PHYSICAL REVIEW B 108, 235204 (2023)

Local field of spin-spin interactions in the nuclear spin system of n-GaAs
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At low lattice temperatures the nuclear spins in a solid form a closed thermodynamic system that is well
isolated from the lattice. Thermodynamic properties of the nuclear spin system are characterized by the local field
of spin-spin interactions, which determines its heat capacity and the minimal achievable nuclear spin temperature
in demagnetization experiments. We report the results of measurement of the local field for the nuclear spin
system in GaAs, which is a model material for semiconductor spintronics. The choice of the structure, a weakly
doped GaAs epitaxial layer with weak residual deformations, and of the measurement method, the adiabatic
demagnetization of optically cooled nuclear spins, allowed us to refine the value of the nuclear spin-spin local
field, which turned out to be two times less than one previously obtained. Our experimental results are supported
by calculations, which take into account dipole-dipole and indirect (pseudodipolar and “exchange’) nuclear spin
interactions as well as quadrupole splitting of nuclear spins in the vicinity of charged impurity centers.
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I. INTRODUCTION

In solids at low enough temperatures, the nuclear spins of
the lattice very weakly interact with phonons, which leads
to their effective thermal insulation. At the same time, the
nuclear spin-spin interactions remain efficient. Under these
conditions, the nuclear spin system (NSS) quickly comes
to the state described by the density matrix with all the
off-diagonal elements close to zero. The relations between
diagonal elements are given by the Boltzmann factor with
the effective nuclear spin temperature, which can differ from
the lattice temperature by several orders of magnitude. As a
result, the macroscopic characteristics of the NSS, and first
of all its magnetization, obey the laws of thermodynamics.
This fact is demonstrated in classic experiments by Pursell,
Pound, and Abragam with co-authors, and others [1-4]. The
most important parameter of the NSS is the local field, which
determines the thermodynamic properties of the NSS. The
local field characterizes the magnitude of nuclear spin-spin
interactions and also their contribution to heat capacity and
susceptibility of the NSS [5,6].

The above is indeed true for the NSS in semiconductors.
Optical detection of electron and nuclear spin polarization,
as well as the possibility of dynamic polarization of nuclear
spins by optically oriented electron spins [6,7] allow one to
investigate the average value and fluctuations of nuclear mag-
netization in low magnetic fields, down to zero field. Under
such conditions, the nuclear spin-spin interactions are most
clearly manifested.

Gallium arsenide is the basic model material for studying
the properties of the NSS in semiconductor structures. Arsenic
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and both isotopes of gallium (with atomic numbers 69 and
71) have nuclear spin moments equal to / = 3/2, so that all
nuclei of the gallium arsenide lattice contribute to the nu-
clear magnetization. Most of the initial experiments on optical
cooling of the NSS were carried out in bulk GaAs structures.
The possibility of cooling the NSS in GaAs by optical pump-
ing to temperatures of the order of several microkelvins was
demonstrated [8-10]. It is also shown in those works that
the cooled NSS absorbs the power of an external oscillat-
ing magnetic field at the resonance frequencies of nuclear
isotopes. This makes it possible to obtain absorption spectra
of the NSS in zero and external magnetic fields [10-13]. In
particular, the absorption spectra in zero magnetic field reveal
quadrupole effects, with magnitudes large enough to mask
the manifestations of nuclear spin-spin interactions. Taking
them into account is important in studying the thermodynamic
properties of nuclear spins, especially the nuclear local field.

The local field was initially introduced as a characteristic
of nuclear spin-spin interactions [3], so that the squared local
field is proportional to the mean-squared energy of these in-
teractions. However, it is known from recent works on cooling
of the NSS in GaAs, that the value of the local field is strongly
affected by quadrupolar splitting of nuclear spin energy levels.
Quadrupole effects due to crystal deformation increase the
local field up to several gauss [9,10,12—14]. Taking this effect
into account is very important for studying the thermody-
namic properties of the NSS in structures with quantum dots,
quantum wells and microcavities [9,10,14].

The local field of spin-spin interactions in undeformed
gallium arsenide was calculated in Ref. [15]: Brss ~

©2023 American Physical Society
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145G (Bj¢g =2.1+£0.1 G?). In Ref. [15], and also in
Refs. [9-14,16], the contribution to the local field from
quadrupole interactions was also considered. The mean-
squared energy of quadrupole interaction is characterized by
the value BiQ, which adds up to the squared spin-spin local

field B}, the squared effective local field being introduced:
B = Bigs + Bi. Such notations for contributions to the
local field will be used in the theoretical part of this work. The
local field determined in experiments will be denoted as By,
(including all possible contributions) throughout the text.

At the same time, Ref. [15] presents the experimental
results on determining the local field by measuring the ef-
ficiency of nuclear dynamic polarization by electrons as a
function of the external magnetic field in heavily doped
and compensated p-GaAs. This way, the value of £B? =
6.2 + 1.0 G? was measured, where the factor £E=2240.3,
characterizing relative contributions of various interactions
to the nuclear spin dynamics, was calculated theoretically.
The experimentally measured value of the local field was
approximately 1.7 G. A slight excess of the experimentally
determined value of the local field over the theoretically
calculated value in Ref. [15] was qualitatively explained by
the influence of the quadrupole interaction, which cannot be
completely eliminated in a heavily doped material due to the
electric fields of charged impurities, inevitably present there.

It should be noted, that the indirect method of determining
the value of the nuclear local field by measuring the combina-
tion £B? in Ref. [15], and also the use of heavily doped and
compensated p-GaAs, where quadrupole effects due to built-
in electric fields are inevitable, leaves some uncertainty of
the obtained value B; = 1.7 G. These nuances of determining
the local field of the NSS in GaAs in Ref. [15] inspirited us
to carry out direct measurements of the B;, which are based
on demagnetization experiments. Such experiments allow one
to directly determine the value of B; as a thermodynamic
characteristic of the NSS in GaAs.

