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The magnetizations, magnetic susceptibilities, and specific heats of both stoichiometric and nonstoichiomet-
ric single crystals GdAs are measured at temperatures 1.7<T<300 K and magnetic fields 0<H<24 T. A
systematic comparison between the magnetic behavior of the stoichiometric and nonstoichiometric samples is
carried out. The stoichiometric sample shows the magnetic features expected for a Heisenberg antiferromagnet.
For the nonstoichiometric sample, some anomalous magnetic properties are observed and explained by the
trapped magnetic polaron model.

I. INTRODUCTION

Rare-earth monopnictidesRX (X5 N, P, As, Sb, and Bi!
with NaCl-type crystal structure are the most typical materi-
als in low carrier systems. Much attention has been attracted
on these materials, due to their mysterious magnetic and
transport properties. Recently, the success in preparing many
high qualityRX single crystals has made much progress in
experimental studies of these compounds, in particular, in
La, Ce, and Yb monopnictides. Although the experimental
results are not sufficient, various complicated physical phe-
nomena such as the dense Kondo effect, valence fluctuations,
heavy fermions state, magnetic exchange interactions,
crystalline-electric field~CEF! effect and magnetic polaron
effect, etc., have been observed inRX systems. Different
effects exist in different samples and compete with each
other, thus theRX systems show diverse physical properties.
Although some of the anomalous properties are explained by
Kasuyaet al.,1–5 there are still many unsolved issues in these
systems. Understanding the mechanism of these effects is the
prerequisite of explaining the anomalous physical properties
of RX systems.

First, much attention has been focused on the magnetic
exchange interactions between 4f ions due to their important
role in most rare-earth monopnictides. The direct exchange
interaction due to direct 4f -4 f overlap between nearest-
neighbor sites in theRX systems is weak, because the 4f
electrons are well screened by 5s and 5p closed shells.
Therefore, in most cases indirect exchange interaction must
be the main mechanism. The media of the indirect exchange
interaction between 4f spins are believed to be the intra-
atomic d-f interaction, andd-f or p-f mixing interaction
~where ‘‘d’’ represents the conduction election, i.e., 5d or
6s electrons in rare-earth atoms, ‘‘p’’ represents thep-band
hold of pnictogen!.6 The former contains the isotropicd-f
Coulomb interaction, the isotropicd-f exchange interaction,
and the multipole and anisotropic exchange interactions. For
studying the indirect exchange interaction inRX systems
more thoroughly, it is desirable to have a ‘‘model’’ material
exhibiting the exchange effect only. This is fulfilled by the
behavior of GdAs, one of the NaCl structure compounds of

RX systems with low carrier concentration. Because Gd31

with 4 f 7 configuration is anS-state ion with spin-7/2, CEF
effects in GdAs are expected to be fairly weak and the indi-
rect exchange interaction is the main mechanism, while the
anisotropic exchange and the multipole interactions are neg-
ligible in GdAs. Furthermore, the 4f level in GdAs is suffi-
cient below the Fermi energy and therefored-f or p-f mix-
ing can also be neglected in GdAs. On the whole, GdAs is
the most suitable material to study the indirect exchange
mechanism inRX systems by using thed-f Coulomb ex-
change interaction. On the other hand, since GdAs is the
‘‘exchange only’’ system with low carrier concentration, the
so-called trapped magnetic polaron states can be formed eas-
ily which affects the magnetic and transport properties of
GdAs strongly. However, because of the difficulty of grow-
ing GdAs single crystal, the experiment studies have not
been done in detail. Recently, we have succeeded in growing
large stoichiometric and nonstoichiometric GdAs single crys-
tals and carefully measured the physical properties. In this
paper, we will systematically compare the magnetic proper-
ties between the two samples, one is noted as GdAs No. 1,
the nonstoichiometric single crystal, and another is noted as
GdAs No. 2, the stoichiometric single crystal. The experi-
ments will be discussed with molecular field approximation
~MFA! and the trapped magnetic polaron model. The electri-
cal transport behavior of them will be analyzed in a separate
paper.

