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Magnetic behavior of stoichiometric and nonstoichiometric GdAs single crystals
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The magnetizations, magnetic susceptibilities, and specific heats of both stoichiometric and nonstoichiomet-
ric single crystals GdAs are measured at temperatures T=<¥300 K and magnetic fields€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.

[. INTRODUCTION RX systems with low carrier concentration. Because®>Gd
with 4f7 configuration is arS-state ion with spin-7/2, CEF

Rare-earth monopnictidd®X (X= N, P, As, Sb, and Bi  effects in GdAs are expected to be fairly weak and the indi-
with NaCl-type crystal structure are the most typical materi-'éCt exchange interaction is the main mechanism, while the
als in low carrier systems. Much attention has been attracte@nisotropic exchange and the multipole interactions are neg-
on these materials, due to their mysterious magnetic antgible in GdAs. Furthermore, thefdlevel in GdAs is suffi-
transport properties. Recently, the success in preparing marfent below the Fermi energy and therefard or p-f mix-
high quality RX single crystals has made much progress ini19 can also be neglected in GdAs. On the whole, GdAs is
experimental studies of these compounds, in particular, it€ most suitable material to study the indirect exchange
La, Ce, and Yb monopnictides. Although the experimentafMechanism inRX systems by using the-f Coulomb ex-
results are not sufficient, various complicated physical phechange interaction. On the other hand, since GdAs is the
nomena such as the dense Kondo effect, valence fluctuation€Xchange only” system with low carrier concentration, the
heavy fermions state, magnetic exchange interactionsso'ca'!ed trapped magnetic pqlaron states can be form_ed eas-
crystalline-electric field CEF) effect and magnetic polaron ily Which affects the magnetic and transport properties of
effect, etc., have been observed RX systems. Different GdAS strongly. However, because of the difficulty of grow-
effects exist in different samples and compete with each’d GdAs single crystal, the experiment studies have not
other, thus th&R X systems show diverse physical properties.Péen done in detail. Recently, we have succeeded in growing
Although some of the anomalous properties are explained blpr9e stoichiometric and nonstoichiometric GdAs single crys-
Kasuyaet al,' S there are still many unsolved issues in thesef@!s and carefully measured the physical properties. In this
systems. Understanding the mechanism of these effects is tiR&PEr We will systematically compare the magnetic proper-
prerequisite of explaining the anomalous physical propertie§€S between the two samples, one is noted as GdAs No. 1,
of RX systems. the nonstoichiometric single crystal, and another is noted as

First, much attention has been focused on the magneti®dAs No. 2, the stoichiometric single crystal. The experi-
exchange interactions betweehiéns due to their important Ments will be discussed with molecular field approximation

role in most rare-earth monopnictides. The direct exchang€VFA) and the trapped magnetic polaron model. The electri-
interaction due to direct #4f overlap between nearest- cal transport behavior of them will be analyzed in a separate

neighbor sites in th&k X systems is weak, because the 4 PaPer.
electrons are well screened by mnd 5 closed shells.
Therefore, in most cases indirect exchange interaction must
be the main mechanism. The media of the indirect exchange Single crystals of GdAs No. 1 and GdAs No. 2 are grown
interaction between # spins are believed to be the intra- by the mineralization method in tungsten crucibles. Because
atomic d-f interaction, andd-f or p-f mixing interaction arsenic is easy to evaporate at high temperature, a prereac-
(where “d” represents the conduction election, i.ed ®r  tion of the constituent elements, Gd and As, is first carried
6s electrons in rare-earth atomsp™ represents the-band  out in a closed quartz ampoule at 550 °C for six weeks. The
hold of pnictogen® The former contains the isotropit-f Gd metal of 99.9% purity(turned into small flakes in a
Coulomb interaction, the isotropit-f exchange interaction, glovebox permeated with Ar gaand As metal of 99.999%
and the multipole and anisotropic exchange interactions. Fquurity are used. The polycrystalline materials of GdAs No. 1
studying the indirect exchange interaction RX systems and GdAs No. 2 obtained by the prereaction are pressed into
more thoroughly, it is desirable to have a “model” material hard pellets at 720 °C and 1300 atm using a glass capsule
exhibiting the exchange effect only. This is fulfilled by the method. The hard pellets are then sealed in cleared tungsten
behavior of GdAs, one of the NaCl structure compounds otrucibles using an electron beam gun in vacuum. Finally the

