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Heat capacity of the nuclear spin system (NSS) in GaAs-based microstructures has been shown to
be much greater than expected from dipolar coupling between nuclei, thus limiting the efficiency
of NSS cooling by adiabatic demagnetization. It was suggested that quadrupole interaction induced
by some small residual strain could provide this additional reservoir for the heat storage. We check
and validate this hypothesis by combining nuclear spin relaxation measurements with adiabatic re-
magnetization and nuclear magnetic resonance experiments, using electron spin noise spectroscopy
as a unique tool for detection of nuclear magnetization. Our results confirm and quantify the role of
the quadrupole splitting in the heat storage within NSS and provide additional insight into funda-
mental, but still actively debated relation between a mechanical strain and the resulting electric field
gradients in GaAs.

I. INTRODUCTION

In n-doped semiconductors two spin ensembles,
donor-bound electron spins and the lattice nuclei spin
system (NSS) are coupled via hyperfine interaction [1].
Their magnetic moments, interaction energies, their
coupling to light, to crystal lattice vibrations, as well as
to electric and magnetic fields differ dramatically. The
resulting physics, that is best studied in n-GaAs, is quite
complex. However, if sufficient NSS stability is reached,
it may potentially offer novel applications for quantum
information technologies [2–10].

In this context, precise knowledge and control of nu-
clear quadrupole effects in n-GaAs and GaAs-based het-
erostructures has attracted substantial attention. In-
deed, in semiconductors with cubic symmetry contain-
ing isotopes with spin I > 1/2 quadrupole interaction
induced by strain splits NSS energy states (cf Fig. 1 (a))
and thus strongly affects NSS thermodynamics [11–14].
The effects of strain are particularly important in het-
erostructures, such as quantum wells [15] and quantum
dots (QDs), and were extensively studied in both sin-
gle QDs [4, 16] and QDs ensembles [17]. More recently
quadrupole effects in bulk n-GaAs have been evidenced,
suggesting the importance of the precise control of both
strain and electric field when NSS needs to be efficiently
cooled down [18]. Moreover, the parameters of differ-
ent isotopes determining the relation between the strain
tensor elements and the resulting gradients of electric
fields remain controversial [16, 18–20]. This is partly
due to the lack of non-destructive and non-perturbative
experimental techniques, capable of probing nuclear
magnetic resonances (NMR) at low and zero magnetic
field, where quadrupole splittings between spin levels

Figure 1. (a) Schematic representation of quadrupole-split
nuclear spin levels. Arrows indicate NMR transitions, (b)
Sketch of the donor-bound electron spin interacting with the
underlying nuclear spins. (c) Overhauser field BN and the cor-
responding nuclear spin temperature ΘN as functions of the
magnetic field according to spin temperature theory. BH is
a field that characterizes NSS heat capacity. (d) Fluctuations
of the electron spin detected via Kerr rotation in time domain
within 0.5 GHz frequency band and the corresponding Fourier
power spectrum.

dominate over Zeeman ones.
Indeed, traditional optically detected NMR experi-

ments addressing QD ensembles are limited to the field
range given by the Hanle curve, and suffer from huge
broadening due to inhomogeneity of the electric field
gradient experienced by the nuclei [17]. On the other



2

hand, since pioneering experiments of Gammon et al
resolving PL fine structure in individual QDs [21], re-
markable progress has been achieved in the NSS control
in such structures [4]. However, in order to reach mea-
surable splitting a relatively high magnetic field, where
Zeeman effect dominates over quadrupole one, should
be applied.

Spin noise spectroscopy (SNS) could be promising for
this purpose. It has been shown that electron spin noise
can non-destructively relay properties of nuclear envi-
ronment through the statistics of electron spin interac-
tion with the total nuclear polarization [22–26]. SNS
is based on the non-perturbative detection of the spin
polarization noise via fluctuations of the Kerr or Fara-
day rotation of the off-resonant probe beam polarization
Fig. 1 (b)[27, 28].

It is important to stress that although we aim at prob-
ing the NSS, rather than electron spin, what is measured
in practice is the electron spin noise spectrum in the
megahertz frequency range. This approach differs from
the one adopted by Berski et al [24], who measured in n-
GaAs directly nuclear spin noise associated with differ-
ent isotopes in the kilohertz frequency range. Such di-
rect nuclear spin measurements are quite difficult, since
NSS does not couple directly with light, but they are par-
ticularly useful to address the nuclear spin dynamics at
low magnetic fields hardly accessible otherwise.

In electron SNS, the fluctuation spectrum exhibits a
pronounced peak at the Larmor frequency correspond-
ing to the total magnetic field experienced by elec-
trons. It is given the sum of the external field B⊥
and Overhauzer field BN , an effective nuclear field re-
sulting from the hyperfine interaction, see Fig. 1 (d).
Therefore any variation of the NSS polarization, either
due to relaxation or when external magnetic field is re-
duced, results in a change of the Larmor frequency and
thus in a shift of the electron spin noise peak. This
shift is proportional to the Overhauser field, but is not
isotope-selective. We have demonstrated that evolution
of nuclear spin polarization during optical pumping,
relaxation and re-magnetization through zero field can
be monitored via this shift with sub-second resolution
[23, 25, 29, 30].

