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Ultra-deep optical cooling of coupled nuclear
spin-spin and quadrupole reservoirs in a

GaAs/(Al,Ga)As guantum well
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Dmitri R. Yakovlev® "4 & Manfred Bayer® "4

The physics of interacting nuclear spins in solids is well interpreted within the nuclear spin
temperature concept. A common approach to cooling the nuclear spin system is adiabatic
demagnetization of the initial, optically created, nuclear spin polarization. Here, the selective
cooling of 7>As spins by optical pumping followed by adiabatic demagnetization in the
rotating frame is realized in a nominally undoped GaAs/(Al,Ga)As gquantum well. The lowest
nuclear spin temperature achieved is 0.54 uK. The rotation of 6 kG strong Overhauser field at
the 75As Larmor frequency of 5.5 MHz is evidenced by the dynamic Hanle effect. Despite the
presence of the quadrupole induced nuclear spin splitting, it is shown that the rotating 7>As
magnetization is uniquely determined by the spin temperature of coupled spin-spin and
quadrupole reservoirs. The dependence of heat capacity of these reservoirs on the external
magnetic field direction with respect to crystal and structure axes is investigated.
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relaxation and decoherence of charge carriers in semi-

conductor structures, which hinder their application in
spintronics. This problem is especially strong in the most tech-
nologically versatile family of heterostructures based on com-
pounds of the IIT and V groups of the periodic table, where all the
nuclear species have nonzero spins. One of the possible approa-
ches to solve this problem is to develop efficient methods of
cooling the nuclear spin system down to the temperature of phase
transition into the antiferromagnetically ordered statel2. The
general principle of cooling the nuclear spin system is to adia-
batically demagnetize initially polarized nuclear spins by lowering
the external magnetic field. The higher the initial polarization, the
lower spin temperature of nuclei can be reached?.

The possibility to dynamically polarize nuclear spins in a
semiconductor via their hyperfine coupling with optically orien-
ted electron spins opens ways to realization of deep nuclear spin
cooling by minimal technical means, i.e., to avoid using dilution
refrigerators and/or high magnetic fields. The key point here is
the choice of the optimal structure. The minimal list of necessary
prerequisites includes the possibility to optically polarize nuclear
spins to a high degree and long nuclear spin-lattice relaxation.
These conditions are realized in nominally undoped GaAs/(Al,
Ga)As quantum wells%, making these structures prospective for
further investigation of the properties of their nuclear spin system
under deep cooling.

The possibility to move down along the spin temperature scale
depends on the interactions in which nuclear spins are involved.
These include, in addition to the Zeeman interaction with the
external field, the dipole-dipole interaction between magnetic
moments of nuclei, and their indirect coupling via electron
states®. All the interactions except the Zeeman one are usually
lumped together under the name of spin-spin interactions, which
form the spin-spin energy reservoir. In addition, if nuclei have
spins larger than 1, as it is the case in III-V semiconductors, they
experience quadrupole coupling with electric field gradients
(EFGs) induced by strain®~’. In case of strong quadrupole split-
ting (e.g., in self-assembled quantum dots) it may prevent
establishing of the thermodynamic equilibrium in the nuclear
spin system®. However, if the quadrupole and spin-spin interac-
tion energies per nucleus are comparable, quadrupole and spin-
spin energy reservoirs are effectively coupled, and the nuclear
spin system can be characterized by a unified spin temperature®.
The nuclear magnetic ordering is expected to develop when the
coupled energy reservoirs are cooled down below a certain critical
spin temperature. For this reason, understanding the properties of
the spin-spin and quadrupole (SS&Q) reservoir under cooling is
crucial for realization of nuclear magnetic ordering in a specific
structure.

The SS&Q reservoir can be cooled either together with the
Zeeman reservoir, or separately. The latter option is realized by
adiabatic demagnetization in the rotating frame (ADRF)10-12,
Within this approach, the static external magnetic field is kept
unchanged, while the nuclear spins are manipulated by varia-
tion of amplitude and/or frequency of the applied radio-
frequency (RF) field. The ADRF method allows one to
considerably reduce the spin-lattice relaxation rate and to
address independently the spins of specific isotopes in a multi-
isotope crystal like GaAs.

