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Beryllium-doped GaAs layers grown at low temperatures by molecular-beam epitaxy contain

localized spins associated with unpaired sp electrons of AsþGa ions. Interactions of these localized

spins are investigated by measuring the magnetization with a superconducting quantum interference

device and the peak-to-peak width of electron paramagnetic resonance (EPR) spectra for samples

with different spin concentrations ranging from 3� 1018 to 2.0� 1019 cm�3. The results show that

localized spins in this material antiferromagnetically interact on each other via direct exchange.

From the analysis of the temperature dependence and field dependence of the magnetization on the

basis of the Curie–Weiss law and the molecular-field approximation, exchange energy of each

sample was derived. The dependence of the exchange energy on the concentration of localized

spins is reasonably explained by a model of direct exchange, which results from the overlapping of

wave functions of unpaired electrons at AsþGa ions. The peak-to-peak width of EPR spectra

increases with an increase in the spin concentration at low temperatures, whereas it decreases with

an increase in the temperature for samples with high spin concentrations. These EPR results also

show that significant exchange interactions indeed occur between localized spins in this material.

These effects of direct exchange interactions between localized spins can clearly be observed at

their average distances of around 4 nm, which implies a considerably large spatial extension of the

wave function of an unpaired sp electron around an AsþGa ion. VC 2011 American Institute of Physics.

[doi:10.1063/1.3567914]

I. INTRODUCTION

In the past decade, a variety of spin-related phenomena in

solids have been explored by both experimental and theoreti-

cal studies, which have been driven mainly by a possibility of

the development of a technology field called spintronics. One

such phenomenon is collective magnetism based on localized

spins associated with unpaired sp electrons in materials with-

out magnetic elements. In the investigation of this phenom-

enon, many studies have focused on localized spins associated

with unpaired sp electrons, which form at native point defects

such as vacancies in semiconductors and insulators.1–12 These

unpaired sp electrons are fairly localized and hence are

expected to carry local magnetic moments at substantially

high temperatures.

Because of a number of reports of the observation of fer-

romagnetism at room temperature, which have been attrib-

uted to the aforementioned unpaired sp electrons,2,5,6,11,12

there have been active theoretical investigations on localized

spins associated with these unpaired electrons with an expec-

tation of the development of an unconventional class of mag-

netic systems. A number of electronic structure calculations

predicted the preference of ferromagnetic interactions of

these localized spins in the systems, where room-temperature

ferromagnetism was reported to occur.1,3,4,7–10,12 Recent

studies, however, pointed out the necessity of great care in

such a prediction, as the sufficient inclusion of electron cor-

relation in calculations often leads to a very different situa-

tion for localized spins at point defects with enhanced

localization of carriers of magnetic moments and structural

distortion.13–15 In experimental studies, the occurrence of the

observed room-temperature ferromagnetism was found to be

highly dependent on the sample-preparation process. In

some cases ferromagnetism was not observed in a system

from which other groups reported the observation.16,17

The difficulty in the investigation of these localized

spins reflects the inherent properties of native point defects.

Unlike unpaired d and f electrons of magnetic elements,

unpaired sp electrons in solids result from specific configura-

tions of atoms around native point defects. In addition, native

point defects, in general, have high formation energies and

hence may sensitively change their structures depending on

the environment. It is, therefore, not evident whether local-

ized spins exist at given point defects in a real system, even

if a qualitative chemical bond picture predicts their exis-

tence. The aforementioned properties also make interactions

of these localized spins to occur in a highly complicated

manner in comparison to those of unpaired d and f electrons

of magnetic elements; the coexistence of point defects at a

close distance may result in a significant change in their

structure and hence influence interactions of localized spins.

High formation energies of native point defects also make it

difficult to introduce a high concentration of defects in a

closely controlled manner, which is necessary for the experi-

mental investigation of their interactions.

a)Author to whom correspondence should be addressed. Electronic mail:

ootsuka@jaist.ac.jp. FAX: 81-761-51-1149.
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In the situation described earlier, it is worthwhile to

experimentally investigate a selected system in order to find

fundamental characteristics of localized spin systems associ-

ated with native point defects. Some of the characteristics

may be significantly different from those of unpaired d and f
electron systems. Finding of such fundamental characteris-

tics may enable one to explore a possibility of the develop-

ment of these localized spins as an unconventional magnetic

system, which exhibit a variety of spin-related phenomena.