These experiments performed on in n-GaAs layers re-
vealed that the relaxation rates of optically cooled NSS
under magnetic fields below 10 G are dramatically en-
hanced. We also measured huge heat capacity charac-
terized by so-called local field, also of order of ≈ 10 G.
This value is much higher than expected from mag-
netic dipole-dipole interaction BD ≈ 1.5 G [31]. This
result is illustrated in Fig. 1 (b). It shows how the
Overhauser field (solid line) and the nuclear spin tem-
perature (dashed line) in a cold NSS vary during re-
magnetization from zero to high magnetic field. The
dependence of the Overhauser field on the magnetic
field B is related to the nuclear spin temperature ΘN [1]:

BN =
hBbN I(I + 1)γ̄N

3kBΘN
. (1)

Figure 2. Time-sequence used for NSS preparation (a) and
re-magnetization (b) and NMR (c) experiments.

Figure 3. SN spectra measured at different values of the mag-
netic field during adiabatic re-magnetization. Arrows point
the corresponding Larmor frequencies FL.

Here γ̄N =
∑

iAiγNi is the average gyromagnetic ratio,
Ai (γNi) is the abundance (gyromagnetic ratio) of i-th
isotope (see Table I), h and kB are Planck and Boltz-
mann constants, respectively, bN is the Overhauser field
at saturation of the nuclear magnetization, in GaAs bN =
5.3 T. The magnetic field below which ΘN remains con-
stant reveals the heat capacity of the NSS. In the follow-
ing it will be referred to as the heat capacity field, BH
[32]. The value BH >> BD as shown in Fig. 1 (c) is a fin-
gerprint of the enhanced NSS heat capacity as compared
to the traditional spin temperature theory [1, 30].

Because in GaAs the spin of all isotopes I = 3/2, it
was suggested that such an enhanced NSS heat capacity
could be explained by the quadrupole splitting of nu-
clear spin energy levels induced by some small residual
strain, see Fig. 1 (b). The corresponding effective field
BQ is the one where Zeeman and quadrupole energies
become comparable. In re-magnetization experiment il-
lustrated in Fig. 1 (a) one would expect

BH =
√
B2
D +B2

Q. (2)

However, in the absence of NMR experiments that
could provide direct access to quadrupole energies these
ideas remained unconfirmed.

In this work we implement a new technique, NMR
detected by electron SNS, that allows us to confirm
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Figure 4. (a) 40 pairs of color-encoded SN spectra required for
NSS absorption measurement at B = 0. Each pair is recorded
within steps 5 and 7 of the NMR experiment that includes both
preparation and detection. The measurements are realised in
a single run one after another for different OMF frequencies f .
Bottom scale indicates the laboratory time, and the top scale
the corresponding OMF frequency. Such set of measurements
allows us to reconstruct the NMR spectrum at B = 0. Intensi-
ties are given in the units of spin to shot noise ratio. (b) Pairs
N = 1 (f = 1 Hz) and N = 18 (f = 18 kHz) of the spin noise
spectra shown in (a). At f = 1 Hz NSS absorbs energy very
weakly, so that the corresponding stage 7 spectrum is identi-
cal to the one measured in the absence of the OMF (dashed
magenta line) and its peak position is essentially governed by
NSS relaxation. The peak of the spectrum corresponding to
N = 18 is shifted to much lower frequency, this shift is gov-
erned by NSS absorption.

this hypothesis. NSS absorption spectra in the radio-
frequency (RF) range are measured as a function of
magnetic field from zero to 100 G. In order to reach
the detection sensitivity required for such experiments
(sub-second integration times) we use n-GaAs layer em-
bedded in a microcavity [33] and adopt the homodyne
detection scheme for the for spin noise measurements
[34–36]. The analysis of the NMR spectra allows us
to (i) evaluate quantitatively quadrupole energies and
confirm the impact of the quadrupole interaction on
the heat capacity of the NSS. The quadrupole energies
extracted from the NMR spectra appear to be consis-
tent with heat capacity fields measured in the NSS re-
magnetization experiments and with the spin tempera-
ture theory; (ii) to provide additional insight into rela-
tive values of so-called gradient-elastic tensor Sijkl for
Ga and As isotopes. This fundamental parameter deter-
mines the relation between the strain tensor ϵkl and the
resulting gradients of electric fields at each atomic site
Vij =

∑
k,l Sijklϵkl . Its values are isotope-dependent and

are still actively debated in the literature [16, 18–20].

II. SAMPLE

We study the microcavity sample cut out from the
same wafer as in Ref. 30: a Si-doped 3λ/2 GaAs layer
(cavity mode at ≈ 830 nm in the studied piece of the
sample ) with donor concentration nD ≈ 2 × 1015 cm−3

sandwiched between two Bragg mirrors, in order to en-
hance the sensitivity of the SNS (quality factor ≈ 2×104).
The front (back) mirrors are distributed Bragg reflectors
composed of 25 (30) pairs of AlAs/Al0.1Ga0.9As layers.
The sample is grown on a 400-µm-thick [001]-oriented
GaAs substrate and placed in a cold finger cryostat at
T=6 K. A 30-spires copper coil is placed on top of the
sample to create an oscillating magnetic field (OMF). It
is directed at 45o out of the sample plane [37].