In this work, we use ADRF with optical pumping of nuclear
spins and optical detection of the free induction decay (FID)
signals to selectively cool the 7As spins in a GaAs/(ALGa)As
quantum well. We demonstrate that the 7>As spin polarization in
the rotating frame is well described by the spin temperature
theory, and estimate the contributions of dipole-dipole and
quadrupole interactions into the heat capacity of the SS&Q

The hyperfine interaction is one of the main sources of spin

reservoir. Cooling of the 72As SS&Q reservoir down to = 0.55 uK
is realized for both positive and negative spin temperatures.

Results

Theoretical model. The adiabatic demagnetization in a rotating
frame can be realized in several ways, see3. Here we use the spin
lock technique, known to be one of the methods ensuring lowest
entropy gain. At the first stage of the experiment, the nuclear
spins are polarized along the external magnetic field. The higher
the initial polarization, the lower spin temperature can be
reached. In semiconductors, high nuclear polarization can be
reached by optical pumping mediated by hyperfine interaction
with photo-excited electrons!3. The high spin polarization par-
allel to the external field can be interpreted as a result of cooling
of the nuclear spin system to a temeperature which is lower than
that of the lattice by absolute value, and can be either positive or
negative, depending on whether nuclear spins are polarized along
the external field or opposite to it. At the second stage, a 5 RF
pulse is applied at the Larmor frequency of the selected isotope
(in our case 7>As), which tips the mean spin vector of the isotope
so that it becomes perpendicular to the external field. Once the
mean spin is tipped at 90° to the external field, the populations of
all the Zeeman sublevels become equal. Correspondingly, the
temperature of the Zeeman reservoir of 7>As becomes infinite.
However, the entropy of the spin system remains low as long as
the coherence of the tipped spins is maintained. Within the spin
lock protocol, this is done by switching on the RF field at the
Larmor frequency, called locking field, which differs in phase by 7
from that of the tipping pulse. In the coordinate frame rotating
together with the tipped nuclear spin around the static external
field, the locking field has a static component parallel (or anti-
parallel, depending on the sign of the phase shift of the locking
field) to the mean nuclear spin. The decay of the rotating nuclear
magnetic moment must, therefore, be accompanied by relaxation
of its Zeeman energy in the locking field, which profoundly slows
it down. Instead of the spin-spin relaxation time T, of about 0.1
millisecond, the decay of the rotating spin polarization in the
locking field occurs on the scale of the spin-lattice relaxation time
in the rotating frame T','4, which can amount to many seconds.
This is a manifestation of the quasi-equilibrium nature of this
long-living spin polarization, which is characterized by the spin
temperature of the SS&Q reservoir @y. If the amplitude of the
locking field, b, is changed slowly (that is, % < %), starting from

its initial value by, ®y should follow the adiabatic curve given by
the well-known equation®%-1°:

b2+B2
Oyn(b) = Op(by)y | 5= 1
n(b) = Oy( O)Hbf)JrB%’ (1

where B is the local magnetic field due to SS&Q interactions.
Although the magnetic field rate constrain is only relevant when b
is comparable to B;, during our experiment the magnetic field
was changed so that the given condition was always fulfilled even
though the initial value of b, exceeded B; several times. The mean
spin of the tipped isotope is determined by ®y and b:

o =1 nd, @)
BON
where I and yy are spin and gyromagnetic ratio of the tipped
isotope and kg is the Boltzmann constant.
The Overhauser field acting upon the electron spins is
proportional to the mean nuclear spin. In particular, the
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amplitude of the rotating field of the tipped isotope is:

An(D) _ AyIT + Dyyb
hy 3kzOn(b)y,

e

3
_ANII+ Dyyb b§+B§_B(b)g b? + B 3)
T 3kgOu(by)y, [P+ B2 b \ 6P + B

where Ay is the hyperfine coupling constant for the tipped
isotope and y, is the electron gyromagnetic ratio. The only
parameter that determines the shape of the function B, (b) is the
local field By, which is in fact the measure of heat capacity of the
SS&Q reservoir. It is defined by the relation:

B (b)=

Tr{H., + Hy)

YT

2

(4)

where H_ and HQ are the secular, ie, commuting with the
Zeeman Hamiltonian, parts of the SS&Q Hamiltonian corre-
spondingly, and I, is the operator of the projection of nuclear
spin on the external field3.