For this purpose we performed the measurements of the
local field in lightly doped n-type GaAs with the donor
concentration np = 2 x 10" c¢cm=3. Experiments were done
in an epitaxial layer of n-GaAs with low residual deforma-
tions, which made it possible to minimize the effect of the
strain-induced quadrupole splitting on the magnitude of the
measured local field. Since our measurements were carried
out by an optical method, via the detection of the degree of
photoluminescence circular polarization, we also took into
account the possible influence of the field created by optically
pumped electron spins, B, (the Knight field) [6, Chaps. 5 and
9]. We suppose that it can influence the determined value
of the local field B, because the demagnetization process

\/B? + B2. For this reason, we did

some of our experiments under the conditions of elliptical
optical pumping, in order to decrease the value of B, during
the measurement process and to estimate the influence of the
electron spin polarization on the measured local field. For
realization of effective optical cooling of NSS in the case of
elliptical pumping, our experiments were performed under the
condition of different optical cooling times: 7, 20, and 27 sec-
onds. As aresult of increasing this time, measured magnitudes
of local field B; decreased. We explain such a difference by

occurs in the total field,

the influence of the electric charge of the donor center. The
low impurity concentration in our sample made it possible
to take into account the built-in electric fields around donor
centers, bringing about a quadrupole contribution By q to the
spin-spin local field By ss. Such quadrupole contribution adds
up to the pure spin-spin local field. This effect manifests itself
most strongly in the experiment under short optical cooling
time (7 s). The quadrupole contribution (Byq), as well as that
of the Knight field of spin-polarized electrons (By.), are taken
into account in the framework of a numerical model, that
includes nuclear spin diffusion and relaxation due to hyperfine
interaction with localized electrons.

The spin-spin local field Brsg is formed by dipole-dipole,
pseudodipolar, and scalar (exchange) nuclear spin interac-
tions. The minimum value of the local field, measured under
the experimental conditions that minimize the influence of
built-in electric fields and the Knight field (in the case of
elliptical pumping, under optical cooling times 20 and 27 s),
is supposed to be close to By ss. Actually, B; measured under
these conditions is close to the minimum value of the local
field of spin-spin interactions, Brss ~ 0.8 G, corresponding
to compensation of the dipole-dipole interaction of nearest
neighbors by their pseudodipolar interaction, in the absence of
scalar exchange interaction. As noted in the Introduction, con-
stants of indirect interaction under optical pumping [17,18]
could differ from those known from NMR experiments [19].
Remarkably, this value is almost twice smaller than that re-
ported in Ref. [15], though all these types of internuclear
interactions were also taken into account in calculations in
Ref. [15]

II. SAMPLE AND EXPERIMENTAL METHOD

For the measurements of the local field, we chose a bulk
n-GaAs:Si crystal with donor concentration np = 2 x 103
cm™3. The sample comprised a 20-um-thick active layer
grown by liquid-phase epitaxy on a GaAs substrate. As men-
tioned in the Introduction, it is known from recent works
[9-14,16] that the value of the local field in GaAs-based het-
erostructures is determined not only by spin-spin interactions,
but also by the quadrupole interaction induced by strains due
to lattice mismatch. Our previous studies of bulk n-GaAs
crystals by nuclear spin warm-up spectroscopy showed that
such structures can also contain residual deformations leading
to quadrupole splitting of nuclear spin levels and increasing
the local field [12,13,16]. This method is based on the warm-
up of the optical cooled NSS by radio-frequency (1f) field,
and allows one to measure the absorption spectra of the NSS
(an absorption spectrum being the rate of the NSS heating
1/T.¢(f) as a function of the frequency f) in zero external
magnetic field. Spin-spin interactions lead to the appearance
of absorption lines at frequencies of about 1-4 kHz, corre-
sponding to the spin precession of various isotopes in the local
magnetic fields of neighboring nuclei. With the presence of
quadrupole interactions exceeding the spin-spin interactions,
the absorption spectrum contains two peaks (blue spectrum in
Fig. 1). The high-frequency peak corresponds to the splitting
of nuclear spin energy levels of isotopes °As, %°Ga, and
"'Ga by quadrupole interactions, and its position can change
depending on the value of quadrupole splitting [13].
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FIG. 1. Absorption spectra of rf power of an optically cooled
NSS, measured in zero static external magnetic field for bulk layers
of n-GaAs, differing from each other by the value of residual defor-
mation. Red spectrum, which is measured in this work, has only one
low-frequency absorption peak, that indicates insignificant residual
deformation in the crystal under study. Blue spectrum, which was
obtained in our previous work [13], has an additional high-frequency
peak. This peak appears due to the nuclear quadrupole interaction,
caused by residual deformation in the GaAs layer.

For the n-GaAs crystal studied in this work, the absorp-
tion spectrum in zero magnetic field has only one absorption
peak at the frequency of about 3.5 kHz (red spectrum in
Fig. 1). This allows us to conclude that residual deformations
in the crystal under study are insignificant, and to expect
a minimum quadrupole contribution to the measured value
of the local field. (Here the quadrupole contribution caused
by deformation is implied; quadrupole contribution from the
built-in electric fields around donor centers will be taken into
account and will play an important role for explanation of
our experimental results. However, the magnitude of such
a quadrupole contribution is less than the nuclear spin-spin
interaction and did not appear as an additional high-frequency
peak).

The local field measurement method we use is based on
adiabatic demagnetization of the NSS, which has been prelim-
inarily cooled by optical pumping in a longitudinal magnetic
field. According to the nuclear spin temperature theory [4],
under adiabatic (slow on the spin-spin relaxation timescale,
but fast on the spin-lattice relaxation timescale) variation of
the external magnetic field, nuclear spin temperature changes
according to the law [3,4]

On(B)  |B} +B? W
On(B;)) ~ \ B} +B?

where 0y is the nuclear spin temperature, B; is a magnetic field
in which the NSS was cooled, B is a magnetic field in which
demagnetization occurs, and By, is the nuclear local field.