III. NMR AND RE-MAGNETIZATION DETECTED BY
THE ELECTRON SPIN NOISE

The principle of NMR and NSS re-magnetization de-
tected by electron spin noise are sketched in Fig. 2. Prior
to the measurement, any preexisting polarization in the
NSS is erased by OMF BRF = 0.3 G during 20 s, its fre-
quency sweeping between 0 and 50 kHz (stage 1). At
second stage the NSS is polarized by optical pumping in
the presence of a longitudinal magnetic field Bz = 150 G
during typically 30s (circularly polarized laser diode
emitting at 770 nm). This is followed by 30 s of dark
time under the same magnetic field to allow for fast re-
laxation of the nuclear spins under the donors orbits
while keeping bulk nuclei polarized (stage 3). Af-
ter that the NSS is adiabatically demagnetized down to
zero magnetic field (stage 4). This last stage is impor-
tant to include in the protocol, despite some additional
NSS warm-up that it causes. Indeed it ensures NSS ther-
malization and a transfer of the optically pumped en-
ergy stored in Zeeman reservoir towards internal de-
grees of freedoms, that is dipole-dipole reservoir. This
additional nuclear spin relaxation during stage 4 does
not play any role in the experiment, provided that NSS
is strongly polarized (which is the case). What matters
is to start the detection of the the NSS demagnetisation
or absorption each time at the same spin temperature.

The four stages preparation of the NSS is identical for
both NMR and re-magnetization experiments,Fig. 2 (a).

The re-magnetization experiments are similar to
those reported in Ref. 30. After preparation stages 1−4,
a set of electron spin noise spectra under in-plane mag-
netic field that increases from B = 0 to B = 100 G is mea-
sured every 2 G, see Fig.2 (b). The measured frequency
FL of the electron spin noise spectral peak at a given
field B⊥ is directly related to the Overhauser field BN ,

FL = FB +FN = γe(B⊥ +BN ), (3)

where γe = 0.62 MHz/G is the electron gyromagnetic ra-
tio in GaAs. Representative spectra measured at several
values of magnetic field are shown in Fig.3. The corre-
sponding Larmor frequencies are pointed by arrows.

Measurement of each point of the NMR spectrum at
a given field B (either B⊥ or Bz) corresponding to a
given RF frequency f consists in three steps illustrated
in Fig. 2 (c): detection of electron spin noise and its
peak frequency FL in the sample under magnetic field
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Figure 5. Color-encoded NSS absorption spectra measured (a, b) and calculated (c, d) at different values of magnetic field parallel
to either [1̄10] (b) or [001] (a) crystallographic axis. All the spectra are normalized to unity.

B⊥ = 100 G in order to evaluate the Overhauser field
prior to absorption (stage 5), application during 3 s of
the OMF at a given frequency f in the RF range and
at a given magnetic field B at which the RF absorp-
tion is studied (stage 6), and again detection of electron
spin noise and its frequency FL under magnetic field
B⊥ = 100 G (stage 7). This allows us to deduce from
Eq. 3 to which extent the Overhauser field has decreased
during stage 6.

Typical spin noise spectra measured at stages 5 and
7 are shown in Fig.4 (b). The corresponding field un-
der study is B = 0. The OMF frequencies applied dur-
ing stage 6 are f = 1 Hz where NSS absorbs energy very
weakly, and f = 18 kHz where NSS absorption is strong.
The spectrum measured during stage 7 in the absence
of OMF is shown by dashed magenta line for compari-
son. The shift between the electron spin noise spectral
peaks measured during stages 5 and 7 contains two con-
tributions. The first is RF-independent, it is due to some
weak, but unavoidable NSS relaxation during measure-
ment. It can be evaluated by performing identical mea-
surements in the absence of the OMF during stage 6,
see dashed magenta line in Fig.4 (b). The second contri-
bution is proportional to the NSS absorption at a given
OMF frequency f . It is negligibly small at f = 1 Hz,
but when f matches the energy difference between spin

states of one of the isotopes (as for f = 18 kHz, where f
matches 75As resonance) the radiation is efficiently ab-
sorbed and the spectrum shifts more than in the absence
of the OMF field.

The entire absorption spectrum (or NMR spectrum)
can be constructed by repeating the protocol (stages 1-
7) at different values of f . The details of this procedure
are given in Appendix X A. An example of the raw data
obtained in a NMR experiment addressing NSS absorp-
tion at B = 0 is shown in Fig. 4 (a). Color-encoded set of
40 pairs of electron spin noise spectra measured in the
units of the ratio between spin and shot noise are shown
as a function of laboratory time (bottom scale). The cor-
responding OMF frequency f is indicated on the top.
For each value of f two spectra are systematically mea-
sured, one before application of the OMF (in this case
the electron spin noise peak frequency FL does not de-
pend on the OMF frequency f ), and one after. Left scale
shows spin noise frequency and right scale the corre-
sponding total magnetic field experienced by the elec-
trons, B⊥ + BN = F/γe, where B⊥ = 100 G. One can see
that BN is significantly smaller after application of the
OMF at f ≈ 8 kHz and at f ≈ 20 kHz. These frequencies
characterize nuclear spin splittings at B = 0, cf Fig. 1 (a).
We anticipate, that the higher frequency is related to
quadrupole-split states of 75As which has the highest
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quadrupole moment, and the lower one to closely lying
transitions of 71Ga and 69Ga isotopes.