As distinct from the case of adiabatic demagnetization in the
laboratory frame, B; depends on the orientation of the static
external field with respect to the crystal and structure axes. The
quadrupole splitting of the nuclear spin energy levels results from
the EFG, which interacts with the quadrupole moments of the
nuclei. The EFG is zero in unperturbed cubic lattices. In GaAs, it
arises due to strain and electric fields. In thin planar structures
like ours, one can safely assume that shear strain in the XZ and
YZ planes (where Z is the structure growth axis) is zero. The
remaining components of the strain tensor ¢ (that is, uniaxial
along Z and biaxial in the XY plane), together with the electric
field E that could arise along Z due to spatial or surface charge,
result in the following general form of the quadrupole
Hamiltonian:

~  Eq [jz _Ia+ 1)}

Ho=7"|k 3
E A N Ey - s aa
QR 52 2 QI
+ m(lx —-I)+ m(lxly +1,1),
where the energies Eq,, Eqr and Eq are related to the strain

tensor components and the electric field by the material tensors S
and R:

(©)

E _ 3eQS;; Exx ey te
Q = Ia+ny \*zz T T 3
34/3eQS
Eoqr = o (sxx - Syy) ©)
_343eQS 3/3eQR
Eq Ay &y T oamy B

where e is the electron charge and Q is the quadrupole moment of
the nucleus. The angle between the principal axis of the EFG
tensor in the plane and the [100] crystal axis, {, is defined by the
relations:

E
cos2{ = =&

N @
sin2{ = Eo

VEortEg

In a strong static magnetic field, B> (hyy) ™" \/Eg, + Eg, , with

the direction defined by the polar angle 0 and the azimuthal angle
a, the secular part of the quadrupole Hamiltonian in Eq. (5) can

be written as:

HQ = i [EQZ(3c0529 -1+ EQL\/gsin29 cos 2(¢ — oc)}

L o1a+n] ®
X[IB— 3 :|,

where 6 and « are the angles between the external magnetic field
and structure and crystal axes of the sample, respectively and

Eq = ,/EéR + Eél. The quadrupole contribution to the local
field then reads:

Tr{Hy) &
M i)
1

=——|Ey,(3¢c0s’ 8 — 1) 4 +/3E,, sin’f cos 2({ — a)|.
4\/ghle o ) QL (€ —a)l

)

The secular part of the spin-spin Hamiltonian reads!®:
3 1o -3 2 § 5 Fors
=0y S (1= 306, ) (31l — 1,1,
>k
1 . . - .
+3 hzyAsj;i VkGa [Ajk, + By + rﬂj)(l -3 coszejk,)] LIy,

(10)

Here indices j and k numerate the As atoms, and k' numerates the
Ga atoms. Scalar and pseudodipole interactions are short-range,
therefore, the constants Ajk and Bjk are not zero for the four Ga
nuclei nearest to the j-th As nucleus only. The spin-spin
contributions to the local field for a 7°As nucleus in the GaAs
layer, neglecting the effect of interfaces, have cubic symmetry. As
all the interactions are bi-linear in the spin operators, BZ,
calculated along Eq. (4) as a function of polar angle 6 and
azimuthal angle «, comprises cubic invariants of zeroth and
fourth order:

(11

where the directions of the cubic axis correspond to 8 =0 or § =
m and 0=7/2; a =nn/2. Numerical summation over the zinc-
blend lattice of GaAs yields the constants C and D expressed via
the parameters of the spin-spin Hamiltonian given by Eq. (10).
Details of the calculation of the SS&Q contribution to the local
field are given in the Supplementary Note 2.