II. SAMPLE PREPARATION AND EXPERIMENT

Single crystals of GdAs No. 1 and GdAs No. 2 are grown
by the mineralization method in tungsten crucibles. Because
arsenic is easy to evaporate at high temperature, a prereac-
tion of the constituent elements, Gd and As, is first carried
out in a closed quartz ampoule at 550 °C for six weeks. The
Gd metal of 99.9% purity~turned into small flakes in a
glovebox permeated with Ar gas! and As metal of 99.999%
purity are used. The polycrystalline materials of GdAs No. 1
and GdAs No. 2 obtained by the prereaction are pressed into
hard pellets at 720 °C and 1300 atm using a glass capsule
method. The hard pellets are then sealed in cleared tungsten
crucibles using an electron beam gun in vacuum. Finally the
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crucibles are slowly heated to above 2500 °C, using a high-
frequency induction furnace and kept at this temperature for
72 h. By this method, single crystals of GdAs No. 1 and
GdAs No. 2 with dimensions of about 83636 mm3 and
53535 mm3, respectively, have been obtained. The x-ray-
diffraction patterns show single phases of NaCl-type GdAs
for both samples. The room-temperature lattice constantsa
are 5.895~1! Å for GdAs No. 1 and 5.864~1! Å for GdAs No.
2. The atomic ratios between Gd and As determined by
chemical analysis are 1:0.9560.01 for GdAs No. 1 and
1:1.0060.01 for GdAs No. 2, respectively. Thus GdAs No. 1
is a nonstoichiometric sample and GdAs No. 2 is a stoichio-
metric sample.

The samples used for various measurements are cut from
the large single crystals. The high-field magnetizationM is
measured by using a pulse magnetic field (0<H<24 T!,
while the low-field magnetization (H<1 T! is measured in
detail with a Quantum Design superconducting quantum in-
terference device~SQUID! magnetometer. The susceptibility
x is measured as a function of magnetic fieldH of 0.05
,H,1 T and temperatureT of 1.7,T,300 K, respec-
tively, with the Quantum Dedign SQUID magnetometer the
same as that used for low-field magnetization measurements.
The specific heat measurements are carried out with an adia-
batic method at temperature of 1.7,T,60 K and magnetic
field of 0<H<10 T.

III. RESULTS

A. Magnetization

The low-field magnetization curves measured by increas-
ing magnetic field are displayed in Fig. 1. The measurements
are carried out atT54.2 K andHi @100# direction. In the
nonstoichiometric sample GdAs No. 1 the magnetization
shows a rapid increase at small fields and a linear field de-
pendence above 0.8 T. Extrapolation of theH-linear part of
the magnetization curve, shown by dashed line in Fig. 1,

intercepts with theM axis at 0.78mB/Gd
31. Compared to the

saturation moment of a free Gd31 ion, Ms57.0mB/Gd
31,

this value corresponds to aboutMs/10. The nonlinear in-
crease of the magnetization at low field suggests the exist-
ence of weak ferromagnetism, i.e., the presence of a sponta-
neous magnetic moment at zero field. Magnetization
measurements by increasing and decreasing fields reveal no
hysteresis behavior for GdAs No. 1. For the stoichiometric
sample GdAs No. 2 similar extrapolated straight line, which
are not shown in Fig. 1, intercepts with theH axis at about
0.02 T. This suggests that the anisotropy field is very small
for GdAs No. 2.

Figure 2 shows the high-field magnetizations up to 24 T
measured atT54.2 K with Hi @100# direction for the two
samples. For a givenH, the magnetization for GdAs No. 1 is
slightly higher than that for GdAs No. 2. The saturation field
and saturation moment are about 18 T and 7.01mB/Gd

31,
respectively, for the stoichiometric sample GdAs No. 2, and
about 17 T and 7.06mB/Gd

31, respectively, for the nonstoi-
chiometric sample GdAs No. 1.

TheH dependencies ofdM/dH of GdAs No. 1 and GdAs
No. 2 are illustrated in Fig. 3. The inset of this figure shows
the low-field results. At low fields,dM/dH in GdAs No. 2
first increases asH increases, then goes through a broad
maximum centered at 0.16 T, and finally reaches a constant
value x'50.223 emu/mol. This values agrees with
xmax50.225 emu/mol, the maximum value of the suscepti-
bility of stoichiometric sample GdAs No. 2 described in the
following. This broad peak relates to the spin-flop transition
analogous to the case in uniaxial antiferromagnet.7 This fea-
ture will be discussed in detail in Sec. IV. Above 3 T,
dM/dH increases very slowly, and atH5HC516.7 T, the
dM/dH curve exhibits al peak, while aboveHC , dM/dH
drops abruptly. Thisl peak indicates a phase transition from
canted phase to paramagnetic phase. In GdAs No. 1, the
values ofdM/dH at low fields are much larger than those in
sample GdAs No. 2. Starting atH50, dM/dH of GdAs No.
1 first increases, then passes through a maximum at about
0.07 T, and finally reduces rapidly and reaching the constant

FIG. 1. Magnetic field dependence of the magnetization of
GdAs No. 1 and GdAs No. 2 measured atT54.2 K andH<1 T.
The dashed line is extrapolation of the data above 0.8 T to lower
fields for GdAs No. 1.