It is important to note that in most of SNS experi-
ments the magnetic field is modulated to eliminate spin-
independent signals [38]. Such approach is not suitable
for studies of the NSS, because nuclear spins get depo-
larized by non-adiabatically varying magnetic fields. To
avoid this effect and also to increase the sensitivity, in
this work we use a homodyne detection scheme [34].
This allows us to use the probe power as low as 150 µW
focused on 30 µm-diameter spot. We detect the spectra
in two mutually orthogonal linear polarizations, that is
either parallel (which contains useful information about
electron spin noise) or orthogonal to the local oscillator
polarization. The spin noise spectrum is obtained by
taking the difference between these spectra, in order to
get rid of the background noise.

IV. NMR SPECTRA AND THEIR INTERPRETATION

A set of color-encoded NMR spectra measured un-
der in-plane static magnetic field B⊥ ∥ [110] and at
Bz ∥ [001], is shown in Fig. 5 (a-b). In order to under-
stand these spectra in terms of the OMF-induced tran-
sitions between spin states of the three GaAs isotopes,
we must calculate the energy spectrum of the NSS. It
is determined by both quadrupole interaction and Zee-
man effects: Ĥ i = Ĥ i

Q + Ĥ i
Z , were Ĥ i

Q (Ĥ i
Z ) describes

quadrupole (Zeeman) interaction [39]. The energy lev-
els of each isotope are given by the eigenvalues of the
Hamiltonian Ĥ i , and the NMR transitions frequencies
by their differences f i

kl = (Ei
k − E

i
l )/h. The OMF induces

spin transitions between a pair of states k and l of i-th
isotope, if the OMF frequency matches the energy differ-
ence between their energy levels Ek and El . The proba-
bility of corresponding transition is given by P i

kl ∝M2
kl,i ,

where Mkl = ⟨Ψk |HOMF |Ψl⟩ is the matrix element of the
Hamiltonian describing Zeeman interaction of the nu-
clear spins with the OMF.

The quadrupole Hamiltonian of the i-th isotope in the
presence of the in-plane biaxial strain can be written as
[11]:

Ĥ i
Q =

Ei
QZ

2

[
Î2
z −

I(I + 1)
3

]
+

Ei
QR

2
√

3

[(
Î2
x − Î2

y

)
)
]
+

Ei
QI

2
√

3

[(
Îx Îy + Îy Îx

)]
,

(4)

where Ei
QR = Ei

Q⊥cos2ζi and Ei
QI = Ei

Q⊥sin2ζi . It is de-

termined by three parameters: Ei
QZ - the quadrupole en-

ergy along growth axis, Ei
Q⊥ - the in-plane quadrupole

energy, and ζi - the angle between the principal axis of
the electric field gradient tensor Vij and the [100] crystal
axis.

Figure 6. NSS absorption spectra measured (symbols) and
calculated (lines) at B = 0 (a), at Bz = 100 G, that is parallel to
[001] crystal axis (b) and at B⊥ = 100 G, parallel to [1̄10]. All
the spectra are normalized to unity.

The ensemble of the absorption spectra shown in
Fig. 5 (a-b) can be understood by fitting this simple
model to the observed transition frequencies. This
yields 3 parameters per isotope. They are summa-
rized in Table I together with other relevant parame-
ters (abundances, quadrupole moments and gyromag-
netic ratios) taken from the literature. Assuming that all
transitions have Lorenzian shape broadened by dipole-
dipole interaction (∆fD = 1.5 kHz), we calculate the re-
sulting absorption spectra at different values and two
orientations of the magnetic field as shown in Fig. 5 (c-
d).

One can see that most of salient features of the mea-
sured spectra are faithfully reproduced. Indeed, at B =
0, see also measured and calculated spectra presented
separately in Fig. 6 (a), the 75As absorption (higher fre-
quency line) dominates the spectrum. At small fields
parallel to the growth axis Bz the 75As absorption line
splits into two lines, that shift linearly with Bz. By con-
trast, under in-plane field B⊥ the 75As absorption line
shifts quadratically.

At strong field B = 100 G we identify for each iso-
tope a triplet of lines, including a central line and a
pair of satellites. Measured and calculated spectra at
B = 100 G oriented either along [1̄10] or [001] crystal-
lographic axis are shown in Fig. 6 (b) and (c), respec-
tively. The strongest absorption is observed for 71Ga.
In the presence of the longitudinal field Bz the splitting
between central line and its satellites is the smallest for
71Ga and the highest for 75As. By contrast, under an in-
plane field B⊥ this splitting vanishes for 75As. This later
fact results from the sign difference in the in- ( EQI ) and
out-of-plane (EQZ ) quadrupole parameters for Ga and
As. We will show below that this implies a particular
sign relation between different elements of the gradient-
elastic tensor elements S11, S44 for Ga and As.

Two more observations could be drawn from the com-
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parison between the model and measured spectra. First,
the generic Lorenzian broadening ∆fD = 1.5 kHz com-
mon for all transition fits the data satisfactorily. The
fact that this linewidth is identical for all transitions and
comparable with the one expected from dipole-dipole
broadening (see also Fig. 1 (a)) suggests that NSS is ef-
ficiently thermalized at B ≈ BD . Second, the relative in-
tensities of Ga and As absorption are not faithfully re-
produced by the model: at low magnetic field it under-
estimates Ga absorption as compared to As, and at high
field the situation is inverted. We have no solid phys-
ical explanation for this discrepancy, which was also
reported in Ref.24, but not in Ref.18. Nevertheless
it could simply result from ill-defined direction of the
OMF field.