The spin polarization of nuclei as a function of magnetic
field, py(B), is determined by the expression [6, Chap. 2]

 Ryw)BU + 1)
B) = =5 @

where (yy) = %Zk Xxyx is the nuclear gyromagnetic ratio

averaged over all nuclear species (here x; and y; are the nat-
ural abundance and gyromagnetic ratio of the kth isotope; the
factor ¥2 accounts for the fact that the primitive cell contains
two atoms, As and Ga), kp is the Boltzmann constant, and / =
3/2 is the nuclear spin.

Nuclear spin polarization leads to the appearance of the
Overhauser field By (nuclear field) acting on electrons,
which is directly proportional to nuclear spin polarization
[6, Chap. 5]:

By = bypw, 3)

where for GaAs by ~ 5.3 T [5].

Fitting of experimental curves By(B) by Egs. (1)—(3) al-
lows one to determine the value of the local field B;. Unlike
the method used in Ref. [15], the adiabatic demagnetization
method does not require the determination of the factor £ and
gives a direct estimate of the value of the local field.

The experimental setup for measurements of the local field
by a demagnetization method is described in Ref. [13]. The
sample is placed in a closed-cycle cryostat and cooled to 6.5
K. Laser diode radiation at the wavelength of 780 nm, passed
through a linear polarizer and a quarter-wave plate, is focused
on the sample surface. The rotation angle of the quarter-wave
plate relative to the polarizer axes determines the degree and
sign of circular polarization of the pump beam. Photolumines-
cence (PL), passed through a photoelastic modulator (PEM)
and a linear polarizer (GT), is focused on the spectrometer slit.
The spectrometer passes the PL band at 817 nm, which is then
focused on an avalanche photodiode. Circular polarization
of the PL is measured using a two-channel photon counter
synchronized with the PEM.

For measurement of the nuclear field By after adiabatic
demagnetization of the optically cooled NSS, an experimental
method, proposed in Ref. [11] and modified in Ref. [13] for
measuring of absorption spectra, is used. First, the NSS is kept
in the dark for 20 s in the presence of an oscillating magnetic
field at the frequency of 3 kHz in order to erase the traces of its
cooling during previous measurement cycles (thermalization).

At the second stage, the optical cooling is performed,
during which polarized pumping and longitudinal magnetic
field Bz = 150 G are switched on. To reveal and eliminate
the possible effect of the hyperfine field of optically oriented
electrons (the Knight field B,) on the dependence By(B),
experiments are performed at different absolute values of the
degree of circular polarization R of the pumping light (as
noted above, at elliptical pumping, R<1), and also at different
signs of R. In this case, the sign of the circular polarization
of light determined the sign of nuclear spin temperature. The
value of inverse nuclear spin temperature 8 = 1/6y, obtained
as a result of optical pumping, is proportional to the product
of the magnitude of the longitudinal magnetic field Bz, in
which optical cooling takes place, and z projection of the
average electron spin, Sz: o SzBz [6, Chap. 5]. The thermal
equilibrium electron spin polarization under the conditions
of our experiments is two orders of magnitude less than the
photoexcited one, and for this reason it does not play any
role in the dynamic polarization of nuclear spins. Three se-
ries of measurements were done for positive (y > 0) and
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negative (fy < 0) nuclear spin temperatures, differing in the
absolute value of R, which was controlled by rotating of
the quarter-wave plate to take values R = 1, 0.87, and 0.64
(the corresponding rotation angles of the quarter-wave plate
are 45°, 30°, and 20°). With decreasing |R|, electron spin
polarization decreases too and, as a consequence, the optical
cooling efficiency drops. In order to obtain similar efficiency
of nuclear optical cooling at the end of the second stage for
all three experimental series, with decreasing of |R|, the opti-
cal cooling times are simultaneously increased. These times
were 7, 20, and 27 s for R = 1, 0.87, and 0.64, respectively.
After pumping, the longitudinal magnetic field By = 150 G
is switched off within 20 ms, providing the adiabatic de-
magnetization of the NSS and achieving a lower absolute
nuclear spin temperature 6y (0) ~ 6y(Bz)B./Bz. The absolute
value of spin temperature after adiabatic demagnetization was
16y (0)] = 7 x 1073 K.

The last stage of the protocol is a measurement stage:
an external transverse magnetic field By is switched on, in
the range from 0.2 to 9.5 G. The value of By is measured
by its effect on the degree of circular polarization of PL p,
which is equal to the z projection of the average electron spin.
Electron spins are depolarized in the total field By 4+ By. At
the beginning of this stage, the nuclear field By is formed
proportional to the nuclear spin polarization induced by the
field By:

By(Bx) = bypn(Bx). @

The dependence of By (By ), obtained as a result of process-
ing of the three-stage curves (the fitting process is described
below in the section “Experimental results”), is an example
of the classic demagnetization curve of the NSS, and the
characteristic value of By, at which the dependence of By (By )
begins to approach a plateau, is determined by the value of the
nuclear local field.

III. EXPERIMENTAL RESULTS

Examples of three-stage curves for the measuring field
Bx = 0.67 G are presented in Figs. 2 and 3. In Fig. 2, curves
for positive and negative circular polarization of the pump
(R=+1 and R = —1) are shown. The curve for R = —1,
when nuclear spins are cooled to positive temperatures 6y >
0, has a characteristic maximum due to compensation of the
field By by the nuclear field By (in GaAs in the case of
positive nuclear spin temperature the nuclear field is antipar-
allel to the external magnetic field [6, Chaps. 5 and 9]. As
mentioned above, to reveal the possible effect of the Knight
field on the measured value of the local field, three types of
experiments were performed, differing by the absolute value
of the degree of circular polarization of the pumping light,
|R]. In Figs. 3(a) and 3(b) examples of curves for two degrees
of the circular polarization of the pumping light (R = 1 and
R = 0.64, respectively) for the case of 6y < 0 are shown. For
the first case, the optimal cooling time was equal to 7 s, and
for the second case (elliptical pumping) this time was equal to
27 s.

