

Citation Physica status solidi B-basic solid state physics, 257(2), 1900381
https://doi.org/10.1002/pssb.201900381

Issue Date 2020-02

Doc URL http://hdl.handle.net/2115/80347

Rights
This is the peer reviewed version of the following article: [FULL CITE], which has been published in final form at
https://doi.org/10.1002/pssb.201900381. This article may be used for non-commercial purposes in accordance with
Wiley Terms and Conditions for Use of Self-Archived Versions.

Type article (author version)

File Information SY_CSW2019_pssb_rev.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


physica status solidi

Influence of a longitudinal field on
the large in-plane nuclear field
formation in single quantum dots

S. Yamamoto 1 T. Arakawa 2, R. Matsusaki 1, R. Kaji 1, S. Adachi *,1

1 Division of Applied Physics, Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan
2 Applied Physics and Engineering Course, Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan

Received XXXX, revised XXXX, accepted XXXX
Published online XXXX

Key words: quantum dot, hyperfine interaction, nuclear quadrupole interaction.

∗ Corresponding author: e-mailadachi-s@eng.hokudai.ac.jp, Phone: +81-11-7066709, Fax: +81-11-7066709

Experimental studies on the role of nuclear quadrupole
interaction to the in-plane nuclear field forma-
tion were carried out in single self-assembled
In0.75Al0.25As/Al0.3Ga0.7As quantum dots. In Hanle
effect measurements, the electron depolarization curves
apart far from a standard Lorentzian shape were ob-
served: the curves with anomalously large width and
hysteretic behavior at the critical transverse magnetic
field. These anomalies indicated the growth of an in-
plane nuclear field compensating the applied transverse
magnetic field up to∼1 T and appeared regardless of
the excitation helicity. The azimuth angle dependence of
the critical field of the hysteretic response revealed that

the principal axis of the nuclear quadrupole interaction
is almost parallel to the crystal growth axis. This fact
suggests that the main origin of the nuclear quadrupole
interaction which is related with in-plane nuclear field
formation is not random alloying among In and Al nu-
clei but residual strain of quantum dots. Further, a lon-
gitudinal magnetic field by a neodymium magnet broke
the excitation-helicity independence of the Hanle curves
and the shape of curves became very different depend-
ing on the helicity. The obtained results were explained
well with a simple consideration and indicated that the
nuclear quadrupole interaction takes multirole in the for-
mation of in-plane nuclear field.

Copyright line will be provided by the publisher

1 Introduction Hyperfine interaction (HFI), a mag-
netic interaction between an electron spin and nuclear
spins, has significant importance on the spin dynamics es-
pecially in quantum nanostructures such as quantum dots
(QDs) [1–3]. This is because an electron spin and spins
of lattice nuclei in a localized volume form a strongly
coupled system via the HFI. In this system, the angular
momentum of the injected electron spin polarization can
be easily transferred via the HFI onto the nuclear subsys-
tem where the spin polarization may be preserved for a
long time. Since the nuclear spin polarization (NSP) not
only has the possibility for various applications such as a
quantum memory [4–8] but also affects the electron spin
states as a nuclear field [2,3], it is important to reveal the
formation and relaxation mechanisms of NSP entirely.

Recently, a large nuclear field orthogonal to the photo-
injected electron spin has been reported in the self-
assembled (SA) InAs and InAlAs QDs [9–12], which
is beyond the scope of a traditional model [1] where a
large nuclear field parallel to the injected electron spin
was mainly discussed. Such a largein-planenuclear field
induces a drastic distortion of the electron spin depo-
larization curve under the transverse magnetic field (i.e.
Hanle curve), whileW-shapedHanle curve in a strain-free
GaAs/Al0.3Ga0.7As QD was reproduced reasonably with
the traditional model [13]. These studies suggest strongly
that the nuclear quadrupole interaction (NQI), which is
caused from the coupling of nuclear spin and electric field
gradient induced by the residual strain in SA-QDs, con-
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
and successfully obtained a qualitative agreement with the
observed anomalous Hanle curves [11,12]. In the model,
two effects; the stabilization of NSP along the principal
axis of NQI and strongly anisotropic response of nuclear
states due to the eigenstate mixing, are included as the
effects of NQI.

In this study, we focus on the role of NQI and extend
the experiments as follows; First, the azimuth angle depen-
dence of nuclear field provides the information about the
characteristic axis of NQI. Next, a longitudinal magnetic
field comparable to the strength of NQI is introduced in
the Hanle effect measurements, which affects the effects
of NQI.