In this paper we present results of a study on localized spins

in Be-doped GaAs layers grown at low temperatures (LT-

GaAs) by molecular-beam epitaxy (MBE), in which we have

investigated how localized spins associated with native point

defects interact on each other. The most important character-

istic that distinguishes localized spins in Be-doped LT-GaAs

from those associated with native point defects in other

materials is that the concentration of localized spins can be

closely controlled by the growth process as explained in the

following.

A LT-GaAs layer contains a high concentration of antisite

arsenic (AsGa) atoms whose concentration depends on the

growth temperature.18 The electronic structure of an AsGa

atom has been investigated by many theoretical studies in the

past in connection with the EL2 defect in GaAs.19–23 It was

shown that the AsGa defect induced three bound states of A1

symmetry, among which one fell deep in the band gap and

was a twofold occupation in the neutral state.19,20,23 In non-

doped LT-GaAs, a few AsGa atoms change into AsþGa ions due

to the compensation by Ga vacancies.24 These AsþGa ions carry

magnetic moments associated with unpaired sp-type electrons

that were detected by a number of past studies with the elec-

tron paramagnetic resonance (EPR)25 and magnetic circular

dichroism of absorption.26 LT-GaAs, therefore, is considered

as a system where the existence of localized spins at native

point defects has been fully confirmed. In earlier studies on

LT-GaAs, the concentration of AsþGa ions was found to be

increased by doping a high concentration of Be atoms, which

compensate AsGa atoms in place of Ga vacancies.27,28 In a

recent study, we grew thick Be-doped LT-GaAs layers with

thicknesses up to 20 lm and observed their magnetic

moments with a superconducting quantum interference device

(SQUID).29 The field dependence of the magnetization of

these layers at low temperatures was approximately described

by the Brillouin function, and a few samples exhibited max-

ima in the temperature dependence of the magnetization at

low temperatures, the origin of which, however, is not known

at present.

In the present study we have made close analyses of

results of SQUID and EPR measurements for samples with

different spin concentrations ranging from 3� 1018 to

2.0� 1019 cm�3 in order to clarify the mechanism of interac-

tions of localized spins in this material. The results show that

localized spins in this material antiferromagnetically interact

on each other via direct exchange. From the analysis of the

temperature dependence and field dependence of the magnet-

ization on the basis of the Curie–Weiss law and the molecu-

lar-field approximation, an exchange energy of each sample

were derived. The dependence of the exchange energy on the

concentration of localized spins is reasonably explained by a

model of direct exchange, which results from the overlap-

ping of the wave functions of unpaired electrons at AsþGa

ions. The peak-to-peak width of EPR spectra increases with

an increase in the spin concentration at low temperatures,

whereas it decreases with an increase in the temperature for

samples with high spin concentrations. These EPR results

also show that significant exchange interactions indeed occur

between localized spins in this material. The noteworthy

finding in the present study is that the effects of direct

exchange interactions between localized spins can clearly be

observed at their average distances around 4 nm, which

implies a considerably large spatial extension of the wave

function of an unpaired sp electron around an AsþGa ion.

II. EXPERIMENT

Beryllium-doped LT-GaAs layers were grown by utiliz-

ing a conventional MBE system. Semi-insulating epiready

(100)GaAs wafers were used as substrates. After desorption

of an oxide layer of the substrate surface, a 150-nm-thick

GaAs buffer layer was grown at 580 �C, followed by the

growth of an AlAs layer and a 75-nm-thick GaAs buffer

layer at the same temperature. The growth of the AlAs layer

was made for the lift-off process of LT-GaAs layers.30 The

substrate temperature was subsequently lowered for the

growth of a Be-doped LT-GaAs layer. The growth tempera-

ture and the Be-doping concentration were varied among

samples. Nearly the same atom flux ratio of As to Ga, being

around 5,18 was used for the growth of all samples.

Table I list substrate temperatures Ts, Be concentrations

[Be], thicknesses t, and spin concentrations Ns of Be-doped

LT-GaAs layers investigated in the present study. For sam-

ples 1–4, Weiss temperatures h are also listed. The Be con-

centrations were estimated by using the Be effusion cell

temperature for which uniformly doped layers were grown at

520 �C and their hole concentrations were measured for

given Be effusion cell temperatures. The substrate tempera-

ture for the growth of a LT-GaAs layer was estimated by

extrapolating the reading of a thermocouple at desorption of

the oxide layer on the substrate surface. It is widely known

to be difficult to estimate accurate substrate temperatures for

the low-temperature MBE growth. According to our earlier

study,18 for a given thermocouple reading an actual substrate

temperatures varies over 6 10 �C due to a small change in

TABLE I. Substrate temperature Ts, Be concentration [Be], thickness t, and

spin concentrations Ns of samples 1–9. For samples 1–4, Weiss temperatures

h are also listed.