In each of the experimental series, differing by value and
sign of R, 14 measurements at different magnitudes of By
are done. The time dependence of the PL polarization p(t)

2 1 n Il L 1 L Il
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Laboratory time (s)
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FIG. 2. Experimentally measured time dependences of PL circu-
lar polarization for positive (blue curve) and negative (black curve)
nuclear spin temperatures. Red curves are obtained by fitting with
Eq. (5).
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FIG. 3. Experimentally measured time dependences of PL cir-
cular polarization (blue curves): the NSS thermalization with lattice
in the absence of optical pumping; optical cooling in longitudinal
magnetic field By = 150 G during (a) 7 s for R = 1 and (b) 27 s
for R = 0.64; the nuclear field By measurement in the presence of
transverse magnetic field By = 0.67 G. Red curves are obtained by
fitting with Eq. (5). These experimental curves correspond to the
negative nuclear spin temperature Oy < 0.
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FIG. 4. Experimentally measured dependences of the nuclear field By on the magnitude of transverse magnetic field By (dots) for two
degrees of the circular polarization of the pumping light: (a) R = 1 and (b) R = 0.64 for two signs of nuclear spin temperature [blue dots and
lines correspond to negative (fy < 0), and red ones to positive (6y > 0) nuclear spin temperatures]. Solid red lines are results of fitting by
Eqgs. (1)—-(3) with the value of local field (a) B, = 1.5 G and (b) B, = 0.7G. Solid blue lines are results of fitting by Egs. (1)—(3) with the value
of local field (a) B, = 1 G and (b) B, = 0.65 G. Insets: dependences of By(f,) on By normalized to the average saturation values of By at

large external field (B > By).

at the second (¢ < t,,) and third (¢ > 1,,) stages for each of the
measured curves is fitted by Eq. (5):

pt)=po (1 <ty),
B%/z

- —— =1,
Bl/2 + [BX + b+ (By — b)exp(—Tlm)]

pt)=po

&)

where By, is the HWHM of the Hanle curve, #,, is the mea-
surement start time, 77 is the nuclear spin-lattice relaxation
time in the presence of light, and b is the asymptotic value of
the nuclear field which develops due to dynamic polarization
by optically oriented electron spins during the measurement
stage. For the structure under study, By, ~ 40G and T; ~
10s. The value of By, formed at the time moment ¢, for a
given magnitude of By, is used as a fitting parameter.

To determine the local field, we plot the dependences
By (By) [Figs. 4(a) and 4(b), dots], which are described by
Egs. (1)—(3) [Figs. 4(a) and 4(b), lines] with the value of local
field By as a fitting parameter.

For the elliptical polarization of the pumping light R =
0.64, the local fields for two signs of spin temperature turned
out to be close to each other: By = 0.65G for 6y < 0 and
B, =0.7G for 6y > 0 [Fig. 4(b)]. For R = 1, the measured
values of By are significantly larger, and in addition, differ for
two signs of spin temperature. This difference is not related
to the fit error. This fact is shown in the insets of Fig. 4,

which show the dependences By (Bx). The value of By, at
which By(Byx) approaches the plateau, corresponds to the
value of local field B,. For |R| = 1, the dependence By (Bx)
approaches a constant level slower than in the case of |R| =
0.64. However, both local field values obtained from our direct
demagnetization experiments on an undeformed lightly doped
n-GaAs crystal differ from the calculated value of the local
field in Ref. [15], which is so far the generally accepted value
for undeformed gallium arsenide.

The values of local field, obtained in our experiments,
described above, are given in Table I (highlighted with a gray
background). In the last column of Table I the experimental
value of By, from Ref. [15] is presented.

IV. THEORY

When the NSS in a semiconductor is studied by the optical
orientation method, nuclear spins are dynamically polarized
by electrons localized at impurity centers [6, Chap. 2]. As a
consequence, the measured Overhauser fields are created by
nuclei in the vicinity of donors, which are affected both by
electron spins via the hyperfine interaction [5] and by charges
of impurity centers via quadrupole interaction induced by
electric fields [20]. Under these circumstances, the apparent
local fields measured in optical experiments contain contribu-
tions from the Knight field and from quadrupole interaction.

TABLE I. Experimentally measured values of the local field B, for negative 8y < 0 and positive 8y > 0 nuclear spin temperatures (fourth
and fifth columns) under different experimental conditions (first, second, and third columns). The last column shows experimentally measured

local field B; from Ref. [15].

Experimental conditions (this work)

B; (G) (this work)

R Quarter-wave plate rotation angle (deg) Tpump (S) Oy <0 Oy >0 B, (G) (Expt.*)
1 45 7 1+0.1 1.5+0.1 1.7

0.87 30 20 0.7 £0.1 0.75+£0.1

0.64 20 27 0.65 +0.1 0.7+0.1

4Reference [15].
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The local field is defined as a rms of nuclear spin energy
due to all interactions except the Zeeman interaction with
the external magnetic field, divided by the rms of one of the
Cartesian components of the nuclear magnetic moment in the
absence of an external field [4]. In our experimental geometry,
where during the measurement stage the mean spin of pho-
toexcited electrons is perpendicular to the external field, all the
nuclear spin interactions, including hyperfine interaction with
electrons, can be considered uncorrelated to each other and to
the Zeeman interaction. Therefore, the squared effective local
field Bfeﬁ can be presented as a sum of squared local fields
of spin-spin interactions B}, quadrupole BLQ, and hyperfine

interactions BLe [21]:

Bf () = Bigs + Bio(r) + B (r). (6)

Out of these, only the local field of spin-spin interac-
tions is the material parameter of the crystal; the others
depend on the distance from the nearest donor and on
the electron density, spin polarization during measurement,
and optical cooling times. As a result, the experimen-
tally measured local field B; is an upper estimate of the
“true” local field, i.e., one determined by spin-spin inter-
actions, Biss. The measured local field would then exceed
Brss by a certain value depending on the experimental
conditions.