FIG. 2. Magnetic field dependence of the magnetization of
GdAs No. 1 and GdAs No. 2 measured atT54.2 K andH<24 T.
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approachingx' at about 1 T. Above 1 T,dM/dH remains a
constant value up to 15 T. The peak appeared at 0.07 T in
GdAs No. 1 relates to the saturation field of the weak ferro-
magnetism. This feature will be also discussed in detail in
Sec. IV. The rapid dropping ofdM/dH associated with the
transition from the canted phase to paramagnetic phase also
occurs atHC516 T in nonstoichiometric sample GdAs No.
1; however, a significant difference between the two
dM/dH curves is that thel anomaly atHC in GdAs No. 1 is
less obvious compared with GdAs No. 2.

B. Magnetic susceptibility

Magnetic susceptibilityx and inverse susceptibility 1/x
measured at different fields (Hi@100#) are presented in Figs.
4 and 5 versus temperature for GdAs No. 2 and GdAs No. 1,
respectively. The low temperature behaviors are shown in the
insets of these figures. The stoichiometric and nonstoichio-
metric samples show clearly different behaviors. The main
features of sample GdAs No. 2 are the following.~1! The
susceptibility is Curie-Weiss-like at higher temperatures, as
can be seen from the inverse susceptibility. Using the expres-
sion x5C/(T2uP), hereC5NAm eff

2 /(3kB), the best fit of
the data above 100 K yieldsuP5211.5 K and
meff58.15mB . ~2! The susceptibility starts to deviate from
the Curie-Weiss behavior at about 100 K. The Ne´el tempera-
ture is identified as the temperature of the peak in
d(Tx)/dT which givesTN518.7 K for all three curves cor-
responding to the fields of 0.05, 0.1, and 0.5 T. Note that the
maximum inx occurs just aboveTN , and nearTN , the in-
tensity of the peak inx decreases with the increasing field.
~3! Below TN , thex-H dependence shows thatx increases
with H and this increase becomes rapid with the decreasing
temperature, while thex-T dependence shows thatx reduces
quickly with the decreasingT at H50.05 and 0.1 T. At
H50.05 T, thex reduces to 0.162 emu/mol at 5 K; this value
is close to 2/3xmax, wherexmax50.225 emu/mol is the maxi-
mum value ofx reached just aboveTN . In H50.5 T, how-

ever, the susceptibility shows the behavior different from
those ofH50.05 and 0.1 T, e.g., belowTN , as the tempera-
ture decreases,x first reduces, then passes through a shallow
minimum, and finally increases. FromTN to room tempera-
ture, its value is slightly lower than the value ofH50.05 and
0.1 T. Compared with GdAs No. 2, the nonstoichiometric
sample GdAs No. 1 shows very different susceptibility be-
havior.~1! Althoughx follows the Curie-Weiss law at higher
temperature, a positive paramagnetic Curie temperature
uP519.4 K and a effect momentmeff58.04mB are obtained
by the best fitting of the data above 100 K.~2! x starts to
deviate from the Curie-Weiss behavior at about 100 K, simi-
lar to that in GdAs No. 2. However, at about 17 K only a
small bend appears inx curve. The small bend is also the
characteristic of an antiferromagnetic phase transition despite

FIG. 3. Differential susceptibilitydM/dH vs applied magnetic
field for GdAs No. 1 and GdAs No. 2 at 4.2 K. The inset shows
details below 1 T.

FIG. 4. Temperature dependencies of the susceptibility and the
inverse susceptibility of GdAs No. 2 measured in magnetic fields of
0.05, 0.1, and 0.5 T. The inset is the low-temperature part.

FIG. 5. Temperature dependencies of the susceptibility and the
inverse susceptibility of GdAs No. 1 measured in magnetic fields of
0.1, 0.5, and 1 T. The inset is the low-temperature part.
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that it is not a sharp transition peak. From the derivative
d(Tx)/dT, we observe a peak atTN517.2 K. ~3! At low
temperature, thex-H behavior is on the contrary to that of
stoichiometric sample GdAs No. 2, that isx reduces as the
field increases up to 1 T. Even atTN , the deviation ofx
values between different fields is also evident. Note that, as
can be seen in Fig. 6, at low temperatures, susceptibility in
the nonstoichiometric GdAs No. 1 is much higher than that
in the stoichiometric GdAs No. 2 due to the existence of
weak ferromagnetism in GdAs No. 1. This deviation be-
comes smaller gradually with the increasingT and disap-
pears above 200 K. Compared with the large disparity~about
33 K! of the paramagnetic Curie temperatureuP , only a
smaller disparity~about 1.5 K! of the Néel temperature
TN@TN is determined as the temperature whered(Tx)/dT
has the maximum value, which givesTN518.7 K for GdAs
No. 2 andTN517.2 K for GdAs No. 1# between the two
samples is observed.