Number Ts (�C) [Be] (1019/cm3) t (lm) [Ns] (1019/cm3) h (K)

1 260 2.4 18 1.91 0.34

2 260 2.6 18 2.26 0.45

3 280 2.7 15 1.42 0.16

4 255 2.9 18 1.99 0.31

5 270 2.9 3 2.06 —

6 275 2.5 8 1.88 —

7 220 5.5 1.4 0.91 —

8 260 5.5 4 0.67 —

9 240 5.5 2.3 0.32 —
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the contact between a substrate and a substrate holder and

that between a substrate holder and a thermocouple. Samples

whose substrate temperatures are the same with each other in

Table I, therefore, were not necessarily grown at the same

temperature.

The magnetization of samples 1–4 was measured by

SQUID, whereas samples 4–9 were used for EPR measure-

ments. For the SQUID measurement, Be-doped LT-GaAs

layers with thicknesses ranging from 15 to 18 lm were

grown in order to gain sufficient magnetic moments of sam-

ples, whereas thinner samples were used solely for the EPR

measurement. For all samples listed in Table I, a reflection

high-energy electron diffraction pattern indicating the two-

dimensional growth mode was maintained until the end of

the growth. For the growth of thick samples from 1 to 4, rela-

tively high substrate temperatures ranging around 270 �C
were used in order to avoid the breakdown of the layer-by-

layer growth due to surface roughening. At typical substrate

temperatures around 200 �C for the growth of a LT-GaAs

layer, the breakdown occurs around 1 lm.31 Details of the

growth process of thick Be-doped LT-GaAs layers were

described in an earlier paper.29 Spin concentrations Ns and

Weiss temperatures h of samples 1–4 were estimated by the

analysis of their magnetization as explained in the next sec-

tion. Spin concentrations of samples 5–9 were estimated

with EPR spectra by using sample 4 as a reference whose

spin concentration was determined by the analysis of the

magnetization. As seen in Table I, samples 7–9, whose Be

concentrations are considerably higher than those of other

samples have low spin concentrations. The low spin concen-

trations in these three samples may be attributed to the occu-

pation of interstitial sites by Be atoms, which results in the

compensation of acceptor Be atoms at substitutional sites for

high Be-doping concentrations. The verification of this ex-

planation, however, requires further experimental study.

The crystalline quality of samples were analyzed by x-

ray diffraction and cross-sectional transmission electron mi-

croscopy (TEM). For the measurement with the EPR system

and SQUID, a LT-GaAs layer was lifted off from a GaAs

substrate by etching the AlAs layer with a solution of HF

acid.30 EPR measurements were carried out with an X-band

spectrometer at 9.6 GHz. For the SQUID measurements 24

sheets of the LT-GaAs layer with 3� 3 mm2 size were

wrapped in a thin plastic sheet and installed in a straw used

as a sample holder of SQUID. In order to avoid an inclusion

of a small piece of magnetic material, the lift-off process and

installation of a sample in the SQUID sample holder were

carefully carried out with plastic tweezers.

III. RESULTS AND DISCUSSION

A. Magnetization

All four samples used for the SQUID measurement have

nearly defect-free single crystalline LT-GaAs layers, which

were confirmed by XRD and TEM analyses. Figures 1(a)

and 1(b) are cross-sectional TEM bright-field images of sam-

ple 4. The former image was taken from an area close to the

AlAs layer, which appears as a bright band, whereas the lat-

ter image was taken from an area close to the layer surface.

These images show a single crystalline structure without any

extended defect from the bottom to the top of the 18-lm-

thick LT-GaAs layer.

The magnitude of a magnetic moment of a Be-doped

LT-GaAs sample at a low temperature is comparable to those

of a plastic film and a straw, which were used as a sample

holder for the SQUID measurement. As shown in our earlier

paper with measured magnetic moments,29 the temperature

dependence of the magnetic moments of the plastic film and

straw is negligible in comparison to that of a Be-doped LT-

GaAs sample as expected from their diamagnetic properties.