2 Sample and experimental apparatus The single
SA In0.75Al0.25As/Al0.3Ga0.7As QDs grown by molecu-
lar beam epitaxy on a (100)-GaAs substrate were used
in this study. After fabrication of small mesa structures,
micro-photoluminescence (µ-PL) measurements were car-
ried out. A continuous-wave Ti:sapphire laser was tuned
to provide the transition energy to the band edge of the
wetting layer (λ∼730 nm). From atomic force microscopy
measurements of a reference uncapped QD layer and cross-
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 asN∼3×104 [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

Figure 1 (a) Polarization-resolved PL spectra of a typical single
InAlAs QD at 0 T under non-polarized excitation. The origin of
horizontal axis is set to the energy ofX+ PL peakE0=1.6449 eV.
(b) Simultaneous measurement system ofσ+ andσ− polarized
PL components. OL: objective lens, LP: linear polarizer, HWP:
half-wave plate, QWP: quarter-wave plate, NPBS: non-polarizing
beam splitter. Inset: closeup view of the sample holder. The range
of sample rotation angle is0−∼π rad.

the blue and red lines correspond to horizontally and ver-
tically polarized PL components(πx, πy). The PL peak
with the highest energy has no energy splitting while the
other two peaks show the same energy splitting with a re-
verse pattern of polarization. These facts allow us to assign
each charge state as positive trion (X+), neutral exciton
(X0), and neutral biexciton (XX0) from the high energy
side. Throughout this study, we focus on the spectra ofX+

whose ground state consists of two holes in spin singlet and
one electron. In the case ofX+ PL, the degree of circular
polarization (DCP)ρc is essentially determined only by the
electron spin polarization⟨Sz⟩, and thus, it can be used as
a direct measure of⟨Sz⟩. Here, the DCP is defined as

ρc = (I− − I+)/(I− + I+), (1)

whereI− (I+) is the PL intensity ofσ− (σ+) component,
and the relationρc=2⟨Sz⟩ is held exactly. In addition,X+

PL is appropriate for precise evaluation of an Overhauser
shift (OHS) which is the energy shift induced by the nu-
clear field, and it is probed by the energy difference be-
tweenσ+ andσ− PL peaks. This is because theX+ state is
free from the exciton fine structures caused by the electron-
hole exchange interaction.

In the Hanle effect measurements, we observed the
DCP and OHS under a transverse magnetic field|Bx| up to
∼1.2 T. In this|Bx| region, the OHS is less than (or compa-
rable to) the linewidth of PL spectra, and thus, the separate
detection ofσ+ andσ− 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-
oped as shown in Fig. 1(b) [15]. The excitation helicity
(σ−, σ+) was changed by the combination of a linear po-
larizer, a quarter-wave plate (QWP) and a half-wave plate
(HWP), where the HWP was used to correct the phase dis-
tortion of the circular polarization due to the optics in the
excitation beam path. The(σ+, σ−) PL components were
converted to(πx, πy) polarization by the combination of
QWP and HWP, then separated spatially from each other
by a beam displacer. The depolarizer placed in front of a
triple-grating spectrometer resolves the unintentional error
of DCP caused by the polarization dependence of grating
diffraction efficiency. Each displaced PL component was
focused on a different area of a Si-CCD detector, and then,
the DCP and OHS could be evaluated accurately by a sin-
gle exposure process.

Throughout this work, we performed the Hanle effect
measurements at 6 K, whereBx was swept at the rate of
±0.1 T/min and the exposure time of the CCD detector was
1 s. Further, a small neodymium magnet was set to apply
a longitudinal magnetic fieldBz as shown in the inset of
Fig.1 (b). Brief description including the magnitude and
direction ofBz that the observed single QDs feel actually
at 6 K will be seen in Section 4.
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Figure 2 (a) Anomalous Hanle curve observed in a single SA
InAlAs QD underσ− excitation. The curve with increasing (de-
creasing)Bx is depicted as the solid (dotted) lines. Dashed curve
indicates an expected normal Hanle curve with a measuredge
(=0.38) and a typical value ofTs (= 0.5 ns). (b) Out-of-plane nu-
clear fieldBn,z. Shaded area represents twice the standard devi-
ation of the measured value. (c) Schematics of the effective mag-
netic fields on electron spin⟨S⟩. (d) Anomalous Hanle curves
underσ− andσ+ excitations.