Il. SAMPLE PREPARATION AND EXPERIMENT

0163-1829/96/5@.3)/84738)/$10.00 53 8473 © 1996 The American Physical Society



8474 LI, HAGA, SHIDA, SUZUKI, KOIDE, AND KIDO 53

8 L) T T ] l T 1 i ) | L i
I [ T=4.2K ]
T s 6} -
e P [ H // [100]
3 | 3 |
“@ o 4 ]
B =
jo.s— - I o GdAs No.1
= GdAs No.2 = | . GdAs No2
- 2 -
0 L 1 ) ) | i 3
0 0.5 1 00 20

H(T) H(T)

FIG. 1. Magnetic field dependence of the magnetization of rig 5 Magnetic field dependence of the magnetization of
GdAs No. 1 and GdAs No. 2 measuredTat 4.2 K andH<1 T.  Gyag No. 1 and GdAs No. 2 measuredTat 4.2 K andH=24 T.
The dashed line is extrapolation of the data above 0.8 T to lower
fields for GdAs No. 1. intercepts with théVl axis at 0.7@.5/Gd**. Compared to the

_ _ ~saturation moment of a free Gd ion, M =7.0ug/Gd3",

crucibles are slowly heated to above 2500 °C, using a highgis value corresponds to aboM/10. The nonlinear in-
frequency induction furnace and kept at this temperature fogrease of the magnetization at low field suggests the exist-
72 h. By this method, single crystals of GdAs No. 1 andgnce of weak ferromagnetism, i.e., the presence of a sponta-
GdAs No. 2 with dimensions of about>8x 6 mm® and  peous magnetic moment at zero field. Magnetization
5X5X5 mm?®, respectively, have been obtained. The x-ray-measurements by increasing and decreasing fields reveal no
diffraction patterns show single phases of NaCl-type GdAsysteresis behavior for GdAs No. 1. For the stoichiometric
for both samples. The room-temperature lattice constants sample GdAs No. 2 similar extrapolated straight line, which
are 5.8981) A for GdAs No. 1 and 5.864) A for GdAs No.  are not shown in Fig. 1, intercepts with theaxis at about
2. The atomic ratios between Gd and As determined byy 02 T. This suggests that the anisotropy field is very small
chemical analysis are 1:0.89.01 for GdAs No. 1 and {or GdAs No. 2.