B; (0, ) = C + D[sin*6(cos*a + sin*a) + cos*6],

Nuclear spin cooling with ADRF method. The ADRF curves
measured in the external magnetic field B,,, = 7.5 kG directed at
an angle of 0 = 66° from Faraday geometry with spin-lock pulses
shifted by 90° or 270° from the 5 pulse are presented in Fig. 1. The
initial spin-lock pulse amplitude value was 21 G and was gra-
dually reduced at a rate of 1x 104 G/s down to zero. Since the
rotating Overhauser field under adiabatic demagnetization
remains unchanged for b> By, first FFT spectrum was acquired
when the pulse amplitude was 12.6 G (60% of initial value). When
the locking field differs in phase by 90° (270°) from the Z pulse,
the adiabatic demagnetization process starts from a positive
(negative) initial spin temperature. In this measurement, only
7>As spins were pumped and the polarization of the two Ga
isotopes was erased with RF pulses at their resonance frequencies.
Fitting these curves with Eq. (3) enables one to determine the
values of the local fields for two different phases. Furthermore,
knowing the value of the local field By it is possible, using Eq. (1),
to obtain the value of nuclear spin temperature after adiabatic
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Fig. 1 The adiabatic demagnetization in the rotating frame (ADRF)
curves measured for 90° (blue circles) and 270° (red diamonds) phase
shifts of the spin-lock from the  pulse when the spin polarization of the
two Ga isotopes was erased. The oblique external magnetic field Bey,y = 7.5
kG was directed at an angle of & = 66°. The error bars correspond to
standard deviation and are within the size of the data points. The solid lines
are fits to Eq. (3), where Bﬁs corresponds to B, (b). The values for spin
temperature @ﬁs were obtained using Eq. (1).

Table 1 Experimentally determined values of the nuclear
spin temperature after adiabatic demagnetization to
zero field.

0 o ©) O8(b = 0) (uK) Ga erased
80 90 1.2 No
66 90 1.6

270 =21

90 0.54 Yes

270 —0.57

Here, 8 and a correspond to the polar and azimuthal angles, respectively and @,Af is the nuclear
spin temperature of 7>As after adiabatic demagnetization to zero field. In the last column it is
indicated whether the spin polarization of the two Ga isotopes was suppressed by
radiofrequency (RF) pulses at their resonance frequencies.

demagnetization to zero field (b =0):

B
O (b = 0) = B8 (by) ———,
N( ) N(O) b2+B2
0 L

where @3 (by) = hy, boI(I + 1)/3(I). (I) is determined from the
nuclear field, created by rotating the As spins (I) = 1y.B,(0)/A4s
where y,=3.52x 10° radG~1s~! is the electron gyromagnetic
ratio and A4, =43.5peV is the hyperfine coupling constant for
75As17. The calculated values of the nuclear spin temperature
@4 (b = 0) are given in Table 1.

Similar measurements were performed for 6 = 80° and 0 = 66°
without RF erase pulses for the Ga isotopes. In this context, all
three isotopes contribute to the overall Overhauser field and the
calculated values for the nuclear spin temperature after adiabatic
demagnetization are made under the assumption that 52% of the
nuclear field value stems from spin polarized As nuclei and the
other 48% from the two gallium isotopes. This ratio is taken from
the share of the three isotopes in the maximum possible nuclear
field of 53kG for GaAs under 100% polarization!3. For
comparison, the values of nuclear spin temperature obtained this
way are also added to Table 1.

(12)

The lowest spin temperatures of 2 uK® and 5 uK!8 reported to
date for semiconductors and semiconductor structures were
measured in bulk GaAs by adiabatic demagnetization in the
laboratory frame or at the set value of magnetic field By =0.1G,
respectively. However, these values represent the spin tempera-
tures of all three isotopes, unlike in our case where we measure
the spin temperature of 75As. Consequently, we have pushed the
boundary of the accessible nuclear spin temperature range nearly
four times down and, for the first time, sub-microKelvin
temperatures are reached for the semiconductors and semicon-
ductor structures. This is an important step-forward toward the
realization of the phase transition into an ordered state of the
nuclear spin system predicted to occur around 0.1 4K. Due to the
absence of the strain induced quadrupole splitting of the nuclear
spin states in bulk GaAs, the local field had the characteristic
value of B, =B,=15G given by dipole-dipole interaction
between the nuclei'®. On the other hand, the quadrupole splitting
caused by strain leads to an increase in the local field,
B} = B. + Bé, and consequently to a higher value of nuclear
spin temperature, if the energy values of the quadrupole and spin-
spin interactions are comparable’, or to a breakdown of the
nuclear spin temperature concept for strong quadrupole-induced
local fields®. In our QW sample, the SS&Q contributions to the
local field are similar to each other so that the two reservoirs are
effectively coupled and the nuclear spin system is characterized by
a unique spin temperature. In spite of considerable quadrupole
effects, this coupling has allowed us to enter the sub-microKelvin
spin temperature range in a QW structure.