In order to estimate the apparent local field expected to be
measured at certain experimental conditions, we first of all
calculate By ss. Then, By g and By are calculated as functions
of the distance from the donor center. Finally, the spatial dis-
tribution of nuclear polarization around the donor is evaluated,
and the apparent value of the local field is calculated for the
conditions of our experiments.

A. Calculation of the local field of spin-spin interactions in GaAs

In accordance with the definition of the local field [4], its
squared value is proportional to the trace of the square of the
spin-spin Hamiltonian Hgg:

) 1 3

Biss = NG+ 1)h2< >Tr{(Hss) 1

N
|

For the pair of ith and jth spins,

(hmz(hy, )

where N is the number of nuclei in the ensemble, over the
which the trace of Hgg is taken, (y,\z,) = %Zk xkykz is the
mean-squared gyromagnetic ratio of nuclei, kK numerates the
isotopes of Ga and As, and x; is the abundance of the kth
isotope.

For dipole-dipole interaction and other pair interactions,
the trace of the square of the interaction must be calculated
for the pair of interacting spins and averaged over all possible
orientations of the pairs.

In addition to the dipole-dipole interaction, contribution
to the local field can come from pseudodipolar and scalar
(“exchange”) interactions. These are indirect interactions me-
diated by valence electrons, and they are nonzero only for
nearest neighbors. Manifestation of exchange interaction was
investigated as broadening of NMR lines in III-V semicon-
ductors (in particular, in GaAs) in [22-24]. The pseudodipolar
interaction was mentioned in [25] also as a contribution to the
second moment of NMR lines in GaAs. Later [26], also for a
GaAs crystal, it was noted that the pseudodipolar interaction
canceled a considerable part of the dipole-dipole interaction.
The strenghts of pseudodipolar and exchange interactions are
characterized by scalar constants: B;; and A;;, respectively.
The values of these constants were calculated and measured
by NMR in GaAs crystals in early works [17,24,26]. As
shown below, taking into account possible variation of B;;
and A;; under optical pumping can explain the low values of
measured local fields.

The full Hamiltonian of spin-spin interactions equals [17]

. PPy 2o L FNT - F)
Hss = —5—=(1+Bip)| ] - I; =3 TR
ij T
R yiy;
+Aijr—3], (®)

L

where the constants of pseudodipolar B;; and exchange A;;
interactions are nonzero only for nearest neighbors. In GaAs,
the nearest-neighbor atoms are four atoms at the vertices of
the tetrahedron, separated from the central atom by the dis-
tance r,,, = ag«/g /4, where ag is the lattice constant.

Tr{Hg), = (1 + Bij)* x Te{llidjx + Iyljy + Ll — 3(Xijlie + Yijliy + Zijli)(Xijljx + Yiily + Zii1)17)
lJ
iy (hy;:)?
+ ”)FJAZ Te(Unljs + Iyl + Il 1), ©)
ij
where X;; = r’” Y= r’f‘ , Zij = Dt

Using propertles of the trace, Tr{ImIk,g} =
all possible positions of the ith and jth spins, we can find

Id+1)
3

2 2
Tr {Hgs} —3 (hy;)"(hy;)

1a+17?

81x8ap, and also using the relation X3 + Y, + Z = 1, after averaging over

6
rij

|

} [2(1 + B;j)* + A7 (10)

3
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TABLE II. The calculated value of the local field for three types of spin-spin interactions (this work).

Only dipole-dipole interaction

Dipole-dipole+indirect interactions

Dipole-dipole+indirect interactions

B, =A, =0 B,, ~ —0.6and A,, ~ 0.7
Brq4(G) Biss(G)
1.57 1.18

B,,~ —landA,, ~0

Byss(G)
0.8

In accordance with Eq. (7), the squared local field for the jth spin equals

. _ 3 5 [1(1+ 1)}2 5
PSS TN I+ Py 3 - o
B I(I+1)h2{[ .

2(y)af

where indices ij refer to the same sublattice (As and Ga),
while indices km refer to different sublattices. B,,, and A,,, are
indirect interaction constants for nearest neighbors.

Thus, the calculation of the local field is reduced to the cal-

(lg

in 2=
Sl and B =3, 4 =44 = 4(2)° = 606.8. Numer-
ical s(ﬁmmation gives F17”= 1 15716 and F, = 660.6.

The calculated value of the local field is obtained by sub-
stituting the GaAs parameters [ = 3/2, yas/27 = 0.73 kHz/G,
Y69 Ga/27T =1.022 kHZ/G, Y71 Ga/Zn =13 kHZ/G, X69Ga =
0.604, x71 ga = 0.396, and ag = 0.565 nm into Eq. (11).

The calculated values of the local field of spin-spin in-
teractions Bygs are given in Table II. In the case of pure
dipole-dipole interaction (B, = A,, = 0) we find that Bi da
2.46 G? and By, ~ 1.57 G (first column in Table II).

If we take the parameters of the pseudodipolar and ex-
change interactions from Ref. [17], B,, = —0.6 and A,, =
0.7, we get the following values: B ,, ~ 1.4 G? and By gs ~
1.18 G (second column in Table II). In the case when pseu-
dodipolar interaction totally compensates the magneto-dipole
interaction for the nearest neighbors (B, = —1), while the
exchange interaction is absent (4,, = 0), the spin-spin local
field equals Brss =~ 0.8 G (third column in Table II). The last
case reflects the theoretical minimum value of the spin-spin
local field for GaAs and, as we will show below, this minimum
value of the spin-spin local field is close to our experimental
results obtained for the degree of circular polarization of the
pumping light R = 0.87 and 0.64 (under elliptical optical
pumping). At the same time, the local field Brss ~ 1.18 G
is close to the experimental result obtained for the degree of
circular polarization of the pumping light R=1: B, ~* 1G
(see the fourth column in Table I), but still exceeds it. This
fact suggests that the measured local field, in addition to
spin-spin, pseudodipolar, and exchange interactions, can be
influenced by the electric field gradients (EFGs) created by the
electric fields of localized electrons and/or the Knight field of
photoexcited electrons. These effects will be estimated in the
next section.