1:1.00+0.01 for GdAs No. 2, respectively. Thus GdAs No. 1 Figure 2 shows the high-field magnetizations up to 24 T
is a nonstoichiometric sample and GdAs No. 2 is a stoichiomeasured alT=4.2 K with Hi| [100] direction for the two
metric sample. _ samples. For a giveH, the magnetization for GdAs No. 1 is
The samples used for various measurements are cut frogjightly higher than that for GdAs No. 2. The saturation field
the large single crystals. The high-field magnetizatiéns  gnd saturation moment are about 18 T and AHGA3T,
measured by using a pulse magnetic fields(@<24 T), respectively, for the stoichiometric sample GdAs No. 2, and
while the low-field magnetizationH=<1 T) is measured in  gpout 17 T and 7.085/Gd3", respectively, for the nonstoi-
detail with a Quantum Design superconducting quantum inghiometric sample GdAs No. 1.
terference devicéSQUID) magnetometer. The susceptibility  TheH dependencies afM/dH of GdAs No. 1 and GdAs
x is measured as a function of magnetic figddof 0.05  No. 2 are illustrated in Fig. 3. The inset of this figure shows
<H<1 T and temperaturd of 1.7<T<300 K, respec- the |ow-field results. At low fieldsgM/dH in GdAs No. 2
tively, with the Quantum Dedign SQUID magnetometer thefjrst increases a#i increases, then goes through a broad
same as that used for low-field magnetization measurementgaximum centered at 0.16 T, and finally reaches a constant
The specific heat measurements are carried out with an adigy|,e ¥, =0.223 emu/mol. This values agrees with
k?atic method at temperature of £¥T<60 K and magnetic Ymax=0.225 emu/mol, the maximum value of the suscepti-
field of OSH<10T. bility of stoichiometric sample GdAs No. 2 described in the
following. This broad peak relates to the spin-flop transition
Il. RESULTS analogous to the case in uniaxial antiferromagdnhis fea-
ture will be discussed in detail in Sec. IV. Above 3 T,
dM/dH increases very slowly, and &t=H~;=16.7 T, the
The low-field magnetization curves measured by increasd M/dH curve exhibits a. peak, while abovéd., dM/dH
ing magnetic field are displayed in Fig. 1. The measurementdrops abruptly. Thia. peak indicates a phase transition from
are carried out al =4.2 K andHIl [100] direction. In the canted phase to paramagnetic phase. In GdAs No. 1, the
nonstoichiometric sample GdAs No. 1 the magnetizationvalues ofdM/dH at low fields are much larger than those in
shows a rapid increase at small fields and a linear field desample GdAs No. 2. Starting &¢=0, dM/dH of GdAs No.
pendence above 0.8 T. Extrapolation of thdinear part of 1 first increases, then passes through a maximum at about
the magnetization curve, shown by dashed line in Fig. 10.07 T, and finally reduces rapidly and reaching the constant

A. Magnetization
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~ FIG. 3. Differential susceptibilindM/dH vs applied magnetic FIG. 4. Temperature dependencies of the susceptibility and the
field for GdAs No. 1 and GdAs No. 2 at 4.2 K. The inset shows inverse susceptibility of GdAs No. 2 measured in magnetic fields of
details below 1 T. 0.05, 0.1, and 0.5 T. The inset is the low-temperature part.

approachingy, at about 1 T. Above 1 TdM/dH remains a ever, the susceptibility shows the behavior different from
constant value up to 15 T. The peak appeared at 0.07 T ithose ofH=0.05 and 0.1 T, e.g., beloi, as the tempera-
GdAs No. 1 relates to the saturation field of the weak ferroture decreaseg; first reduces, then passes through a shallow
magnetism. This feature will be also discussed in detail ifminimum, and finally increases. Frofiry to room tempera-
Sec. IV. The rapid dropping adM/dH associated with the ture, its value is slightly lower than the valueldt=0.05 and
transition from the canted phase to paramagnetic phase al€ol T. Compared with GdAs No. 2, the nonstoichiometric
occurs atH-=16 T in nonstoichiometric sample GdAs No. sample GdAs No. 1 shows very different susceptibility be-
1; however, a significant difference between the twohavior.(1) Although y follows the Curie-Weiss law at higher
dM/dH curves is that tha anomaly aHc in GdAs No. 1is  temperature, a positive paramagnetic Curie temperature
less obvious compared with GdAs No. 2. #p=19.4 K and a effect moment.+=8.04ug are obtained

by the best fitting of the data above 100 @) y starts to
deviate from the Curie-Weiss behavior at about 100 K, simi-
) o _ o lar to that in GdAs No. 2. However, at about 17 K only a
Magnetic susceptibilityy and inverse susceptibility ¥/  small bend appears ig curve. The small bend is also the

measured at different field$d([ 100]) are presented in Figs. characteristic of an antiferromagnetic phase transition despite
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 followirid) The
susceptibility is Curie-Weiss-like at higher temperatures, as