V. RE-MAGNETIZATION OF THE NSS IN THE
PRESENCE OF THE QUADRUPOLE EFFECTS

The above measurements show that quadrupole in-
teraction is much stronger in this sample than dipole-
dipole interaction. In this section we compare quanti-
tatively the quadrupole splittings and effective field BQ
that they should induce with the actual heat capacity
field BH characterizing NSS re-magnetization.

The spin temperature theory states that in a NSS iso-
lated from the lattice an equilibrium state characterized
by the temperature ΘN will be established within a char-
acteristic time T2 ≈ h/γNBD [40]. On time scales larger
than T2 and shorter than T1, and provided that T2≪ T1,
where T1 is spin-lattice relaxation time, the NSS can be
considered as isolated from the lattice. If NSS is pre-
pared at temperature ΘNi under magnetic field Bi and
subjected to a slowly varying magnetic field, such that
dB/dt < BD /T2, then ΘN changes obeying universal ex-
pression [30, 40–42]:

ΘN

(B2 +B2
H )1/2

=
ΘNi

Bi
. (5)

where ΘN is related to BN via Eq. 1.
It was assumed for many years that the heat stor-

age in bulk semiconductor NSS is dominated by dipole-
dipole interaction. Our recent measurements of the
Overhauser field in the presence of the slowly vary-
ing external magnetic field overturned this assumption
and pointed out possible contribution of strain-induced
quadrupole interaction, see Eq. (2) [30]. The effective
field due to quadrupole interaction can be calculated as
[25]:

BQ =
4
5

∑
iAi(E

i2
Q⊥ +Ei2

QZ )∑
iAiγ

2
Ni

. (6)

This yields BNMR
Q = 16 G using the quadrupole energies

extracted from the NMR spectra. This value needs to

Figure 7. Color-encoded SN spectra (in signal to shot noise
ratio units) during the adiabatic demagnetization procedure
preceded by preparation of nuclei including either 4 minutes
(a) or 30 s optical pumping (b). Red lines are fit to spin temper-
ature model assuming BH = 14 ± 2 G and taking into account
spin relaxation. Yellow line shows the external field contri-
bution to the spin noise frequency, FN . Inset shows the in-
verse nuclear spin relaxation time as a function of the mag-
netic field (symbols) measured under the pumping conditions
of (b). Solid line is a lorentzian fit to the data used to calculate
red lines.

be compared with BH from Eqs. (2, 5) that fits the re-
magnetization experiments.

Figure 7 shows two sets of the spin noise spectra mea-
sured in a re-magnetization experiment starting from
Bi = 0 for two different initial nuclear spin temperatures
obtained by optical pumping during 4 minutes (a) and
30 s (b). The peak in the electron spin noise spectrum
shifts from zero at B = 0 to ≈ 230 MHz (≈ 100 MHz)
at B⊥ = 100 G in the NSS cooled during 120 (30) sec-
onds. Longer optical cooling yields lower NSS temper-
atures and higher Overhauser field reached in the for-
mer case, while the contribution from the external field
is identical in these two experiments. It is shown by
the yellow line. One can see that the rapid growth of
the frequency at small fields is followed by much slower
growth at higher fields. The latter is essentially due to
the external field. In the framework of the spin tem-
perature theory, the characteristic magnetic field where
the slope changes is of the order of heat capacity field
BH . Red lines calculated using Eqs. ((1), 2), (3) and (5)
assuming BH = 14 ± 2 G and ΘNi as a fitting parameter
are shown in Fig. 7 on top of the color-encoded spin-
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69Ga 71Ga 75As 75As/Ga
Q (10−30 m2) [43] 10.7 17.1 31.4

Abundance 0.3 0.2 0.5
γN (kHz/G) [43] 0.82 0.64 0.45

C11 (10−10 N/m2) [44] 12 12 12
C12 (10−10 N/m2) [44] 5.4 5.4 5.4
C44 (10−10 N/m2) [44] 6.2 6.2 6.2

EQZ/h (kHz) -10±0.5 -6±0.5 20±0.5
E⊥/h (kHz) -3.5±0.5 -2.2±0.5 12.5±0.5

ζ (degrees with [100] axis) -68±5 -68±5 -33±5
S11 (1021V/m2 ) -31.7[19], -22 [16] -31.7[19], -22 [16] 34[19], 24.2 [16] -1.07 [19], -1.1 [16, 18]

S11 (75As) / S11( Ga) [this work] -1.1±0.1
S44 (1021V/m2 ) 32[19], 9[20] 32[19], 9[20] 68[19], 48[20] 2.1[19], 5.3[20],1.9 [18]

S44 (75As) / S44( Ga) [this work] 2.5±0.4

Table I. Quadrupole parameters obtained in this work and those taken from the literature, as well as other GaAs parameters used
in the calculations: stiffness tensor elements, isotope abundancies, quadrupole moments and gyromagnetic ratios.

noise spectra. The magnetic field dependent NSS re-
laxation on the time scale of the measurement (50 s) is
taken into account in this calculation. The correspond-
ing values of 1/T1 measured in a separate set of exper-
iments are shown in the inset. One can see that within
the experimental accuracy, which is mainly given by
the unavoidable warm-up of the NSS during measure-
ments, BH ≈ BQ = 14± 2 G matches quite well the value
BNMR
Q = 16 G.
Importantly, NMR and re-magnetization measure-

ments were done at very close points on the sample
surface. Indeed, it has been shown that the strain
varies in the plane of GaAs substrates, epilayers, quan-
tum wells and microstructures [18, 45–49]. A differ-
ent set of NMR experiments performed at another point
yielded a smaller value of BNMR

Q = 12 G, correlated with
smaller BQ = 9 ± 2 G extracted from the corresponding
re-magnetization experiments.