For the analysis of the magnetization, therefore, the contribu-

tion of the plastic film and straw to a measured magnetic

moment for a given temperature T was removed by subtract-

ing a magnetic moment measured at a high temperature,

30 K. Figure 2(a) is the temperature dependence of the mag-

netization of sample 4, which was measured at 0.1 T after

zero-field cooling. Because of the subtraction of a magnetic

moment measured at 30 K and the division by the volume of

the Be-doped LT-GaAs sample, the plots correspond to the

difference between the magnetization of a sample at T and

30 K. Figure 2(b) is the field dependence of the magnetiza-

tion of sample 4 for three temperatures, 1.8, 4.5, and 10 K.

Similarly to Fig. 2(a), the plots correspond to the difference

between the magnetization at T and 100 K.

With the measured results shown in Fig. 2(a) the mag-

netization of a sample at each temperature T was estimated

by using the following equation:

M Tð Þ ¼ Mexp Tð Þ �Mexp 30 Kð Þ þMpara 30 Kð Þ; (1)

FIG. 1. Cross-sectional TEM bright-field images of sample 4.

073918-3 Bae et al. J. Appl. Phys. 109, 073918 (2011)
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where Mexp(T) and Mexp(30 K) are the measured magnetiza-

tion at T and 30 K, respectively. The last term in Eq. (1) is

the calculated magnetization based on the Curie

paramagnetism:

Mpara Tð Þ ¼ NsSglBBs
SglBH

kBT

� �
; (2)

where Bs(x) is the Brillouin function. In the equation, Ns, S,
g, lB and H are the spin concentration, the localized spin,

Landé g factor, Bohr magneton, and the magnetic field,

respectively. As explained in the following, the effect of

interactions of localized spins in these samples is negligibly

small at 30 K. With M(T) obtained from Eq. (1), next M(T)T
was plotted as a function of T. Figure 3(a) shows the plots

M(T)T at 0.1 T for sample 4. For the estimation of Mpara (30

K), 1/2 and 2.04 were used for values of S and g, which were

derived in an earlier EPR study on AsþGa ions in LT-GaAs.25

The value of the spin concentration Ns was chosen so as to

make M(T)T to fluctuate around a constant value in the high-

temperature range, where large fluctuations of M(T)T at high

temperatures are due to very small values of Mexp(T)�Mexp

(30 K) in that temperature range. If a larger value of Ns is

used, M(T) shows an explicit tendency of a continuous

increase with the temperature even in the high temperature

range, whereas a smaller value results in the opposite tend-

ency. By judging with these tendencies, Ns was determined

as 1.99 6 0.3� 1019cm�3 for sample 4.

The plots of M(T)T in Fig. 3(a) show an increasing

reduction at lower temperatures, suggesting antiferromag-

netic interactions between localized spins. The fitting of cal-

culated values based on the Curie–Weiss law

MCW Tð Þ ¼ CW

T þ h
; (3)

where

C ¼ NsS Sþ 1ð Þg2l2
B=3kB

was made for different values of h as shown in Fig. 3(a). For

the calculation the same value of Ns was used. The value of

h was uniquely determined for a given Ns by fitting the cal-

culated curve to M(T)T in the temperature range from 2 to 6

K, where the plots exhibit a large curvature. For sample 4, h
is estimated as 0.31 6 0.03 K.

FIG. 2. (a) Temperature dependence of the magnetization Mexp(T)�Mexp(30

K) and (b) field dependence of the magnetization Mexp(T)�Mexp(100 K) of

sample 4.

FIG. 3. (a) Plots M(T)T at 0.1 T for sample 4 as a function of T. The fitting of

calculated values based on the Curie–Weiss law was made for different values

of h. (b) Plots of [Mexp(1.8 K)�Mexp(100 K)]/[Mpara(1.8 K)�Mpara(100 K)]

of sample 4 as a function of the magnetic field. Calculated values [MAF (1.8

K)�MAF (100 K)]/[Mpara(1.8 K)�Mpara(100 K)] are plotted for different val-

ues of h.
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Two parameters, Ns and h, were also estimated simulta-