can be seen from the inverse susceptibility. Using the expres- ~—
sion y=C/(T—6p), hereC= NA,uzeff/(SkB), the best fit of
the data above 100 K vyields§p=—-11.5 K and
meii=8.15ug . (2) The susceptibility starts to deviate from
the Curie-Weiss behavior at about 100 K. ThesNempera-
ture is identified as the temperature of the peak in
d(Tyx)/dT which givesTy=18.7 K for all three curves cor-
responding to the fields of 0.05, 0.1, and 0.5 T. Note that the
maximum iny occurs just abovdy, and nearTy, the in-
tensity of the peak iny decreases with the increasing field.
(3) Below Ty, the x-H dependence shows thgtincreases 0
with H and this increase becomes rapid with the decreasing 0 100
temperature, while thg-T dependence shows thatreduces
quickly with the decreasing at H=0.05 and 0.1 T. At
H=0.05T, they reduces to 0.162 emu/mol at 5 K; this value
is close to 2/Fmax,» Wherexmax=0.225 emu/mol is the maxi-
mum value ofy reached just abovéy . In H=0.5 T, how-

B. Magnetic susceptibility
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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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FIG. 6. Temperature dependence of the susceptibility for GdAs g5 7. Temperature dependence of the magnetic part of the

No. 1 and GdAs No. 2 measured in a field of 0.1 T. specific heat of GdAs No. 1 in magnetic fields of 0, 1, 3, 5, 8, and
10 T. The inset shows the behavior ®f /T versusT?.

that it is not a sharp transition peak. From the derivative

d(Tx)/dT, we observe a peak aty=17.2 K. (3) At low plot C/T versusT? (see inserts of Figs. 7 and.8he posi-

temperature, the.-H behavior is on the contrary to that of tion of this broad peak is around 5.5 K and no clear differ-

stoichiometric sample GdAs No. 2, that jsreduces as the ences is found between the two samples. It is mysterious that

field increases up to 1 T. Even &}, the deviation ofy even though a magnetic field is applied up to 10 T the posi-

values between different fields is also evident. Note that, agon of this broad peak does not change in both samples. In

can be seen in Fig. 6, at low temperatures, susceptibility ifiact, we have observed the similar broad peaks in all Gd-

the nonstoichiometric GdAs No. 1 is much higher than thatmonopnictides GH (X=N, P, As, Sb, and Bi® Thus itis a

in the stoichiometric GdAs No. 2 due to the existence ofcommon feature existing in Gd monopnictides. Figure 9

weak ferromagnetism in GdAs No. 1. This deviation be-shows the temperature dependence of the entropy at zero

comes smaller gradually with the increasifigand disap- field for GdAs No. 1 and GdAs No. 2. Abovi, the entropy

pears above 200 K. Compared with the large dispasbout  slowly increases still in both samples and excelRds8, the

33 K) of the paramagnetic Curie temperatu#g, only a  value expected from the ground st&®;,,. The reason may

smaller disparity(about 1.5 K of the Neel temperature be mainly the residual phonon contribution, because we used

Tn[ Ty is determined as the temperature whel( x)/dT  the data of C ,ast CLuas)/2 as the phonon part of specific

has the maximum value, which givég=18.7 K for GdAs  heat in both GdAs No. 1 and GdAs No. 2, which may be too

No. 2 andTy=17.2 K for GdAs No. 1 between the two

samples is observed. 40

C. Specific heat under magnetic fields

Figures 7 and 8 show the magnetic parts of specific heat
[obtained by subtracting the data o (4ast+ Ciuas)/2 from
Cadas No.1@NdC ggas nod 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, ad 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 atH=0 to 15.5 K atH=10 T, and in GdAs No. 1,
the peak position shifts from 17.2 K &=0 to 13.9 K at 0
H=10 T. Compared with GdAs No. 2, the transition peaks
of GdAs No. 1 are not so sharp and for a givdrthe tran-
sition temperature is about 1.5 K lower than that of GdAs
No. 2. Another important feature is that an anomalous broad FIG. 8. Temperature dependence of the magnetic part of the
peak is observed at the temperature much below thel Ne specific heat of GdAs No. 2 in magnetic fields of 0, 3, 5, 8, and 10
point in both samples, which can be seen more clearly in th&. The inset shows the behavior 6% /T versusT?.