C. Specific heat under magnetic fields

Figures 7 and 8 show the magnetic parts of specific heat
@obtained by subtracting the data of (C LaAs1CLuAs)/2 from
CGdAs No.1andC GdAs No.2# measured in magnetic fields up to
10 T for GdAs No. 1 and GdAs No. 2, respectively. At zero
field, an antiferromagnetic transition peak is observed at 18.7
K for GdAs No. 2 and 17.2 K for GdAs No. 1; these values
are in good agreement with the susceptibility measurements.
For both samples, asH increases, the intensity of this peak
decreases and the peak position shifts gradually to lower
temperature. In GdAs No. 2, the peak position shifts from
18.7 K atH50 to 15.5 K atH510 T, and in GdAs No. 1,
the peak position shifts from 17.2 K atH50 to 13.9 K at
H510 T. Compared with GdAs No. 2, the transition peaks
of GdAs No. 1 are not so sharp and for a givenH the tran-
sition temperature is about 1.5 K lower than that of GdAs
No. 2. Another important feature is that an anomalous broad
peak is observed at the temperature much below the Ne´el
point in both samples, which can be seen more clearly in the

plot C/T versusT2 ~see inserts of Figs. 7 and 8!. The posi-
tion of this broad peak is around 5.5 K and no clear differ-
ences is found between the two samples. It is mysterious that
even though a magnetic field is applied up to 10 T the posi-
tion of this broad peak does not change in both samples. In
fact, we have observed the similar broad peaks in all Gd-
monopnictides GdX (X5N, P, As, Sb, and Bi!.8 Thus it is a
common feature existing in Gd monopnictides. Figure 9
shows the temperature dependence of the entropy at zero
field for GdAs No. 1 and GdAs No. 2. AboveTN the entropy
slowly increases still in both samples and exceedsR ln8, the
value expected from the ground state8S7/2. The reason may
be mainly the residual phonon contribution, because we used
the data of (CLaAs1CLuAs)/2 as the phonon part of specific
heat in both GdAs No. 1 and GdAs No. 2, which may be too

FIG. 6. Temperature dependence of the susceptibility for GdAs
No. 1 and GdAs No. 2 measured in a field of 0.1 T.

FIG. 7. Temperature dependence of the magnetic part of the
specific heat of GdAs No. 1 in magnetic fields of 0, 1, 3, 5, 8, and
10 T. The inset shows the behavior ofCP /T versusT2.

FIG. 8. Temperature dependence of the magnetic part of the
specific heat of GdAs No. 2 in magnetic fields of 0, 3, 5, 8, and 10
T. The inset shows the behavior ofCP /T versusT2.
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small for GdAs. Above Ne´el temperatureTN , the entropy in
GdAs No. 2 is larger than that in GdAs No. 1. AtT5TN , the
entropy in GdAs No. 1 is about 1/10 smaller than that in
GdAs No. 2. This value corresponds toMs/10, the value of
spontaneous moment, existing in nonstoichiometric sample
GdAs No. 1 at zero field as described above.

Finally, the magnetic phase diagrams of the two samples
are shown in Fig. 10, which are obtained from the specific
heat and magnetization measurements. The left and the right
sides of each curve represent the canted and the paramag-
netic phases of corresponding sample, respectively. The pure
antiferromagnetic phase in stoichiometric sample GdAs No.
2 exists below 0.16 T.

IV. DISCUSSION

The magnetic properties of Gd monopnictides have been
investigated by several authors. Neutron diffraction experi-
ments revealed that an antiferromagnetic fcc type-II order
exhibits in GdP,9 GdSb ~GdBi!,10 and probably in GdAs.11