neously by using the nonlinear curve fitting with the equation

of the Curie–Weiss law. The value Ns estimated in this way

is (1.980 6 0.004)� 1019cm�3, which is very close to the

value estimated in the first method. The value of h deter-

mined by the nonlinear curve fitting, however, deviates sig-

nificantly from the aforementioned value of 0.31 K and

makes large fluctuations if data points of 1.8 or 2.0 K are

excluded from the fitting, indicating the difficulty in the

determination of h by the nonlinear curve fitting. As seen in

Fig. 3(a), these two data points are significantly apart from

other data points, whereas data points measured in the tem-

perature range from 2.2 to 8.5 K form a nearly continuous

and monotonic curve. If the fitting is made by excluding the

above two data points, h becomes a value close to 0.31 K

with Ns nearly unchanged and does not vary significantly

with a change of the temperature range used for the fitting.

Values of h determined in the first method, therefore, are

used for the analysis of interactions of localized spins in this

study, whereas values of Ns were estimated by the nonlinear

curve fitting.

In order to substantiate the result of the previous analy-

sis, the field dependence of the magnetization of a sample

was compared with the calculated one in the molecular-field

approximation. In Fig. 3(b), [Mexp(1.8 K)�Mexp(100 K)]/

[Mpara(1.8 K)�Mpara(100 K)] of sample 4 is plotted as a

function of the magnetic field. The subtraction of Mexp(100

K) was made in order to remove the contribution of the sam-

ple holder. The division by the calculated paramagnetic mag-

netization Mpara enables one to observe clearly the effect of

antiferromagnetic exchange interactions. In the molecular

field approximation,32 the magnetization MAF of an antifer-

romagnetic crystal in the magnetic field H at a temperature

above the Néel temperature is given by

MAF T;Hð Þ ¼ NsSglBBs
SglB �AMAF þ Hð Þ

kBT

� �
; (4a)

where

A ¼ 2

g2l2
BNs

X
m

J Rmð Þ: (4b)

Here, J(Rm) is the exchange energy and the summation is

taken over nearest-neighbor spins located at Rm with respect

to the reference spin. In the case of Be-doped LT-GaAs

localized spins are randomly distributed, and hence the mag-

nitude of J varies continuously over a certain range. In the

present analysis, one exchange energy, which corresponds to

that for the average interval of localized spins, is used. With

this approximation, the parameter A is related to h by A¼ h/

C. In Fig. 3(b), calculated values [MAF (1.8 K)�MAF (100

K)]/[Mpara (1.8 K)�Mpara (100 K)] are plotted for different

values of h. In the calculation, the spin concentration Ns derived

from the above-mentioned analysis was used. Figure 3(b)

shows that the field dependence of the magnetization can be

reasonably reproduced with a value close to 0.31 K for h,

implying the fairly good consistency of the present analysis.

The small difference between the experimental curve and the

calculated one with 0.31 K for h may be attributed to the

simplified molecular-field approximation used in the calcula-

tion. It was also found that the use of Eq. (4a) in place of Eq.

(2) for the calculation of M(T) in Eq. (1) with the estimated

values of Ns and h did not cause any significant change in the

previous results.

Figure 4 shows plots of M(T)T for samples 1–3 along

with calculated curves with the most appropriate values of

Ns and h. Values of Ns were determined by the nonlinear

curve fitting, and those of h were estimated by the method

used for sample 4 because of the reason explained earlier.

Samples 2 and 3 have larger and smaller values for Ns and h
than those of sample 4, respectively, whereas sample 1 has a

similar value with the latter one. These estimated values are

listed in Table I for each sample.

B. EPR linewidth

The linewidth of EPR spectra changes sensitively by

exchange interactions of localized spins.33 Even weak

exchange interactions whose effect on the magnetization can

be observed only at low temperatures give rise to a signifi-

cant effect on the linewidth at high temperatures. We, there-

fore, analyzed the linewidth of EPR spectra of Be-doped LT-

GaAs layers.

All reported EPR spectra of AsGa defects in GaAs

including those in LT-GaAs have similar large linewidths

irrespective of their concentrations.25,34–38 An earlier opti-

cally detected electron-nuclear double resonance(ODEN-

DOR) study on AsGa defects indicated the significant

distribution of an unpaired electron over four nearest-neigh-

bor As atoms and large quadrupole interactions among these

four As atoms and the AsþGa ion.39 Other experimental and

theoretical studies showed large atomic displacements

around an AsGa atom.40–42 The large linewidth is considered

to be inherent to these properties of an isolated AsGa defect.