C, ( J/K/mol )
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IV. DISCUSSION

The magnetic properties of Gd monopnictides have been
investigated by several authors. Neutron diffraction experi-
ments revealed that an antiferromagnetic fcc type-Il order
. - exhibits in GdP, GdSb (GdBi),!° and probably in GdAS!
= Susceptibility measurements by Busatal’? and by
GdAs No.1 McGuier et alX° gave the Nel temperature values of GdAs
B ) ] to be 25 and 19 K, respectivelg. While the valuelgf=13 K
was given by Sugawarat all® from their EPR measure-
ments. In the present study, both the susceptibility and spe-
cific heat measurements yield the éléemperature of sto-
ichiometric GdAs No. 2 to be 18.7 K. This value is close to
the data obtained by McGuiet al. but differs from the re-

- . sult obtained by Busch and Sugawataal. In fact, the Nel

5 J temperature depends on the purity of samples. For our sto-

P A T ichiometric sample GdAs No. 2, the transport properties
0 20 40 60 measurements suggest that this sample is a high quality

T ( K ) single crystal of antiferromagnetic semimetal with a good
compensation between electrons and hdlEsus 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.
i ) 1. Around these vacancies, the so-called trapped magnetic
small for GdAs. Above Nel temperatur@y, the entropy in - polaron states can be formed, which strongly affect the mag-
GdAs No. 2 is larger than that in GdAs No. 1. A&=Ty, the  netic and transport properties of the sample. In the following,
entropy in GdAs No. 1 is about 1/10 smaller than that inwe will first discuss the general behavior of the samples with
GdAs No. 2. This value corresponds tby/10, the value of ~Molecular field approximation and then explain the anoma-
spontaneous moment, existing in nonstoichiometric samplUS magnetic properties observed in nonstoichiometric
GdAs No. 1 at zero field as described above. GdAs No. 1 with trapped magnetic polaron model.

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 1. Magnetization
sides of each curve represent the canted and the paramag-As is shown in Fig. 3, for GdAs No. 2, two peaks are
netic phases of corresponding sample, respectively. The pumbserved in the curve of derivatibM/dH at a lower field
antiferromagnetic phase in stoichiometric sample GdAs NoHs and a higher field ¢, which represent the phase transi-
2 exists below 0.16 T. 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
0 —r—F—T """ Shapird for the case of a uniaxial antiferromagnet of the
- . o Experiment easy-axis type. According to this theory, if a magnetic field
GdAs No.:: — Calculation H is applied along-n, where=n are the unit vectors of the
........ ] sublattice magnetizationgl; andM,, at a certain value of
\\\\\\ GdAs No2: ° Experiment— HfHSf, M, and M, will rotate abruptly to '_[he direction;
—Calculation ] which are nearly perpendicular k. This rotation process is
known as the spin-flop transition, and the two phases below
and aboveH; are called antiferromagnetic phase and spin-
flop phase, respectively. A the curve ofdM/dH has a
sharp peak. Pure GdAs is a cubic antiferromagnet with mag-
netic order of type I, thus the four equivalefit1l} planes
are the easy planes for the sublattice magnetizations. At zero
field and belowTy, M; and M, are antiparallel with each
other and point along the certain directions. When a mag-
netic field is applied and at a certain valliy, the sublat-
tice magnetizationd1, and M, should rotate in thd111}
0 planes toward the directions which are nearly perpendicular
T ( K ) 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