3 Azimuth angle dependence of the anomalous
Hanle curve From the Bloch equation, the steady state of
electron spin polarization⟨S⟩ in the total magnetic field
B

(e)
T is written as

⟨S⟩ =
(S0 ·B(e)

T )B
(e)
T +B1/2(B

(e)
T × S0) +B2

1/2S0

B2
1/2 +B

(e)
T ·B(e)

T

,

(2)
whereS0 is the initial value of the photo-injected electron
spin andB1/2 = h̄/(geµBTs) is the half width at half max-
imum of a Lorentzian Hanle curve (called a normal Hanle
curve, hereafter) determined by the electron g factorge and
electron spin life timeTs. Here, h̄ andµB are the Dirac
constant and the Bohr magneton, respectively. SinceS0 is
parallel toz axis due to the normal incidence of the excita-
tion light, one yields⟨Sz⟩ as

⟨Sz⟩ = S0

B2
1/2 +B

(e) 2
T,z

B2
1/2 +B

(e)
T ·B(e)

T

, (3)

which corresponds to the experimentally accessible Hanle
curve with the relationρc = 2⟨Sz⟩. The presence of a nu-
clear fieldBn deforms the curve with a Lorentzian shape
through the change ofB(e)

T as replacingBx byBx +Bn.
Figure 2(a) shows the Hanle curve observed in a sin-

gle SA InAlAs QD withoutBz. In the figure, a dashed
curve indicates a calculated normal Hanle curve which is
free from the effect ofBn. Obviously, the observed curve
is distorted drastically from a normal one. The anomalous
broadening indicates the presence of the in-plane nuclear

field Bn,x which develops with compensating forBx un-
til the critical fieldBc where the abrupt change inρc oc-
curs [11,12]. The value ofBc depends on the sweep di-
rection ofBx; |Bc| with increasing|Bx| was larger than
that with decreasing|Bx|. This hysteretic response is con-
sidered to originate from the bistable nature of the in-
plane NSP⟨Ix⟩ as the case of well-known out-of-plane
NSP⟨Iz⟩ [16–20]. These features in Hanle curves were ob-
served not only in the specific QDs but in all of the studied
QDs.

The observed value of|Bc| increased with the excita-
tion power density and saturated eventually [12]. This in-
dicates that|Bc| is limited by the time when unpaired elec-
tron occupies a QD, and the saturation of|Bc| 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(b) shows the out-of-plane nuclear fieldBn,z

deduced from the energy splitting∆E betweenσ− and
σ+ PL peaks. With the out-of-plane electron g factorge,z,
the relationBn,z=∆E/(ge,zµB) is held underBz=0. The
change ofBn,z was relatively slow while the traditional
model predicts a steep decay in the range of∼1 mT [1],
which corresponds to the dipolar interaction among the nu-
clear spin ensemble. The gradual decay ofBn,z is one of
key points to explain the largeBn,x formation. Consider-
ing the spin transfer via the collinear HFI, which requires
simultaneous spin flips between electron and nuclear spins,
the development ofBn,x following Bx requires a finitex
component⟨Sx⟩ of electron spin polarization to fulfill the
momentum conservation.

According to Eq. (2),⟨Sx⟩ is written as

⟨Sx⟩ = S0

B
(e)
T,zB

(e)
T,x +B1/2B

(e)
T,y

B2
1/2 +B

(e)
T ·B(e)

T

. (4)

Since only the component ofBn along the effective field
on nuclei is preserved, they component ofBn, Bn,y, is
considered to be very small [1,11]. In this situation where
B

(e)
T,y is negligible, the finite⟨Sx⟩ calls for a non-zero

value ofB(e)
T,z. Therefore,Bn must have thez component

Bn,z [Fig. 2(c)], and it was actually confirmed as shown
in Fig. 2(b). SinceBn,z originates from the out-of-plane
component of NSP⟨Iz⟩, the relaxation of⟨Iz⟩ due to the
nuclear spin precession byBx is an issue for the formation
of a largeBn,z. This can be settled by considering the stabi-
lization of⟨Iz⟩ thanks to the enhanced NQI in SA QDs [11,
21]

It is worth noting that the anomalies in Hanle curves
mentioned above remain despite the change of the exci-
tation helicity (i.e. the sign ofS0) as shown in Fig. 2(d).
Although the the sign of DCP was reversed according to
the definition [Eq. (1)], the overall features of the Hanle
curves were identical including the gradual decay ofBn,z;
the sign ofBn,z was also reversed reflecting the sign inver-
sion ofS0.

Copyright line will be provided by the publisher
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Figure 3 (a) Polar plot of|Bc| for the upward (solid squares) and
downward (open circles) sweeps versus azimuth angle ofBx in
the laboratory frame. Solid curves are guides for eyes. (b) Polar
plot of |ge,⊥|. The solid curve is the fitting by sine function.