Angular dependence of the local field. The dependence of the
local magnetic field on the external magnetic field direction in
and out of the sample plane was studied by measuring ADRF for
66° and 55° polar and 0°, 45° and 90° azimuthal angles. Con-
sidering the fact that the amplitude of the second harmonic A, for
0= 55° was too small to be determined from the measured FFT
spectra, the dependence of the amplitude of the first harmonic A,
on the magnitude of the RF field are presented in Fig. 2. Using Eq.
(14) with Bé = Bﬁ + Bﬁ_, where B, is represented by Eq. (3), to fit
the measured ADRF curves we get the values of the local field B;.
The measured local fields consist of two parts associated with the

SS&Q interactions, B, = |/Bj,, + Bj,. Using Eq. (11) to calcu-

late the values for the spin-spin contribution to the local field By
it is possible to extract the values for the quadrupolar part By for
various polar and azimuthal angles which are presented in Fig. 2.

In order to compare our experimental data in the framework of
the theoretical model, the obtained values for B, were fitted with
Eq. (9). For the two unknown parameters Eq, and Eg, we used
Eg.=2x10"11eV and Egp, =3x10712eV, while the best
agreement with the theory was achieved when the angle between
the axis of the EFG tensor in plane and the [100] crystal axis was
equal to {=134°. It can be clearly seen that overall, the
experimental results follow the general trend predicted by the
theory presented in Theoretical model part of the Results, i.e., Biq
has the highest values for a=45°, in other words, when the
external magnetic field is directed along the [110] axis. When
changing the azimuthal angle by 45° clockwise (a=0°) or
counterclockwise (o = 90°) the value of the quadrupole local field
decreases and reaches a minimum at 6= 55°.

Discussion

We have studied the process of deep cooling of the nuclear spins
by adiabatic de(re)-magnetization in the rotating frame in a
GaAs/(Al,Ga)As quantum well. Within this approach the nuclear
spins were polarized in an oblique external magnetic field and the
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Fig. 2 Dependence of the quadrupole part of the local field B.q on the
angle between the external magnetic field and the sample surface 0 for
three azimuths a (45°, 90° and 0°). The solid red lines are fits to Eq. (9).
Values for the B, were obtained by fitting the adiabatic demagnetization in
the rotating frame (ADRF) curves, measured for different polar and
azimuthal angles and shown in the left and right insets, with Eq. (15) (solid
blue and green lines). Since for § = 80° we only performed one
measurement when the azimuthal angle a was equal to 45°, the obtained
value for B, was added to the graph (pink circle) without showing the
corresponding ADRF curve. The error bars for each data point were
obtained based on fitting of the ADRF curves presented in insets with Eq.
(9) and, where they are not shown, correspond to the size of the data
points.

adiabatic transformation was achieved by sending an RF
sequence, at frequency set for the 7As isotope, consisting of Z and
“spin-lock” pulses. The RF field amplitude in the “spin-lock”
pulse was gradually decreased down to zero. Following the change
of the 7>As spin polarization with this slowly varying RF field we
were able to confirm that the nuclear spin temperature concept is
still valid for our sample regardless of the presence of strain-
induced nuclear quadrupole splitting manifested in an increase of
the local magnetic field.