FIG. 10. H-T phase diagram for GdAs No. 1 and GdAs No. 2 transition fieldH in GdAs No. 2 is evaluated to be 0.16 T
obtained from the specific heat measuremdnt (3 K) and mag-  from Fig. 3. Note that the transition peak aroutig in GdAs
netization measurement €4.2 K). Thezs(?lld and dashed lines are Ng. 2 is not so sharp; the reason may be that the direction of
the curves off (H) =Ty(0)[1—(H/Hc)“]™" H (applied along 100]) deviates from=n, so that the tran-
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FIG. 9. Entropies of GdAs No. 1 and GdAs No. 2 at zero field.
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sition should take place gradually as described in Ref. 14For stoichiometric sample of GdAs No. 2, [&,=18.7 K
Note also that, at low field, a large peak also appears in thand 6= —11.5 K, we findJ;=0.06 K andJ,=—0.30 K.
dM/dH curve of GdAs No. 1; this peak represents a weakThe antiferromagnetic next-nearest-neighbor interactjois
ferromagnetic transition other than a spin-flop transition.  stronger than the ferromagnetic nearest-neighbor interaction
According to the uniaxial antiferromagnet theory, in spin-J;; this is the general feature for a Heisenberg antiferromag-
flop phase the sublattice magnetizatiodly and M, are  net. In fact, we have measured the susceptibilities and calcu-
canted relative to each other by an angle FAdncreases the lated the exchange constadtsandJ, for all stoichiometric
canting angle increases until; and M, become parallel Gd monopnictidesl]; andJ, show the regular changes when
relative to each other and td, while a second-order phase going from GdN to GdBi. For nonstoichiometric GdAs No.
transition from spin-flop phase to paramagnetic phase hapt, since the magnetic polarons make a contribution to the
pens. This transition is also observed in both GdAs No. 1 andusceptibility(as explained in the following Eq. (2) is no
GdAs No. 2 atH-=16 and 16.7 T, respectively. The values longer valid.
of these critical fielddH - are slightly lower than the values We will elaborate the mechanism of exchange interaction
of saturation fields described in Sec. Ill. The former repre4n pure Gd monopnictides in a separate paper. As the conclu-
sents the starting of the transition and the latter represents ttggons, in GdAs(and other Gd monopnictidgsan indirect
finishing of the transition. The transition fielic(T=0) can  cation-cation exchange with virtual transfer of & dlectron
be related to the exchange constaihtsand J, (see the fol-  to the t,, excited state of a neighboring cation is respon-
lowing). For an fcc antiferromagnet with a second-kind or- sible for the ferromagnetic exchange, and thed-f super-
der, the MFA giveH (T=0)=—84(J,+J,)/(gug). Using  exchange mechanisms account for the antiferromagnetic ex-
this formulaH(T=0) of GdAs is calculated to be 15.0 T. change J, (|J,|>J;) similar to the case of europium
This value is slightly lower than the obtained experimentalchalcogenides which has been studied by Kastygut the
data. essential distinctions between Eu chalcogenides and Gd
Above 3 T the derivativedM/dH of GdAs No. 2 in- monopnictides are that Eu chalcogenides are semiconductors
creases slowly with increasind, in disagreement with MFA  while Gd monopnictides are semimetals, thus thé ex-
which predicts a constant susceptibility in the canted phasehange in Eu chalcogenides can only work through the vir-
Similar effect was observed earlier by Jacaiisal’® and  tual transfer of the aniop electrons to a 8 or 6s states.
Oliveira et al® in EuTe and was attributed primarily to the Due to the existence of free carrier, an additional Ruderman-

zero-point spin-wave contributions to the free energy. Kittel-Kasuya-Yosida(RKKY) interaction is superimposed
on the antiferromagnetic superexchange interaction in Gd
2. Susceptibility monopnictides. On the other hand, the separation of the 4

level and the 8 band is 2—3 eV in Eu chalcogenides and
7-10 eV in Gd monopnictides; thus tidef mixing term is
proved to be responsible fdy 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.

According to MFA theory, al <Ty andH <H ¢, suscep-
tibility of an antiferromagnetic single crystal is given by
x(60) = x|CoS0, x, Sinf6, where ¢ is the angle between the
directions ofH andn and y; and x, are the parallel and
perpendicular susceptibilities, respectively. The is tem-
perature independent beloVy and is equal toxyax- x| IS
expected to vanish af=0 and increases witfii. At Ty,
X|= X1 = Xmax, and aboveTy, the magnet becomes a para-
magnet and the susceptibility obeys the Curie-Weiss law. Our 3. Specific heat under magnetic fields
measurements for GdAs No. 2 in a field of 0.05 T show that

the susceptibility is approximately equal to (3, at lowest The quantitative calculation of specific heat as a function

temperature and increases with After going through a of temperature and magnetic field for an antlferromagnet is
very difficult. In fact, up to now, there is not satisfactory

maximum just abovely, x becomes Curie-Weiss-like at . . .
: N, X eory of theC(T,H) calculation for an antiferromagnet in

higher temperatures. These results are in agreement with tﬁ%
MFA as described above. the canted phase. Only a few attempts were made to calcu-