Note that the NSS relaxation enhancement at small
fields has also been attributed to the presence of
quadrupole effects in the similar samples [29, 50]. This
so-called quadrupole relaxation is induced by fluctuat-
ing donor charges, and the resulting enhancement of
the relaxation rate as compared to the relaxation rate
at strong field 1/T∞ is given by the same heat capacity
field BH , see Eq. (2):

1
T1

=
1
T∞

+
1
TQ

;
1
TQ
∝ 1/(B2 +B2

H ). (7)

Fitting the experimental values of the NSS relaxation
rate (Fig. 7, inset) to the Eq. (7) returns the value Br

Q =
9 G which is slightly smaller, but still close to the the
values returned by NMR and re-magnetization experi-
ments. These results strongly support the ideas put for-
ward in Refs. 29, 30, and 50. Namely, the electric field
gradients in the NSS containing isotopes with the spin
I > 1/2 lead to quadrupole effects which are detrimental
to both nuclear spin memory and adiabatic demagneti-
zation efficiency.

VI. ESTIMATION OF GRADIENT-ELASTIC TENSOR
ELEMENTS

In this section we further analyze the quadrupole pa-
rameters determined from NMR experiments and ex-
tract relevant information on the stress intensity and
orientation, as well as on the elements of the gradient-
elastic tensor Sijkl - an important material parameter re-
lating electric field gradients on the atomic sites with
the strain experienced by the crystal. In the crystals
with cubic symmetry like GaAs, it can be reduced to
two components, S11 and S44. The interest in this tensor
has emerged recently, both in view of non-destructive
characterization of the strain, and in the context of ex-
ploration of coherent electron-nuclei spin dynamics in
GaAs quantum dots.

The three isotope-dependent parameters that we ex-
tract from the NMR spectra are related to the three
isotope-independent parameters which characterize the
in-plane biaxial stress experienced by the crystal: values
of the pressure applied in two orthogonal directions (p1,
p2) and the angle ς between the stress principal axis and
[100] crystallographic axis. Their derivation is given in
Section X B [51]:

Ei
QZ = −

3eQiS i
11

4I (2I − 1)
p1 + p2

C11 −C12
, (8)

Ei
Q⊥cos2ζi =

3
√

3eQiS i
11

4I (2I − 1)
p1 − p2

C11 −C12
cos(2ς) , (9)

Ei
Q⊥sin2ζi =

√
3eQiS i

44
2I (2I − 1)

p1 − p2

C44
sin(2ς) . (10)

Here e is the absolute value of the electron charge, C11,
C12 and C44 are known stiffness tensor components,
Ei
Qz, E

i
Q⊥ and ζi are the parameters of the Hamiltonian
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(4) determined from the fit to the NMR spectra. Their
values are given in Table I.

Eqs. (8)-(10) are not sufficient to fully characterize
five independent parameters (p1, p2, ς, S i

11, S i
44 ) for

each isotope. However, they allow us to ascertain the
ratio between the values of gradient elastic tensor com-
ponents S

69Ga
11 /S

75As
11 and S

69Ga
44 /S

75As
44 . Since both Ga iso-

topes experience the same electrostatic environment,
these ratios are expected to be identical for 71Ga. This
appears to be the case within our experimental preci-
sion. In the following we denote both isotopes as Ga, to
simplify the notations.

The obtained values of the gradient elastic tensor el-
ements are summarized in Table I, and compared with
previous results. The component S11 of the gradient-
elastic tensor contributes to both in and out-of-plane
quadrupole energies, see Eqs 8-9. In particular, it
is proportional to EQZ , that dominates over in-plane
quadrupole splitting EQ⊥ in our sample. One can see

that SGa
11 /S

75As
11 = −1.1 ± 0.1 matches quite well the con-

clusions of Refs. 16, 18, and 19, corroborating their re-
sults.

However for SGa
44 /S

75As
44 the discrepancy between the

existing values is very substantial. Our value 2.5 ± 0.4
is rather close to that of Refs. 18 and 19, and much
smaller that the result of Ref. 20. At this stage we don’t
have any explanation for these discrepancies, but such
a strong dispersion of S44 measured in different exper-
iments suggests that further studies are mandatory to
resolve this issue.