Susceptibility measurements by Buschet al.12 and by
McGuier et al.10 gave the Ne´el temperature values of GdAs
to be 25 and 19 K, respectively. While the value ofTN513 K
was given by Sugawaraet al.13 from their EPR measure-
ments. In the present study, both the susceptibility and spe-
cific heat measurements yield the Ne´el temperature of sto-
ichiometric GdAs No. 2 to be 18.7 K. This value is close to
the data obtained by McGuieret al. but differs from the re-
sult obtained by Busch and Sugawaraet al. In fact, the Ne´el
temperature depends on the purity of samples. For our sto-
ichiometric sample GdAs No. 2, the transport properties
measurements suggest that this sample is a high quality
single crystal of antiferromagnetic semimetal with a good
compensation between electrons and holes.8 Thus the experi-
mental results for this sample respond to the intrinsic fea-
tures of pure GdAs. On the other hand, chemical analysis
showed that GdAs No. 1 is a Gd-rich nonstoichiometric
sample. Thus some vacancies of As atom exist in GdAs No.
1. Around these vacancies, the so-called trapped magnetic
polaron states can be formed, which strongly affect the mag-
netic and transport properties of the sample. In the following,
we will first discuss the general behavior of the samples with
molecular field approximation and then explain the anoma-
lous magnetic properties observed in nonstoichiometric
GdAs No. 1 with trapped magnetic polaron model.

A. General features

1. Magnetization

As is shown in Fig. 3, for GdAs No. 2, two peaks are
observed in the curve of derivativedM/dH at a lower field
Hsf and a higher fieldHC , which represent the phase transi-
tion from antiferromagnetic phase to spin-flop phase and
from spin-flop phase to paramagnetic phase, respectively.
The spin-flop transition theory has been reviewed earlier by
Shapira7 for the case of a uniaxial antiferromagnet of the
easy-axis type. According to this theory, if a magnetic field
H is applied along6n, where6n are the unit vectors of the
sublattice magnetizationsM1 andM2 , at a certain value of
H5Hsf , M1 andM2 will rotate abruptly to the directions
which are nearly perpendicular toH. This rotation process is
known as the spin-flop transition, and the two phases below
and aboveHsf are called antiferromagnetic phase and spin-
flop phase, respectively. AtHsf the curve ofdM/dH has a
sharp peak. Pure GdAs is a cubic antiferromagnet with mag-
netic order of type II, thus the four equivalent$111% planes
are the easy planes for the sublattice magnetizations. At zero
field and belowTN , M1 andM2 are antiparallel with each
other and point along the certain directions. When a mag-
netic field is applied and at a certain value,Hsf , the sublat-
tice magnetizationsM1 andM2 should rotate in the$111%
planes toward the directions which are nearly perpendicular
to H. This process is analogous to the spin-flop transition in
uniaxial antiferromagnet as mentioned above despite the fact
that GdAs is not a uniaxial antiferromagnet. The spin-flop
transition fieldHsf in GdAs No. 2 is evaluated to be 0.16 T
from Fig. 3. Note that the transition peak aroundHsf in GdAs
No. 2 is not so sharp; the reason may be that the direction of
H ~applied along@100#! deviates from6n, so that the tran-

FIG. 9. Entropies of GdAs No. 1 and GdAs No. 2 at zero field.

FIG. 10. H-T phase diagram for GdAs No. 1 and GdAs No. 2
obtained from the specific heat measurement (T.13 K! and mag-
netization measurement (T54.2 K!. The solid and dashed lines are
the curves ofT(H)5TN(0)@12(H/HC)

2#0.4.
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sition should take place gradually as described in Ref. 14.
Note also that, at low field, a large peak also appears in the
dM/dH curve of GdAs No. 1; this peak represents a weak
ferromagnetic transition other than a spin-flop transition.

According to the uniaxial antiferromagnet theory, in spin-
flop phase the sublattice magnetizationsM1 and M2 are
canted relative to each other by an angle. AsH increases the
canting angle increases untilM1 and M2 become parallel
relative to each other and toH, while a second-order phase
transition from spin-flop phase to paramagnetic phase hap-
pens. This transition is also observed in both GdAs No. 1 and
GdAs No. 2 atHC516 and 16.7 T, respectively. The values
of these critical fieldsHC are slightly lower than the values
of saturation fields described in Sec. III. The former repre-
sents the starting of the transition and the latter represents the
finishing of the transition. The transition fieldHC(T50) can
be related to the exchange constantsJ1 andJ2 ~see the fol-
lowing!. For an fcc antiferromagnet with a second-kind or-
der, the MFA givesHC(T50)5284(J11J2)/(gmB). Using
this formulaHC(T50) of GdAs is calculated to be 15.0 T.
This value is slightly lower than the obtained experimental
data.

Above 3 T the derivativedM/dH of GdAs No. 2 in-
creases slowly with increasingH, in disagreement with MFA
which predicts a constant susceptibility in the canted phase.
Similar effect was observed earlier by Jacobset al.15 and
Oliveira et al.16 in EuTe and was attributed primarily to the
zero-point spin-wave contributions to the free energy.