The values of the local field obtained in our calculations
taking into account pseudodipolar and exchange interactions
for GaAs for both cases, presented in Table II, turned out to

culation of the dimensionless parameters: Fj = >

(hyas)*
z( 20

F:
yAs + (Véa)z]FI + zyA2§<yC2}d)|:F2 + (2Bnn + an)F3 + _3Azn:| }’

() )
r6

h4 2 2

ij km Ve

> an

(

be significantly lower than the value obtained in Ref. [15]
taking into account the same interactions (Brss ~ 1.45G,
Bl ~ 2.1 G?). Possible reasons for this discrepancy will
be discussed below.

B. Calculation of the local field as a function of the distance to
the donor center

To explain the difference in the values of By for different
degrees of circular polarization of the pumping light (we will
analyze experimental results only for the negative nuclear
spin temperature: 6y < 0; see Table I, fourth column), we
calculated the effect of the contribution of the electric field
created by the electron localized on the donor center [20], and
also of the Knight field of this electron on the effective local
field depending on the distance to the donor.

The electric field around a donor occupied by an electron
is radial and, according to the Gauss theorem, at the distance
r from the center it equals to the Coulomb field created by
the total electron charge e + ¢.(r) inside the sphere of the
radius r:

e+ q.(r)

Ep(r) = o

(12)
where ¢ is the dielectric constant,
q.(r) = —e/ 471\1132(r’)r/2dr’
0
2r 1/2r\? 2r
=—c|ll—|14+—+Z|— expl——) |,
ap 2 ap ag

13)

and W,(r) = —
donor-bound electron.

In GaAs, the absence of the inversion symmetry results in a
contribution to the local EFG, which is linear in macroscopic

electric fields (analogous to the piezo effect):

exp(—=) is the wave function of the
ag

%

14
axjaxk ( )

= RyvjiiE;,
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where R}, is the tensor component relating to the EFG with
homogeneous electric field, oriented along the z axis, v ; =
vji = 1ifi # j # k # i, and O otherwise.

The Hamiltonian of quadrupolar interaction is [5]

7 eQ vV \[3
Ho= S+ L) =8l (I+1) 1.
’ 61(21_l)§<3xj3xk){2("k+k-’) wl I+ )}

15)
By definition, quadrupole contribution to the squared local
field is [21]

) 3

1
Ble = [y, PW@} (16)

It follows from Egs. (14)—(16) that B Lo is a quadratic
function of the electric field components. Since in the cubic
crystal the only second-order invariant is a scalar, Bf does
not depend on the direction of electric field. In order to cal-
culate B, it is sufficient to find its value for the case of an
electric field directed along the crystal axis [001], which we
denote as z:

B — 3 ¢ (Q")R}, E? Tr{(xly + IyIx)*}
RTABI+ D17 (1)
_ 3 QIR E2 1T +1)
T ABI+DRI-1? (1) 15
x {411 +1) -3}
AT+ 1) — 3 &(0%R},)E?

2012(21 — 1)? {17

72 {ry)

The Knight field of localized electrons in semiconductors
[6, Chap. 5] is propomonal to the squared wave function of
the electron, B,(r) = AvSe) |‘lf (r)|?, where vy is the primitive
cell volume, and (S,) is the mean electron spin. Taking into
account also photoexcited electrons, we arrive at the following
expression of the electron contribution to the squared local

field:
2y, 2/Q2 :
= ug(se)[% exp <_2> +nc] (18)
<VN> Tdg s

where 7, is the density of photoexcited electrons in the con-
duction band. For our experimental conditions, we estimated
n.~6x 10" cm™3.

In Fig. 5, the local field Breg(r) =
\/ Bigs +Bio(r)+ Bi (r) as a function of the distance

to the donor, and also contributions to this local field from
spin-spin Biss, quadrupole Big, and hyperfine (the Knight
field contribution Bp.) interactions are shown. The Knight
field contribution is calculated for the case of circularly
polarized pumping, when the mean electron spin, numerically
equal to the PL circular polarization degree, was 0.06
(corresponding to the electron spin polarization 12%).

The calculated curves presented in Fig. 5 demonstrate a
sharp dependence of the effective local field, experienced by
nuclear spins, on their distance from the nearest donor. Under
these conditions, the local fields measured in the experiments
should depend on the spatial distribution of the nuclear polar-
ization, which is formed by the moment of measurement.

Bi.(r)

effective

Local fields (G)

FIG. 5. Different contributions to the effective local field By
vs the distance to the donor center r. Blue dotted and dashed lines
are local fields of nuclear spin-spin interactions Bigs for the case
of different values of indirect constants: B,, = —1, A,, =0 and
B,, = —0.6, A,, = 0.7, respectively; the light-blue dashed line is
a contribution from the Knight field B, at the electron spin po-
larization of 12% (in the experiment with the circularly polarized
pumping); the green dash-dotted curve is a contribution from the
quadrupole interaction induced by electric fields around the donor,
Biq. Solid and dashed red lines show the effective local fields By
with all these contributions in the case of B,, = —0.6, A,,, = 0.7 and
B,, = —1, A,, = 0, respectively.

C. Calculation of the spatial distribution of the nuclear spin
polarization around the donor center

In this section, the calculation of the spatial and temporal
dependences of the nuclear spin polarization around the donor
is presented. Dynamic polarization and relaxation of nuclear
spins due to hyperfine interaction and nuclear spin diffusion
are taken into account. The following approximations are used
in the calculations: (1) the influence of other donors is not
taken into account, i.e., it is assumed that the distance to the
nearest donor is much greater than the nuclear spin diffusion
length; (2) the filling number of the donor with electrons is
taken equal to 1.