VII. EVALUATION OF THE BUILT-IN STRESS AND
DISORDER

In order to estimate the stress parameters p1, p2 and
ς Eqs. (8)-(10) are not sufficient and we need to use the
values of S11 measured elsewhere. We rely on recent val-
ues of Chekhovich et al [16], [52]. For the point where
the complete set of NMR spectra has been measured (see
Fig. 5) this yields p1 + p2 = 29.5 MPa, p1 − p2 = 14 MPa,
ς = 55o degrees, bearing in mind that relative sign of
p1 + p2, p1 − p2 and ς is not uniquely defined. Measure-
ments performed at other points of the sample revealed
variation of the quadrupole energies up to 30%. This
is consistent with the disorder effects reported in GaAs
microcavities [47–49], as well as in bulk GaAs samples
[18, 45]. More specifically, in our microcavity sam-
ple due to the difference of lattice constants between
GaAs and AlAs plastic relaxation is likely to occur in
the Bragg mirrors having ≈ 4 µm thickness. This re-
laxation is eventually accompanied by the formation of
dislocations. Therefore, the lattice constant of the bot-
tom Bragg mirror would be different from that of GaAs
cavity that we probe optically. It is not possible to give
a quantitative estimation, but this difference should re-
sult in a strain in the cavity layer.

VIII. CONCLUSIONS

In this work we develop and implement a new tech-
nique that allows us to probe NMR by electron spin
noise spectroscopy. These experiments aim to quan-
tify quadrupole effects in the NSS of n-GaAs. The NSS
absorption spectra in a n-GaAs epilayer embedded in
a microcavity are measured under magnetic field in
the range from zero to 100 G, either parallel or per-
pendicular to the growth axis. The ensemble of the
spectra determines unambiguously the parameters of
the quadrupole Hamiltonian, and thus relevant split-
tings between nuclear spin states for each of three GaAs
isotopes. These measurements are particularly rele-
vant at zero and weak magnetic fields, because the spin
states splittings are dominated by quadrupole interac-
tion rather than by Zeeman effect, and only few experi-
mental methods give access to zero- and low-field NMR
[18, 53].

Our results establish a connection between the resid-
ual strain giving rise to quadrupole splittings, the in-
creased heat capacity and nuclear spin relaxation rates
at low and zero field. Indeed, from the quadrupole pa-
rameters measured by NMR we estimate that heat ca-
pacity field limiting NSS cooling by adiabatic demag-
netization and increasing NSS spin relaxation rate is
of order of BNMR

Q = 16 ± 2 G. This value is close to
BQ = 14± 2 G measured at very close point on the sam-
ple surface in a set of separate adiabatic demagnetiza-
tion experiments using SNS as a detection tool. More
precise measurements are complicated due to variation
up to 30% of the quadrupole energies and thus nuclear
warm-up rates induced by inhomogeneity of the local
strain on the scale of several millimeters across the sam-
ple surface. Nevertheless our results strongly support
the model of quadrupole-limited NSS cooling [30] and
quadrupole-driven NSS warm-up [29, 50].

From the quadrupole hamiltonian we also obtain an
estimation of the gradient-elastic tensor that relates gra-
dients of the electrostatic potential on each nuclear site
with the strain tensor. Since we don’t have an inde-
pendent measurement of the stress present in the sam-
ple, we are limited to the determination of only rela-
tive values of the two relevant gradient-elastic tensor el-
ements for different isotopes, S11 and S44. It appears
that SGa

11 /S
75As
11 = −1.1 ± 0.1 matches quite well the con-

clusions of Refs. 16, 18, and 19, while for SGa
44 /S

75As
44 ,

where a big discrepancy exist between the values in the
literature, we get SGa

44 /S
75As
44 = 2.5 ± 0.4, rather close to

that of Refs. 18 and 19, and much smaller than the re-
sult of Ref. 20. Understanding of discrepancies in the
S44 values involved in the presence of an in-plane shear
strain calls for further studies.
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X. APPENDIX

A. Determination of the NSS absorption from the electron
spin noise peak frequencies.

An OMF B1cos(2πf t) along z-axis creates an energy
flux towards NSS, Q(f , t), corresponding to the energy
change per one spin given by

Q(f , t) =
∂ENSS

∂t
=
dB1

dt

∑
i

AihγNiIzi , (11)

where index i runs over all isotopes and Izi is an average
projection of the i-th isotope spin on the OMF direction

Izi =
B1

hγNi

[
χ′f cos(2πf t)−χ′′f sin(2πf t)

]
. (12)

Here χ′f = χ′−f and χ′′f = −χ′′−f are real and imaginary
parts of the NSS susceptibility, respectively. Therefore,
the averaged over a period energy flux towards NSS
Q(f ) is related to its absorption A(f ) = f

∑
iAiχ

′′
f i as

Q(f ) = πB2
1A(f ). (13)

On the other hand the warm-up rate of the NSS in the
presence of the OMF reads [1]:

1
Tw(f )

=
kBΘN

CN
Q(f ) = πB2

1
kBΘN

CN
A(f ). (14)

Here CN is the heat capacity of the NSS

CN =
I(I + 1)

3

(
B2 +B2

H

)
h2

∑
i

Aihγ
2
Ni , (15)

B is an arbitrary external static field and BH is the heat
capacity field introduced in Eq. (2). It can be rigorously
determined as

B2
H =

3
I(I + 1)

Sp
(
Ĥ2

SS

)
∑

iAihγ
2
Ni

, (16)

where ĤSS is the total Hamiltonian of all nuclear inter-
actions excluding Zeeman [25]. Thus, NSS absorption

at a given spin temperature is proportional to the rate
of NSS warm-up induced by an OMF.
Tw(f ) can be extracted from the experiments de-

scribed in Section III in a following way. Following
Ref. [1], Ch. 5 we can write a detailed balance equation
for the inverse nuclear spin temperature β = 1/kBΘN in
the presence of the OMF:

β̇ = − 1
Tt(f )

(β − βt) , (17)

where

1
Tt(f )

=
1

Tw(f )
+

1
T1

(18)

is the total relaxation rate including OMF-independent
relaxation at rate T1, βt = β0 (1 + Tw(f )/T1)−1 is the
steady-state spin temperature and β0 is the steady-state
spin temperature for B1 = 0.