We have also experimentally demonstrated that, for a semi-
conductor structure, in the case of ADREF, the local magnetic field,
characterizing the heat capacity of the nuclear spin system, is
dependent on the orientation of the external magnetic field with
respect to the crystal and structure axes. The local magnetic field
at different polar and azimuth angles was measured and compared
with the theory taking into account both dipole-dipole interac-
tions on the zinc-blend crystal lattice and quadrupole splitting due
to strain and electric field along the structure axis. Although
certain deviation from the predicted angular dependence of the

1r- 11 o

o o

< 3 1 a
- L i c

._? 0.8 0.8 '8
2 | 1 B
206 —0.6 E
= [e]
2 | 3
8 0.4 - —40.4 o
N | —<-— e —> | 8
© N
g 02 F ‘ —40.2 TEB
= i iEdet 1 ‘6
1 . I . 1 L . I . 1 =

1.524 1.525 1.526 1.527

Energy, E (eV)

1.528 1.529

Fig. 3 Photoluminescence (PL) spectra of 19.7 nm quantum well (QW)
measured at T=5.5 K: intensity (black line) and circular polarization
(blue circles). £,.; =1.5267 €V indicates the chosen PL detection energy.

local field was found, the overall agreement between the experi-
ment and theory is satisfactory. Finally, it turned out possible to
cool the coupled nuclear SS&Q reservoirs, characterized by a
unified spin temperature, by ADRF down to the sub-microKelvin
range. The lowest thus far, in semiconductors, spin temperatures
of +0.54 and —0.57 yK are reached. We consider this an impor-
tant step toward realization of nuclear magnetic ordering, expec-
ted to appear at nuclear spin temperatures below 0.1 K.

In our experiments, the nuclear spin temperature 10 million
times lower in absolute value than that of the crystal lattice was
reached. It is worth to compare this reduction factor with pre-
vious works on nuclear spin cooling in the solid state. The lowest
temperatures reached so far, in the nanoKelvin range, were
obtained in metals by a brute force method with the reduction
factor of a hundred thousand, which required two-stage pre-
cooling of conduction electrons to sub-milliKelvin temperatures2.
Cooling of the nuclear spins in dielectrics to fractions of
microKelvin?0, in spite using initial microwave hyperpolarization
of the nuclear spins via the solid state effect, still demonstrated a
reduction coefficient not exceeding one million. Distinct from
those previous works, requiring unique purpose-built setups, we
have realized spin cooling to sub-microKelvin temperatures in a
sample that was held in a standard helium flow cryostat at
temperature of 5.5 K. This advantage of our approach, which is a
result of high efficiency of optical spin orientation in semi-
conductors, makes cooling nuclear spins to ultra-low tempera-
tures much more feasible than before, opening ways to their
applications in e.g., quantum simulators?!.

Methods

Sample structure. The studied sample was grown by molecular beam epitaxy on a
Te-doped GaAs substrate and consists of 13 nominally undoped GaAs/

Al 35GaggsAs QWs with thicknesses varying from 2.8 to 39.3 nm separated by
30.9 nm thick barriers. The sample was placed in a He-flow cryostat and cooled
down to T'=5.5K. For the optical excitation, when measuring the photo-
luminescence (PL) spectrum, circularly polarized light modulated in sign (6+/07)
from a tunable diode laser was used with excitation energy E,,. set to 1.5498 eV.
The PL was collected in the reflection geometry, passed through a spectrometer and
detected using an avalanche photodiode (APD). The PL intensity spectrum of the
19.7 nm QW and its circular polarization degree p = %, where IT(I7) is the
intensity of the right (left)-hand circularly polarized PL emission, is shown in
Fig. 3. The maximum of the PL intensity detected at 1.5267 eV is attributed to the
neutral exciton (X°) emission?. It was chosen as a PL detection energy in all
subsequently performed measurements. Accordingly, the excitation energy of the
diode laser was tuned closer to resonance, Ee. = 1.5276 V.

Depolarization of the PL in an oblique magnetic field. The depolarization of the
PL by the tilted (66° deviation from the structure axis) magnetic field B, is shown
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in Fig. 4. When the sample was excited by the modulated (¢*/0~ at 50 kHz)
circularly polarized light, the transfer of spin polarization via the hyperfine inter-
action from optically oriented electrons to nuclei is hindered and depolarization of
the electron spins in the external magnetic field (Hanle effect) is well represented
by a Lorentzian function!1. Otherwise, for excitation with fixed in sign circularly
polarized light, the nuclei become polarized through hyperfine-induced flip-flop
transitions of the electron and nuclear spins giving rise to the nuclear Overhauser
field By. This field is collinear with B, and, depending on the helicity of the laser
beam, it can be either parallel or anti-parallel to the external magnetic field. In the
first case, electron spin is affected by the effective field B.y= B.., + By and we
observe faster depolarization of the PL. When the two fields are anti-parallel, B,4=
Bet — By, external magnetic field is suppressed by the Overhauser field and
additional maximum on the Hanle curve is observed when By reaches the strength