In spherical coordinates, the nuclear spin polarization as a
function of the distance to the donor center and time, py(r, 1),
is described by the diffusion equation [27]

apN(rat)

apN(r,t) 1 (5
’
ar

o r2 3 ) = Wr)pn(r, 1) + G(r),
(19)

where D is a nuclear spin diffusion coefficient, W(r) is the

nuclear spin-lattice relaxation rate, and G(r) is the rate of

dynamic nuclear spin polarization during the pump. The re-

laxation and dynamic polarizations occur due to the hyperfine

interaction with the electron localized on the donor center.

In this case, the value of G(r) equals

Id+1)
G(r ——W()pe, 20
(r) = 61 D) (r)p (20
where s = % is the electron spin, I = % is the nuclear spin, and

P. is the electron spin polarization [7].
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The rate of nuclear spin-lattice relaxation equals
W(r) = 255 + DAY A2 [wol W, T 2. @21

where (A?) is the mean-squared hyperfine interaction con-
stant, vy is the primitive cell volume, | W, |> = # exp(— Z—;) is
the squared modulus of the localized electron v&fave function,
and t. is the correlation time of the localized electron [6,7].

The substitution f(r,t) = %F (r,t) converts Eq. (19) into
the following form:

oF (r,t) _ DBZF(r, t)
dt or

Equation (22) was solved numerically for the stages of
pumping and measurement, and zero polarization was taken
as the initial condition at the stage of pumping: F(r,¢) = 0 at
0 < r < 10ag.

The result of the solution was the function F,(r, t), giving
the polarization after pumping py(r, t,) = %Fp(r, t,). The po-
larization after adiabatic demagnetization was then obtained
as pya(r) = =pn (7, ). For the calculation of the nu-

Leff

clear spin polarization at the time of measurement #,,, Eq. (22)
was solved again, with the function Fys(r) = rpya(r) =

By __F (r,1,) as the initial condition. The result of this
Bﬁet’f+Br2n P b

solution was the function F,,(r, t,,, B,,). It was then used to
calculate the spatial dependence of the nuclear polarization at
the moment of measurement:

—W@F(r,t)+rG(r). (22)

1
PN(", I, Bm) = ;Fm(r’ tm’Bm)- (23)

This polarization was then averaged with the effective elec-
tron density:

pe(r) = AV2(r) + ng, (24)

where n, is the concentration of photoexcited electrons in
the conduction band, and A is the factor, which determines
the relative contribution of localized electrons to the mean
electron spin that manifests itself in the PL polarization.

As a result of averaging, the value of the experimentally
measured Overhauser field is obtained:

—1/3
To? PN (Tt By)pe(r)ridr
BN exp(tmy Bm) 0 1 .

n /3
v pelryrdr

(25)

The results of the calculation of nuclear spin polarization
in a high magnetic field (B,, > Bregr) 0.5 s after the end of
optical pumping (which corresponds to the beginning of the
measurement stage in the experiment) are shown in Fig. 6 for
two optical cooling times, 27 s (red curve, R = 0.64) and 7
s (blue curve, R = 1). Further, these numerical results were
used for calculation of the Overhauser field and of the local
field, measured within our experimental protocol.

D. Estimation of the experimentally measured local field B;,

As follows from Egs. (1)—(3), the local field can be ex-
pressed in terms of the ratio of nuclear polarizations (and,
consequently, nuclear fields) in strong (B,,; > Br) and weak

0.012

0.010
0.008

00005 pump=275

pump:

P (0.55)

0.004 +

0.002 4
l:pump:7s

0.000 . ; ; ;
0 2 4 6 8 10
r/a,

FIG. 6. The results of numerical calculation of spatially inhomo-
geneous nuclear polarization in the vicinity of the donor center after
0.5 s from the end of optical pumping for two optical cooling times,
27 s (red curve, R = 0.64) and 7 s (blue curve, R = 1).

(B2 < Bp) measuring magnetic fields:

__ DN (tm, Bin1) _ By (ty, Bit)
L — 2 —
PN (tm’ BmZ) " BN (tma BmZ)

This relation was used for calculation of the apparent
local field observed in the experiment. The nuclear fields
manifested in experiment were calculated using Eq. (25), by
averaging the nuclear polarization with the electron density
over the volume per one donor.

BmZ . (26)

V. DISCUSSION

The results of measurements of the local field at different
degrees of circular polarization of the pumping light R and dif-
ferent signs of the nuclear spin temperature are summarized in
Table I. For comparison with theory, the experimental values
of local field B, only for negative nuclear spin temperature
Oy < 0 will be used. Explanation of the difference between
values of local field for 6y < 0 and 6y > 0 is outside the
scope of this paper. We assume that this discrepancy may
be due to the different shapes of experimental curves for
Oy < 0and Oy > 0O (see Fig. 2), which makes their fitting less
precise for 6y > 0. But we do not exclude a physical cause
for the observed difference. Experimentally measured and
calculated values of the effective local field, which we use for
discussion and comparison with each other, are summarized in
Table II1.

It should be noted that a reasonably good agreement be-
tween local fields measured in our experiments and those
calculated without taking into account the quadrupole inter-
action caused by crystal deformations confirms our initial
assumption about a low level of residual deformation in lightly
doped n-GaAs crystal under study.