Figure 3(a) shows a polar plot of|Bc| for the upward
and downward sweeps as a function of the azimuth angle
ϕB of Bx. Note thatϕB is the angle in the laboratory frame.
As clearly shown, the large|Bc| was almost constant for
eachϕB. Further, we measured the in-plane electron g fac-
tor |ge,⊥| of the QD and confirmed that it was isotropic as
shown in Fig 3(b). Therefore, the behavior ofBc can be
attributed directly to the effect of NQI without worrying
about the anisotropy of|ge,⊥|. These findings allow us to
consider the principal axis of NQI and its origin.

According to Ref. [1], the NQI originating from the
random alloying in GaAlAs bulks (random replacement of
Ga by Al atom) induces the deformation and bistability of
Hanle curve in the smallBx region (≤ ± 2B1/2). In this
case, however, since the principal axes of NQI lie along
Al-As bonds (third order axes of⟨111⟩), the deformation
depends onϕB strongly. As shown in Fig. 3(a), the sub-
stantial deformation of the Hanle curve in the SA InAlAs
QD was almost insensitive toϕB. It implies that the prin-
cipal axis of NQI is not in the sample growth plane (xy
plane) but along the sample growth axis (z axis), and the
residual strain has a larger contribution to NQI than the
random alloying in the SA InAlAs QD. This consideration
is consistent with the previous reports of the Hanle mea-
surements in a strain-free GaAs QD [13] and NMR studies
in the single SA InP and InGaAs QDs [22,23].

4 Effect of an external longitudinal field in
anomalous Hanle curves In this section, we use a
constantBz by a neodymium magnet in addition to the
variableBx by a superconducting magnet as shown in the
inset of Fig. 1(b). The neodymium magnet has a cylin-
drical shape with diameter of 7 mm and height of 4 mm.
The actual field strength at the QD position was evaluated
from the Zeeman splitting ofX+ PL spectra. Figure 4(a)
shows the energy splitting∆E betweenσ− andσ+ PL
components as a function of⟨Sz⟩, where the excitation po-
larization was changed systematically andBz was applied
while Bx=0. Here,∆E=Eσ−−Eσ+ , whereEσ± is the

σ± PL peak energy. Owing to the creation ofBn,z, ∆E
was modulated by changing the excitation polarization.
Because the value of∆E at ⟨Sz⟩=0 can be described as
(ge,z+gh,z)µBBz, Bz=−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 fixedBz are shown in
Fig. 4(b). The shaded area represents the Hanle curves of
the same QD underσ+ andσ− excitations withoutBz,
which have almost the same shape with reversed signs.
The remarkable point is that the application ofBz broke
the symmetry; the anomalies were kept underσ− excita-
tion while they disappeared underσ+ excitation. Further,
the absolute value of DCP atBx=0 increased for both
σ− andσ+ excitations. This is becauseBz suppressed the
decay of⟨Sz⟩ caused by the nuclear spin fluctuation and
helped to keep the initial value of⟨Sz⟩ [25,26].

In order to explain these observations in Fig. 4(b), we
deal with the effective magnetic field on nuclei explicitly
as shown in Fig. 4(c) and (d), which is consistent with
the general scenario based on the Bloch equation, nuclear
spin cooling theory [1], and/or our proposed model [11].
First, the steady state of NSP has a part proportional to
(I0 · B(n)

T )B
(n)
T . Here,I0 is the initial value of NSP and

B
(n)
T is a total effective field on nuclei. This part is a pre-

served portion of NSP which does not precess aroundB
(n)
T

because it is parallel toB(n)
T . Considering the spin transfer

to nuclei via the collinear HFI,I0 is proportional to⟨S⟩,
and thus the reversal of the excitation helicity results in the
sign inversion ofI0,z.

If Bz=0 as shown in Fig. 4(c), thez component of
B

(n)
T is determined only by the Knight fieldBe (∼ 1 mT)

which is always opposite to⟨S⟩ [1,3,27]. The excitation-
helicity reversal induces the sign inversion ofB

(n)
T,z via the

sign inversion ofBe,z, and the sign ofI0,z is also reversed.
By comparing the left and right panels of the figure, one
may notice that the configuration of the NSP and effective
fields on nuclei just turns upside down by changing the ex-
citation helicity. Therefore, the NSP parallel toB(n)

T has
always the in-plane component which is opposite toBx

under both excitations. This is why the excitation-helicity
independence of the anomalies was observed as shown in
Fig. 2(d) and the shaded areas in Fig. 4(b).