Because of the large linewidth for the isolated AsGa defect,

the detection of a change in the linewidth resulting from

interactions of localized spins requires a close analysis of a

spectrum curve. Among four hyperfine lines of AsGa defects,

the line that was observed at the highest magnetic field was

FIG. 4. Plots of M(T)T for samples 1–3 along with calculated curves with

the most appropriate values of Ns and h.
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used for the analysis of the peak-to-peak linewidth. Accord-

ing to the Breit–Rabi formula,43 the position of this line is

separated from the nearest one by the largest distance and

hence has the smallest effect of overlapping the tail of the

nearest resonance peak. In the analysis, we also used a spec-

trum curve whose noises were removed by the Fourier-trans-

form filtering in order to determine positions of the

maximum and minimum of the curve accurately.

Figure 5(a) shows EPR spectra of samples 5 and 8,

which correspond to the fourth hyperfine lines. The inset is

the spectrum of sample 5, which includes all four hyperfine

lines. The spectra of samples 5 and 8 were measured at 4.7

and 4.0 K, respectively. The positions of the maxima and

minima of each curve are indicated by arrows in the figure.

Peak-to-peak linewidths determined from these spectra are

37.6 and 31.2 mT for samples 5 and 8, respectively, where

samples 5 and 8 have high and low spin concentrations,

respectively, as listed in Table I. In Fig. 5(b), peak-to-peak

linewidths determined for samples 4–9 are plotted as a

function of the spin concentration. All EPR spectra used for

this analysis were measured in the temperature range from

3.9 to 4.9 K. Figure 5(b) shows a clear tendency of an

increase in the linewidth with the spin concentration,

although these increases correspond to small fractions of

the linewidth. The increase in the linewidth at low tempera-

tures for higher spin concentrations is attributed to dipole

interactions and crystal fields caused by neighboring local-

ized spins.33,44

Figure 6(a) shows EPR spectra of sample 5 that were

measured at 4.6 and 31.8K. Sample 5 has a higher spin con-

centration and hence has a large linewidth. As seen in

Fig. 6(a), the peak-to-peak linewidth becomes smaller at a

higher temperature. In Fig. 6(b), the linewidth is plotted as a

function of the temperature for samples 5 and 6. In both

cases, the linewidth decreases with an increase in the temper-

ature and approaches the linewidths of samples with low

spin concentrations. In a paramagnetic phase with antiferro-

magnetic interactions, the EPR linewidth is known to

increase when the temperature is lowered toward the Neél

temperature.45 This result along with that in Fig. 5(b), there-

fore, implies that exchange interactions of localized spins

occur in samples with high spin concentrations and reduce

the effect of dipole interactions and the crystal field on the

linewidth. Magnitudes of changes in the linewidth, which are

several millitesla, are also found reasonable for the values of

h derived in the present analysis when they are compared

FIG. 5. (a) EPR spectra of samples 5 and 8, which correspond to the fourth

hyperfine lines. The inset is the spectrum of sample 5, which includes all

four hyperfine lines. (b) Plots of peak-to-peak linewidths determined for

samples 4–9 as a function of the spin concentration.

FIG. 6. (a) EPR spectra of sample 5, which were measured at 4.6 and

31.8 K. (b) Plots of linewidth as a function of the temperature for samples

5 and 6.
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with earlier results of the exchange narrowing in other para-

magnetic materials with antiferromagnetic interactions.33

C. Exchange interaction

The analysis of the magnetization and EPR linewidth

has shown that localized spins interact on each other via anti-

ferromagnetic exchange. Although many experimental stud-

ies on localized spins associated with native point defects

have been reported recently, there has been no study that

investigated localized spins in paramagnetic states by using

samples with different spin concentrations in order to clarify

the mechanism of their interactions. Many reported studies

have focused only on the occurrence or absence of room-

temperature ferromagnetism in samples.2,5,6,11,12

In the mean-field approximation, the exchange energy

J can be estimated from h via Eq. (4b) and the relation A¼ h/

C. Because of random arrangements of localized spins in the

present system, the estimated exchange energy J is considered

as that for the average distance of localized spins. The number

of neighboring spins is assumed to be six as in the case of a

simple cubic structure. In Fig. 7, estimated exchange energies

of four samples from 1 to 4 are plotted as a function of the av-

erage distance rav in the logarithmic scale.