1.0
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Fig. 4 Depolarization of photoluminescence (PL) by oblique (66° from
Faraday geometry) magnetic field with 67/6— modulated at 50 kHz (blue
circles) and constant o' excitation (red crosses). The excitation and
detection energies were equal to Ee,. =1.5276 €V and Ege = 1.5267 €V. The
maximum of circular polarization degree at zero field amounted to pg =
12%. Inset: Time evolution of the nuclear spin polarization measured
through the PL circular polarization degree at Be,; = 7.5 kG. Arrows indicate
the moment at which the external field and radiofrequency (RF) pulse
sequence were applied.

of the external field!>1>. In order to observe the build-up of the nuclear spin
polarization at a relatively high external magnetic field, B,,; = 7.5 kG, the helicity of
the pump was chosen in such a way as to polarize nuclear spins along the external
field (positive spin temperature of the Zeeman reservoir). Under this arrangement,
the Overhauser field acting upon the electron spins from spin-polarized nuclei is
anti-parallel to the external field. As it was shown for the same structure earlier?2,
in this case the nuclear spins are polarized efficiently until the compensation of the
external magnetic field by the Overhauser field (see the inset in Fig. 4). The spe-
cifics of dynamic polarization of nuclear spins and their spin-lattice relaxation in
the studied quantum well structure are investigated and discussed in detail in?2.

Experimental setup and measuring protocol. The scheme of the experimental
setup used in the ADRF measurements is shown in Fig. 5. The RF field at the
sample was provided by the coils mounted on a cold finger of He-flow cryostat. The
RF current passed through the coils was provided by the programmable arbitrary
wavefunction generator (AWG) controlled by the computer. In this manner, it was
possible to create a complex sequence of pulses with different amplitudes, phases,
or lengths. The experimental procedure consisted of three stages. In the first stage,
nuclear spins were dynamically polarized via hyperfine interaction with electrons
excited in the quantum well with circularly polarized pump light. As mentioned
above, nuclear spins in our QW are efficiently polarized until compensation of the
external magnetic field by the total Overhauser field produced by all the nuclear
species. In order to increase the net polarization of the selected isotope (7>As), spin
polarization of the two Ga isotopes could be wiped out by applying the RF field at
their resonance frequencies. This way, at the external field of 7.5kG the polar-
ization of the 79As spins theoretically could reach 28%. The time duration of the
first stage was determined by the dynamics of nuclear spin polarization at a given
angle 0 of the external field (B, = 7.5 kG) and whether the erase RF sequence for
the two Ga isotopes is applied. For 6 = 55° and 6 = 66°, the sample was pumped for
300s, sufficient for the Overhauser field to reach the saturation value of the
external field. However, the pump period increased to 1000 s if the polarization of
the Ga and 7'Ga was suppressed by sending RF pulses at their resonant fre-
quencies of 7.64 MHz and 9.70 MHz, respectively. When 6 = 80°, saturation of the
Overhauser field was reached after 1000 s, if the spin polarization of the Ga isotopes
was not erased. The state of the Overhauser field was monitored through the PL
component detected by the APD after passing through monochromator.

A second stage begins once the nuclear field reaches saturation, i.e., By = — Bexs»
when the trigger signal is sent to the AWG and a sequence of RF pulses is applied
(inset in Fig. 4). The rectangular 7 pulse with the RF amplitude of 21 G turned the

7>As mean spin perpendicular to the static 7.5 kG strong field. Immediately after,
the locking RF field:

(13)

was switched on, with the phase ¢ shifted by 90° or 270° with respect to that of the
tipping pulse. In the coordinate frame rotating with the Larmor frequency of 7°As
(wf* = y,,B.y), one of the circular components of the locking field was static and
directed parallel (positive spin temperature) or anti-parallel (negative spin