First of all, we should discuss the origins of the differ-
ence between theoretical values of the local field obtained in
Ref. [15] and in our work. Unfortunately, in Ref. [15], the
details of the calculation are omitted, and the value of the
dipole-dipole contribution to the local field (without taking
into account indirect interactions) is not given separately.
The parameters of indirect interactions in Ref. [15] are taken
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TABLE III. Experimental conditions (first and second columns) of measuring local fields B, and corresponding experimental results (third
column). Calculated values of the effective local field B¢ under conditions corresponding to our experiments are summarized in the two last

columns.
Experimental conditions Experimental results Theory
R(by < 0) Toump (8) B, (G) Brer (G) (A = 0) BLer(G) (A =1)
1 7 1+0.1 1.07 1.38
0.87 20 0.7+0.1 0.91 1.12
0.64 27 0.65£0.1 0.88 1.07

from Ref. [26]. Athough we used the refined parameters from
the later Ref. [17], where a somewhat larger absolute value
of the pseudodipolar interaction parameter B, is given (see
the second column in Table II), the resulted difference is
not big. The more probable reason is erroneous interpreta-
tion by Paget et al. of the numerical data from Ref. [26].
Indeed, in Ref. [15], with reference to Ref. [26], the value
of (14 By,)*> = 1.64+0.13 is given. This would mean that
the pseudodipolar interaction adds up to the magnetic dipole-
dipole interaction and increases its contribution to the local
field. At the same time, as follows from the data presented
in Table III in Ref. [26], the value of (1 + B,,)* is in fact
less than 1 and takes values from 0.22 to 0.49 for dif-
ferent GaAs samples studied there, i.e., the pseudodipolar
interaction weakens the contribution of the magnetic dipolar
interaction to the local field.

However, our experimental values of the local field cannot
be described by using the indirect constant from Ref. [26].
If we used that one (see the second column in Table II), the
calculated spin-spin local field (Brss = 1.18 G) exceeds all
experimental values (see the fourth column in Table I). We
tentatively attribute the decrease of the local field to changing
the magnitude of indirect pseudodipolar interaction due to
optical pumping, which can take place according to [17,18].
Our experimental results for R = 0.87 and 0.64 (B; ~ 0.7
and 0.65 G) are close to the theoretical value By ss ~ 0.8 G,
obtained by taking B,, = —1 and A,,, = 0, that is assuming
total compensation of the magneto-dipole interaction between
nearest neighbors by indirect interactions. Further experi-
ments under the conditions excluding optical pumping during
the measurement stage (e.g., by using spin noise spectroscopy
[14]) are needed to clarify this issue.

As for the result for R =1 (B, = 1G), we attribute the
increase of the local field to the increase in the quadrupole
contribution By from the electric field of the donor center.
The contribution of the Knight field of optically oriented
electrons is insignificant, as can be seen from Fig. 5 and from
a comparison of the calculated values of the effective local
field for different experimental conditions (see Table III): the
local field mainly depends on the optical cooling time and, to a
small extent, on the electron polarization. Figure 6 shows that,
for the two times of optical cooling, the nuclear polarization
reaches its maxima at the distance from the donor center of
about 3ap. However, for the optical cooling time equal to
27 s, spin diffusion leads to the propagation of the nuclear
polarization up to the distance of about 8ag, while in 7 s the
nuclear polarization propagates only to a distance of about
Sag. This leads to different contributions to the local field from
the electric field of the donor center.

At the measurement stage, the Overhauser field acts on
both localized and photoexcited free electrons. The measure-
ment of PL polarization occurs at the photon energy close
to the energy of the free exciton, so that the polarization of
delocalized electrons (bound into excitons or free) is directly
measured. An opinion was expressed in the literature, based
on theoretical estimations [28,29] and experiments on opti-
cally detected nuclear magnetic resonance [28,30], that free
and localized electrons form a common spin reservoir as a
result of the fast exchange scattering. However, our calcula-
tions under such assumptions [formalized by the choice of
the parameter A in Eq. (24) equal to 1] give values of the
apparent local field that are overestimated compared to the
experimental results. The best agreement with experiment
is obtained in the model that assumes the detection of the
nuclear polarization only through free electrons (A = 0). This
means that actually the spin exchange between localized and
free electrons may be much less efficient, at least under the
conditions of our experiment.

Finally, the difference between the local field values ob-
tained experimentally for the positive and negative nuclear
spin temperatures under circularly polarized pumping cannot
be explained by our theory. As it exceeds the error of our
measurements, we have to assume that it is due to some real
effects that are not taken into account in our theory. Since
the sign of the nuclear spin temperature is given by mutual
orientation of the external magnetic field and the mean spin
of photoexcited electrons during the optical pumping, we can
assume that mutual orientation of the external magnetic field
and the spatially inhomogeneous Knight field of localized
electrons during pumping can affect the spatial distribution
of the nuclear polarization. Verification of this assumption
requires additional experimental and theoretical studies and
is beyond the scope of this work.

VI. CONCLUSION

In this work, the local field of the NSS was determined
in a lightly doped epitaxial layer of n-GaAs with a low level
of residual deformation. Experiments on nuclear spins de-
magnetization, from which the value of the local field was
determined, were performed for three different degrees of
circular polarization of pumping light and for two signs of
the nuclear spin temperature.

By comparison of the experimental data and the results of
theoretical modeling, we found that the local field measured
in optical orientation experiments is determined not only by
spin-spin interactions of nuclei, but also by spatially depen-
dent agents: electric fields of donor centers and Knight fields
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of spin-polarized electrons. Among those, the electric fields,
which induce quadrupole splitting of nuclear spin levels, are
of the highest importance. As a result, the effective local field
becomes spatially dependent on the scale of few donor Bohr
radii. The results of experiments aimed at measuring the local
field depend on averaging the effective local field over both
spatial distribution of nuclear spin polarization and the density
of photoexcited electrons. This fact leads to the dependence
of the apparent local field on experimental conditions, such as
pumping duration and ellipticity of the pump light.

A theoretical calculation of the local field of spin-spin
interactions was carried out, taking into account dipole-dipole,
pseudodipolar, and exchange nuclear spin interactions. The
measured local fields under different conditions appear sys-
tematically lower than theoretical predictions. This points to

possible compensation of the magneto-dipole interaction of
nearest neighbors by indirect interactions via electron states,
which can be enhanced by optical pumping during measure-
ment. The determined value of the local field of spin-spin
interactions of approximately 0.7 G is two times less than the
value of 1.45 G, obtained in Ref. [15] and commonly used in
the literature.
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