2. Susceptibility

According to MFA theory, atT,TN andH,H sf , suscep-
tibility of an antiferromagnetic single crystal is given by
x(u)5x icos

2u1x'sin
2u, whereu is the angle between the

directions ofH and n and x i and x' are the parallel and
perpendicular susceptibilities, respectively. Thex' is tem-
perature independent belowTN and is equal toxmax. x i is
expected to vanish atT50 and increases withT. At TN ,
x i5x'5xmax, and aboveTN , the magnet becomes a para-
magnet and the susceptibility obeys the Curie-Weiss law. Our
measurements for GdAs No. 2 in a field of 0.05 T show that
the susceptibility is approximately equal to 2/3xmax at lowest
temperature and increases withT. After going through a
maximum just aboveTN , x becomes Curie-Weiss-like at
higher temperatures. These results are in agreement with the
MFA as described above.

The exchange interaction between magnetic ions in GdAs
can be described in terms of an interaction of each Gd31 ion
with its 12 nearest neighbors and six next-nearest neighbors.
The next-nearest-neighbor interaction is antiferromagnetic
and is stronger than the nearest-neighbor interaction which is
ferromagnetic. For GdAs~face-centered-cubic lattice with
type-II magnetic ordering andJ57/2) the experimental val-
ues of TN and uP can be used to evaluate the nearest-
neighbor exchange constantsJ1 and the next-nearest-
neighbor exchange constantJ2 by using the following
equations:

kBTN5263J2 , ~1!

kBuP5126J1163J2 . ~2!

For stoichiometric sample of GdAs No. 2, letTN518.7 K
and uP5211.5 K, we findJ150.06 K andJ2520.30 K.
The antiferromagnetic next-nearest-neighbor interactionJ2 is
stronger than the ferromagnetic nearest-neighbor interaction
J1; this is the general feature for a Heisenberg antiferromag-
net. In fact, we have measured the susceptibilities and calcu-
lated the exchange constantsJ1 andJ2 for all stoichiometric
Gd monopnictides.J1 andJ2 show the regular changes when
going from GdN to GdBi. For nonstoichiometric GdAs No.
1, since the magnetic polarons make a contribution to the
susceptibility~as explained in the following!, Eq. ~2! is no
longer valid.

We will elaborate the mechanism of exchange interaction
in pure Gd monopnictides in a separate paper. As the conclu-
sions, in GdAs~and other Gd monopnictides!, an indirect
cation-cation exchange with virtual transfer of a 4f electron
to the 5dt2g excited state of a neighboring cation is respon-
sible for the ferromagnetic exchangeJ1 , and thed-f super-
exchange mechanisms account for the antiferromagnetic ex-
change J2 (uJ2u.J1) similar to the case of europium
chalcogenides which has been studied by Kasuya.17 But the
essential distinctions between Eu chalcogenides and Gd
monopnictides are that Eu chalcogenides are semiconductors
while Gd monopnictides are semimetals, thus thed-f ex-
change in Eu chalcogenides can only work through the vir-
tual transfer of the anionp electrons to a 5d or 6s states.
Due to the existence of free carrier, an additional Ruderman-
Kittel-Kasuya-Yosida~RKKY ! interaction is superimposed
on the antiferromagnetic superexchange interaction in Gd
monopnictides. On the other hand, the separation of the 4f
level and the 5d band is 2–3 eV in Eu chalcogenides and
7–10 eV in Gd monopnictides; thus thed-f mixing term is
proved to be responsible forJ1 in a good agreement with the
experiment of Eu chalcogenides, but it is not important in Gd
monopnictides. In nonstoichiometric sample GdAs No. 1,
due to the formation of trapped magnetic polaron state, it
exhibits weak ferromagnetic properties at low fields as dis-
cussed in the following.

3. Specific heat under magnetic fields

The quantitative calculation of specific heat as a function
of temperature and magnetic field for an antiferromagnet is
very difficult. In fact, up to now, there is not satisfactory
theory of theC(T,H) calculation for an antiferromagnet in
the canted phase. Only a few attempts were made to calcu-
late the thermodynamic properties in the case of zero field or
very low temperatures.18 Thus the origin of the broad peak of
the specific heat around 5.5 K in GdAs cannot be explained
very clearly now. Since a similar broad peak exists in all Gd
monopnictides and some other Gd compounds, it seems,
therefore, that this broad peak is an intrinsic feature of
S-state ion, and further study is necessary.