B, () = 2bcos(y Byt + ¢)
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Fig. 5 Experimental setup and procedure used for adiabatic demagnetization in the rotating frame (ADRF) measurements. a Schematic representation
of the experimental setup. The experimental protocol presented on the right panel consisted of three stages: (b) During the first stage the sample was
pumped with circularly polarized light in an external magnetic field, B, = 7.5 kG. Helicity of light was chosen so that the resulting nuclear and external
magnetic fields were anti-parallel. ¢ The second stage begins with sending a z/2 pulse that tips the mean spin of 75As by 90° in relation to the external
magnetic field. d Immediately after the z/2 pulse, a spin-lock pulse was applied shifted in phase by 90° (270°) which makes the radiofrequency (RF) field
parallel (anti-parallel) to the tipped nuclear spin magnetization of 7>As in the rotating frame. e In the third phase, after the end of the spin-lock pulse whose
amplitude of 21 G remained unchanged (blue line) or decreased to 20% (green line, for clarity shifted by +0.5 MHz), the free induction decay (FID) signal
is measured and fast-Fourier transformed (FFT) from time to frequency domain. For comparison, the FFT spectrum after only 7 pulse is added (red line,

shifted by —0.5 MHz).
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Fig. 6 Graphical interpretation of the Hanle effect in a rotating nuclear
field. As the Larmor period of the electron spin in the total fields By is
typically shorter than the electron spin lifetime, the electron mean spin S is
nearly parallel to Bs. S7 oscillates while the field B,, created by the tipped
mean spin of 7>As, rotates with the 75As Larmor frequency. Bgq
corresponds to the Overhauser field from spin polarized Ga isotopes, (/as)
indicates the mean spin of the tipped 7>As isotope and 6 is the angle
between the external magnetic field B.,; and the initial average spin
polarization of photo-excited electrons So.

temperature) to the tipped 7>As mean spin (I4). The initial amplitude of the
locking field was 21 G, i.e., much stronger than the local nuclear field of 1.5-5G
(see below). We checked that there was no noticeable decay of the rotating 7As
spin polarization during 3 x 1072 s if the locking field was kept on, while in the
absence of the locking field the polarization decayed within = 200 ys. This fact
indicated that the 7>As spin subsystem reached a thermodynamic equilibrium in
the rotating frame, characterized by a spin temperature. However, during the
process of nuclear spin cooling, the initial locking field amplitude switched on after
the tipping pulse was gradually changed to a varied final amplitude with the speed
of 1x10* G/s, providing adiabatic de- or remagnetization in the rotating frame.
In the third stage, the locking field was switched off and the FID signal was
recorded by measuring the PL circular polarization as a function of time with an
assembly of a quaterwave plate and a Glan prism followed by a fast photodiode. The
signal was Fourier-transformed and the amplitudes of 1st and 2nd harmonics of the
75As Larmor frequency were determined. The oscillating PL polarization used for
FID detection results from the dynamic Hanle effect induced by the superposition of
the static effective field By (external field + Overhauser field from Ga isotopes, By, in
case they were not wiped out during the first stage) and the rotating Overhauser
field, B, (0), produced by the tipped mean spin of 7>As (see Fig. 6).
As shown in Supplementary Note 1, the amplitudes of the 1st and 2nd

harmonics of the oscillating normalized PL polarization are equal to:

A, :%ﬁl(msinecose (14)

T

and

T;B3(0
Ay =2 iz( ) in®0, (15)
4B2

respectively. Here B} = Bj + B} (0), T} is the decay time of the rotating nuclear
polarization, and 6 is the angle of the external field to the structure axis. The ratio
of amplitudes of the second and first harmonics equals to:
4, B,
A, 8B

tan 6. (16)
We used Eq. (16) to determine the initial value of the rotating Overhauser field of
75As in a strong, when compared to By, locking field, in order to obtain the absolute
value of the spin temperature after ADRF. Since the 2nd harmonic frequency falls
slightly outside the 10 MHz bandwidth of our photodiode, it could not be reliably
measured in case of weak B,. For this reason, in the majority of experiments on
ADREF only relative values of B, (0) were determined using Eq. (14).

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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