In contrast, ifBz larger than|Be| is applied like our
experiments, the direction ofB(n)

T,z does not depend on the
excitation helicity, and is determined only byBz as shown
in Fig. 4(d). In this case, since the sign of in-plane NSP
depends on the excitation helicity;Bn,x underσ+ excita-
tion is parallel toBx and increases the in-plane component
of B(n)

T , while Bn,x underσ− excitation is anti-parallel

to Bx and decreasesB(n)
T . Consequently, the bistable be-

havior was disappeared under theσ+ excitation and re-
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Figure 4 (a) ⟨Sz⟩ dependence of
Zeeman splitting∆E of X+ PL
under only a fixedBz. The fitting
by model calculation is indicated
by a solid line. (b) Hanle curves
under σ− and σ+ excitations with
Bz∼−265 mT. Shaded area indi-
cates the anomalous Hanle curve
withoutBz which did not depend on
the excitation helicity. (c) and (d) In-
clination of NSP⟨I⟩ due to the ef-
fective magnetic field is illustrated.
(c) and (d) indicate the cases without
and withBz(>Be), respectively. In
(c) and (d), left (right) panels are the
case ofσ−(+) excitation.

mained under theσ− excitation. The experiments with a
similar scenario were performed in InGaAs QD ensem-
ble by Kuznetsovaet al. [28]. Although their Hanle effect
measurements were carried out in the regime|Bx|<20 mT
where the traditional model was applicable, it was shown
that the direction of a smallBn,x is reversed by changing
the direction ofBz.

Finally, the relative strength of NQI against the Zeeman
interaction byBz in this experiment is discussed. Even
without consideringBn, the observed Hanle curve under
σ+ excitation can be reproduced approximately. The calcu-
lated Hanle curve withBz and without the effect ofBn 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 curve
with a fixedBz is Lorentzian function as well, whose half
width is given as

√
B2

1/2 +B2
z . Consequently, it is not

strange that the broadened curve is obtained. According to
this idea, it is also reasonable that the widthBc of anoma-
lous Hanle curve underσ− excitation became larger than
that withoutBz.

Here, in order to discuss the effect of NQI, we would
like to introduce the broadening ratio, which is defined
as a ratio between the width underBn=0 and that under
Bn ̸=0. In the case ofBz=0, the expected value ofB1/2

was ∼50 mT and the width of anomalous Hanle curve
∼Bc was larger than 600 mT. Then, the broadening ratio
was larger than 12. In the case withBz on the other hand,
the normal Hanle curve is∼270 mT and the observed value
of Bc underσ− excitation is∼1 T. Therefore the broad-
ening ratio was only about 3 and reduced to one quarter
compared to the case ofBz=0. Although the introduction
of Bz may strongly assist theBn,x formation via the en-

hancement of⟨Sx⟩ intuitively, the maximal value ofBc

seems to be determined by the material properties like the
strength of NQI fundamentally and independent of the ex-
ternal condition such asBz. Since the NQI originates from
the couping to the electric field gradient around nucleus, a
magnetic field in any direction cannot modulate the NQI
directly. Thus, there is no contradiction with the idea that
the maximal value ofBc which is a benchmark ofBn,x is
determined by NQI. The above consideration implies that
the formation of largeBn,x cannot be explained by only
the emergence of⟨Sx⟩, and thus, the NQI plays not only
the stabilizer of NSP but also other roles on the generation
of Bn,x. Our proposed model actually assumes the strong
anisotropy in the magnetic response of nuclei as well as
the NSP stabilization [11]. In order to support this sce-
nario, more detailed discussion dealing with the eigenstates
of nuclear spins explicitly is necessary. Since it seems to
be possible to modulate the eigenstate ordering by varying
Bz, similar experiments under variousBz will yield deep
insight into the effect of NQI from microscopic viewpoint.

5 Conclusions We investigated the role of NQI via
the anomalous Hanle effect in single self-assembled QDs
where the in-plane nuclear field developed compensating
for the appliedBx. It was revealed that the critical field
Bc was almost insensitive to the azimuth angle ofBx. This
isotropic feature ofBc suggests that the principal axis of
the NQI is close to the sample growth axis (z axis). There-
fore, the residual strain in QDs has major contribution to
the in-plane nuclear field formation via the NQI compared
with the random alloying in InAlAs. Further, an additional
longitudinal magnetic fieldBz induced clear changes in the
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
has a stabilization effect on the electron and nuclear spins
along thez axis as well as NQI, our analysis based on the
broadening ratio indicates that the maximal value of in-
plane NSP is determined mainly by the material properties
like the strength of NQI and insensitive to the experimental
conditions.
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