The phase boundaries of antiferromagnet have been cal-
culated by several authors with different models. Our spe-
cific heat measurements show the transition~from the spin-
flop phase to the paramagnetic phase! temperature decreases
slowly with the applied field. This is the typical feature of
antiferromagnetism and can be explained qualitatively with
the MFA model. In MFA, ifHA!2HE , which is case for
GdAs, thenHC'2HE ,

16 whereHA is the effective anisot-
ropy field andHE is the intersublattice exchange field. Be-
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causeHE is proportional to the sublattice magnetizationMi
( i51 or 2!, the field dependence of the transition tempera-
ture is given byH dependence of the sublattice magnetiza-
tion Mi . SinceMi decreases slowly with increasingH near
TN , the transition temperature shifts to low temperature with
increasingH. The specific heat measurements yield a phase
diagram as shown in Fig. 10, which can be fitted fairly well
by an expression of the form

T~H !5TN~0!@12~H/HC!2#j, ~3!

where j50.40 is chosen for GdAs. Formula~3! had been
used earlier to describe the Ising ferromagnets and antiferro-
magnets withj50.87, 0.35, and 0.36 for the square, simple
cubic, and bcc lattices, respectively.19

B. Effect of trapped magnetic polaron state

We have systematically described the difference between
the magnetic properties in stoichiometric sample GdAs No. 2
and those in nonstoichiometric sample GdAs No. 1. The
magnetic properties of GdAs No. 2 can be understood with
the Heisenberg antiferromagnetic theory as analyzed above.
Compared with GdAs No. 2, nonstoichiometric GdAs No. 1
shows quite anomalous features which can be explained by
the trapped magnetic polaron model.20 Due to the nonstoichi-
ometry, the As atom vacancies exist in GdAs No. 1 sample.
We show two possible mechanisms of how the electrons
originated from these vacancies can cause weak ferromag-
netism at zero field. One mechanism is the trapped magnetic
polaron effect. The basic idea is the following: because of the
Coulomb potential at the vacancies, some of the electrons
originated from the vacancies are trapped at the sites of the
As atom vacancies, and interact strongly with the surround-
ing 4f spins throughd-f exchange interaction which cause
the 4f spins around the trapped electron to be aligned, i.e.,
trapped magnetic polaron states are formed. A second
mechanism is that a fraction of the electrons originated from
the vacancies enters the conduction band and freely moves
through the lattice so as to cant all the 4f electron spins
uniformly through the lattice. Both mechanisms can lead to a
spontaneous magnetic moment at zero field. It is known that
in low-carrier concentration systems the trapping magnetic
polaron mechanism is important.21 This is also true for
GdAs.

At low fields, with increasing magnetic field, the nonlin-
ear and rapid increase of magnetization of GdAs No. 1 indi-
cates the existence of spontaneous magnetic moments or
weak ferromagnetism which is mainly originated from the
trapped magnetic polar states. When an external magnetic
field H is applied, the spontaneous magnetic moments of
polarons align themselves parallel toH, even at low fields.
This lead to the rapid increase of magnetization and the large
values of magnetic susceptibility in GdAs No. 1 at low fields
and low temperatures. Figure 6 clearly shows that the large
susceptibility difference between nonstoichiometric and stoi-
chiometric GdAs samples is present at only lower tempera-
tures. Since this susceptibility difference disappears above
200 K, the trapped magnetic polaron states formed in GdAs
No. 1 are considered to be disintegrated above 200 K.

The smaller entropy value observed in GdAs No.1 is an-
other evidence of the formation of trapped magnetic polaron

states in this sample. AtH50 andT5TN , the entropy in
GdAs No. 1 is smaller than that in GdAs No. 2, and the
entropy difference is about 1.8 J mol21K 22. This value is
aboutR ln8/10 and corresponds toMS/10, the value of spon-
taneous moment which exists in nonstoichiometric sample
GdAs No. 1 at zero field. Since we use the same specific heat
date for the phonon contribution in both GdAs No. 1 and
GdAs No. 2, thus the smaller entropy in GdAs No. 1 is
considered to mainly due to the trapped magnetic polaron
effect. That is, because the long-range magnetic order coex-
ists with the trapped magnetic polarons even atTN , about
1/10 4f spins do not participate in the long range order, and
keep the ferromagnetic order within the polarons.

Further evidence of the formation of trapped magnetic
polaron states in GdAs No. 2 is the large negative magne-
toresistance at low temperature and low magnetic field and
the anomalous temperature dependence on the electric resis-
tively, which will be discussed together with the other trans-
port properties in a separate paper.8 Similar anomalous mag-
netic and transport properties have also been found in our
other nonstoichiometric gadolinium monopnictides samples,
such as GdP, which can also be understood with the same
trapped magnetic polaron model.