As expected from the values of h, the exchange energy

J changes significantly with a change of the average distance

rav which is N�1=3
s . Although the arrangement of four data

points deviates from a straight line to a certain extent, Fig.7

suggests that the exchange energy J changes exponentially

with the average distance.

In the case of direct exchange, which results from over-

lapping of wave functions of two localized spins, the leading

term of the exchange energy is of the order exp(�2aR) times

algebraic factors, where R is the nearest-neighbor distance

and a wave function decays exponentially as exp(�ar) at a

large distance r.46 By assuming the relation J / exp�2arð Þ,
the value of a, 0.88 nm�1, is derived from Fig. 7 with the

least square fitting. The reciprocal of a represents the spatial

extension of the wave function because it corresponds to the

Bohr radius in the case of the hydrogenic 1s wave function.

The value of a�1 which is 1.1 nm is considered to be reason-

able for the extension of the wave function of a localized

spin, as earlier experimental studies on AsGa defects, such as

those on ODENDOR39 and hopping conduction47 and theo-

retical studies on wave functions20,23 suggested a similar

extension of the wave function for an excess electron of the

AsGa defect. With these results, therefore, one can conclude

that localized spins interact on each other via a direct

exchange in Be-doped LT-GaAs in the range of these spin

concentrations.

The average distances of localized spins in samples 1–4

range from 3.5 to 4.2 nm. The direct exchange interaction of

localized spins, over this range of distances, results from a

large spatial extension of wave functions of unpaired sp elec-

trons. Similar direct exchange interactions occur in shallow-

donor-doped semiconductors such as P-doped Si and In-doped

CdS, which were investigated extensively in the past.48–50 In

comparison to localized spins in these shallow-donor-doped

semiconductors, those in Be-doped LT-GaAs exist in a more

complex structure resulting from the properties of native point

defects. There are large lattice distortions around an AsGa

defect40–42 and the existence of high concentrations of com-

pensating Be� ions and neutral AsGa atoms along with AsþGa

ions. In addition, the wave function of an unpaired electron is

not hydrogenic and its form directly depends on the configura-

tion of atoms in the AsGa defect.20,23 It is, therefore, signifi-

cant that with the present results one can consider Be-doped

LT-GaAs as one spin system in which localized spins directly

interact on each other similar to those in shallow-donor-doped

semiconductors and those based on unpaired d and f unpaired

electrons. As another interesting aspect suggested by the pres-

ent results, Be-doped LT-GaAs can be considered as a Mott

insulator with a single orbital per site, where excess electrons

and holes can be introduced as neutral AsGa atoms and AsþþGa

ions, respectively.

The concentration of AsGa atoms in LT-GaAs is known

to be increased to 1� 1020 cm�3 by the growth at a tempera-

ture lower than those used in the present study.18 If such a

high concentration of AsGa atoms can be converted to AsþGa

ions by Be doping, the exchange energy is expected to

increase significantly and may result in the occurrence of a

cooperative phenomenon of a spin system. There is, how-

ever, another possibility that AsGa defects may change the

structure and become nonmagnetic due to their interactions

at a close distance. In order to investigate these possibilities

one needs to find a method to prepare samples for the mag-

netization measurement by overcoming the problem of sur-

face roughening in the growth of thick LT-GaAs layers at a

low temperature.31,51

IV. CONCLUSION

In the present study we have made analyses of results of

SQUID and EPR measurements for samples with different

spin concentrations in order to clarify the mechanism of inter-

actions of localized spins associated with native point defects.

The results show that localized spins in this material antiferro-

magnetically interact on each other via direct exchange. From

the analysis of the temperature dependence and field
FIG. 7. Plots of estimated exchange energies J of four samples 1–4 as a

function of the average distance rav.
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dependence of the magnetization on the basis of the Curie–

Weiss law and the molecular-field approximation, exchange

energy of each sample was derived. The dependence of the

exchange energy on the concentration of localized spins is

reasonably explained by a model of direct exchange. The

peak-to-peak width of EPR spectra increases with an increase

in the spin concentration at low temperatures, whereas it

decreases with an increase in the temperature for samples

with high spin concentrations. These EPR results also show

that significant exchange interactions indeed occur between

localized spins in this material. The noteworthy finding is that

the effects of direct exchange interactions between localized

spins can clearly be observed at their large average distances

around 4 nm, in spite of the presence of the large lattice distor-

tion and high concentrations of Be� ions.
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