Nuclear spin temperature is related to the Overhauser
field-induced spin noise frequency component FN via
Eqs. (1) and (3). Therefore, from Eqs. (17) we obtain

1
Tt(f )

=
1
∆t6

log
(
FN (t7)
FN (t5)

)
, (19)

where ∆t6 is the duration of the 6-th stage of the NMR
experiment, and FN (t5) and FN (t7) are frequencies mea-
sured at 5-th and 7-th stages of the NMR experiment,
respectively.

Similarly, if B1 = 0 Eq. (17) becomes

β̇ = − 1
T1

(β − β0) , (20)

and

1
T1

=
1
∆t6

log
(
F0
N (t7)

F0
N (t5)

)
, (21)

where F0
N (t5) and F0

N (t7) are frequencies measured at 5-
th and 7-th stages of the identical experiment but with-
out OMF (B1 = 0).

1/Tw(f ) is recalculated from Eqs. (18), (19) and (21)
for each OMF frequency. Since in high-temperature ap-
proximationA(f ) ∝ β, 1/Tw(f ) does not depend on tem-
perature and thus pertinently characterizes NSS absorp-
tion. Therefore, 1/πB2

1Tw(f ) constitutes an NMR spec-
trum, or, equivalently, NSS absorption spectrum. Such
spectra, normalized to unity and encoded in colors, are
shown in Fig. 5 (a, b) for various values of static mag-
netic field.

B. Relation between the in-plane stress and energetic
parameters of the quadrupole Hamiltonian.

The second rank tensors describing stress σij and
strain εkl are related by the forth rank elasticity tensor
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Cijkl :

σij =
∑
k,l

Cijklεkl . (22)

In cubic crystals there are only three nonzero compo-
nents of the elasticity tensor:

C11 = Cxxxx = Cyyyy = Czzzz;

C12 = Cxxyy = Cyyxx = Cxxzz = Czzxx = Cyyzz = Czzyy ;

C44 = Cxyxy = Cyzyz = Cxzxz. (23)

In a crystalline plate with the normal (z-axis) parallel
to the [001] axis, application of the pressure p in the
structure plane at the angle ς to the [100] axis results
in appearance of the following components of the stress
tensor:

σxx = pcos2ς

σyy = psin2ς

σxy = σyx = pcosς sinς

σzz = σzx = σxz = σzy = σyz = 0 (24)

By expressing components of the stress tensor in
Eq. (24) via strain components with Eqs. (22) and (23),
one obtains a system of linear equations for strain ten-
sor components that yields the following solutions (see
also problem 3 to 10th section of Chapter 1 in [54]):

εxx = p ·
(C11 + 2C12)cos2ς −C12

(C11 −C12) (C11 + 2C12)

εyy = p ·
(C11 + 2C12) sin2ς −C12

(C11 −C12) (C11 + 2C12)

εzz = −p · C12

(C11 −C12) (C11 + 2C12)
εzx = εxz = εzy = εyz = 0

εxy = εyx = p · cosς sinς
C44

. (25)

In the general case, the stress can be applied along two
orthogonal axes in the plane. If the angle ς defines the
direction of one of the two principal axes of the stress
tensor in the plane, principal values of this tensor being
p1 and p2, then due to linearity of Eqs. (25) we get:

εxx =
(C11 + 2C12)

(
p1cos2ς+ p2sin2ς

)
−C12 (p1 + p2)

(C11 −C12) (C11 + 2C12)

εyy =
(C11 + 2C12)

(
p1sin2ς+ p2cos2ς

)
−C12 (p1 + p2)

(C11 −C12) (C11 + 2C12)

εzz = −
C12 (p1 + p2)

(C11 −C12) (C11 + 2C12)
εzx = εxz = εzy = εyz = 0

εxy = εyx = (p1 − p2) · cosς sinς
C44

. (26)

Thus, with the knowledge of the strain components one
can find the energetic parameters of the quadrupole
Hamiltonian [11]:

EQZ =
3eQS11

2I (2I − 1)

(
εzz −

εxx + εyy
3

)
EQR =

3
√

3eQS11

4I (2I − 1)

(
εxx − εyy

)
EQI =

√
3eQS44

2I (2I − 1)

(
εxy + εyx

)
(27)

which amount to (cf Eqs. (4) and (8)-(10)):

EQZ =
3eQS11

4I (2I − 1)
1

C11 −C12
(p1 + p2)

EQR =
3
√

3eQS11

4I (2I − 1)
cos(2ς)
C11 −C12

(p1 − p2)

EQI =

√
3eQS44

2I (2I − 1)
sin(2ς)
C44

(p1 − p2) (28)
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