It is well known that trapped magnetic polaron effect is
evident only in some low carrier systems, i.e., in some
strongly correlated electron systems. Among them, Eu chal-
cogenides, another series ofS-state 4f compounds, have
been investigated extensively. Because of fairly weak crys-
talline electric field effect, the strong exchange interaction is
the main mechanism of magnetic properties in both Gd
monopnictides and Eu chalcogenides. It is believed that the
trapped magnetic polaron states can be easily formed and
have strong effects on magnetic and transport properties of
Gd monopnictides and Eu chalcogenides. In fact, the clear
magnetic polaron effects have been found in nonstoichiomet-
ric EuTe,16,21,22 and other Eu chalcogenides.23 Some other
magnetic semiconductors containing carriers such as Gd
32xV xS4 also shown this kind of behavior.

24 However, as far
as we know, the evident trapped magnetic polaron effects are
discovered in semimetal Gd monopnictids in the present
work. One question one may ask is what are the differences
between Gd monopnictids and Eu chalcogenides? First, the
carrier concentrations are different. Eu chalcogenides are
magnetic semiconductors; even in Eu-rich EuTe, its carrier
concentration (;1019/cm3) is much lower than that in semi-
metal GdAs (;1020–1021/cm3).8 Thus the trapped magnetic
polaron states in Eu chalcogenides are considered to be
formed more easily and stably than that in Gd monopnictids.
As described above, in low carrier concentration systems,
because the trapping magnetic polaron mechanism is much
important than the uniformly canted lattice spins effect, one
believes that in Eu-rich EuTe, only the trapped magnetic po-
laron states are formed, and very little or no uniform-spin
canting exists in zero field due to the very low carrier con-
centration. Thus both Eu-rich EuTe~which shows trapped
magnetic polaron effect! and pure EuTe~with no trapped
magnetic polaron effect! should have the same Ne´el tempera-
ture. This has been proved by the experiments.16 However, in
nonstoichiometric GdAs, although the formulation of the
trapped magnetic polaron states is still the main mechanism,
the uniform-spin canting can also be formed due to the rela-
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tively higher carrier concentration and thus the stoichio-
metric and nonstoichiometric GdAs samples should show
different Néel temperatures. This difference has also been
observed in the present work: the Ne´el temperatures~GdAs
No. 1: 17.2 K; GdAs No. 2: 18.7 K! obtained from the sus-
ceptibility and specific heat measurements show a clear dif-
ference of 1.5 K between stoichiometric GdAs No. 2 and
nonstoichiometric GdAs No. 1 samples. Secondly, the ex-
change mechanisms are quite different. Although trapped
magnetic polaron states are formed throughd-f interaction
in both EuTe and GdAs, in the formerd-f exchange can only
work through the virtual transfer of the anionp electrons to
5d or 6s states, andd-f mixing is also important. In the later
d-f mixing can be ignored due to deep 4f level, and an
additional RKKY interaction is also important as discussed
above. A defect of tellurium atom in EuTe is a doubly
charged donor, whereas a defect of an arsenic atom in GdAs
is a triply charged donor. The former case has recently been
investigated by Umehara25 in a He-like model with singlet or
triplet spin configurations of impurity electrons. Such a
model is not suitable for GdAs, because of the different elec-
tron spin configuration. It is clear that further theoretical and
experimental studies are necessary for a more detailed under-
standing of the trapped magnetic polaron states in nonsto-
ichiometric GdAs and other Gd monopnictides.

It is interesting to note that a new type of magnetic po-
laron theory~different from the above trapped magnetic po-

laron model!, i.e., the quasilocalizedp hole polarizes the
4 f -G8 state through the strongG8 p-f mixing interaction,
has recently been developed by Kasuya to explain the vari-
ous anomalous physical properties observed in stoichio-
metric Ce and Yb monopnictides.5,26,27 These kinds of
anomaly~such as stronger temperature dependence of Hall
coefficient in CeAs, etc.! are not observed in stoichiometric
GdAs and other Gd monopnictides. Thus this type of mag-
netic polaron states could not be formed in stoichiometric Gd
monopnictides. The reason may be that thep-f mixing inter-
action is very weak in Gd monopnictides due to their deep
4 f levels.

In conclusion, magnetic properties of stoichiometric and
nonstoichiometric GdAs single crystals are found to be very
different. The stoichiometric sample GdAs No. 2 shows the
magnetic behavior expected for a Heisenberg antiferromag-
net and can be understood with molecular field approxima-
tion. The nonstoichiometric sample GdAs No. 1 shows the
anomalous magnetic features, which can be explained by
trapped magnetic polaron model.
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