The exchange interaction between magnetic ions in GdA£ate the thermodynamic properties_in the case of zero field or
can be described in terms of an interaction of eacRGon ~ YSY low j[gmperature’s.ﬁ‘. Thus thg origin of the broad peak .Of
with its 12 nearest neighbors and six next-nearest neighborg.‘e Specific heat ar_ound 5:5Kin GdAs cannot _be e_xplamed
The next-nearest-neighbor interaction is antiferromagnetié[ew clearly now. Since a similar broad peak exists in all Gd
and is stronger than the nearest-neighbor interaction which i onopnictides and some other Gd compounds, it seems,
ferromagnetic. For GdAgface-centered-cubic lattice with therefore, that this broad peak is an intrinsic feature of

pel magneic orderng and=72) the expermental v SIS O ST sl s eeessons
ues of Ty and 6p can be used to evaluate the nearest- P 9

neighbor exchange constanty, and the next-nearest- culated by several authors with different models. Our spe-

neighbor exchange constad, by using the followin cific heat measurements show the transitistom the spin-
eqL?ationS' 9 y 9 9 flop phase to the paramagnetic phasenperature decreases

slowly with the applied field. This is the typical feature of
antiferromagnetism and can be explained qualitatively with
keTn=—63J2, (D the MFA model. In MFA, ifH,<<2Hg, which is case for
GdAs, thenH~2Hg,'® whereH, is the effective anisot-
kgfp=126],+63],. (2 ropy field andH¢ is the intersublattice exchange field. Be-
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causeH is proportional to the sublattice magnetizatibh states in this sample. AH=0 andT=Ty, the entropy in
(i=1 or 2, the field dependence of the transition tempera-GdAs No. 1 is smaller than that in GdAs No. 2, and the
ture is given byH dependence of the sublattice magnetiza-entropy difference is about 1.8 J mdiK ~2. This value is
tion M; . SinceM; decreases slowly with increasitiy near  aboutR In8/10 and corresponds ¥ /10, the value of spon-
Tn, the transition temperature shifts to low temperature withtaneous moment which exists in nonstoichiometric sample
increasingH. The specific heat measurements yield a phas&dAs No. 1 at zero field. Since we use the same specific heat
diagram as shown in Fig. 10, which can be fitted fairly well gate for the phonon contribution in both GdAs No. 1 and
by an expression of the form GdAs No. 2, thus the smaller entropy in GdAs No. 1 is
_ " considered to mainly due to the trapped magnetic polaron
T(H)=Tn(O)[1~(H/HC)P, 3 effect. That is, because the long-range magnetic order coex-
where £=0.40 is chosen for GdAs. Formul®) had been ISts with the trapped magnetic polarons everTgt about
used earlier to describe the Ising ferromagnets and antiferrd/10 4f spins do not participate in the long range order, and

magnets withé=0.87, 0.35, and 0.36 for the square, simplek€€p the ferromagnetic order within the polarons. _
cubic, and bcc lattices, respectivéfy. 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-
We have systematically described the difference betweetively, which will be discussed together with the other trans-
the magnetic properties in stoichiometric sample GdAs No. dort properties in a separate pap&imilar anomalous mag-
and those in nonstoichiometric sample GdAs No. 1. Thenetic and transport properties have also been found in our
magnetic properties of GdAs No. 2 can be understood wittother nonstoichiometric gadolinium monopnictides samples,
the Heisenberg antiferromagnetic theory as analyzed aboveuch as GdP, which can also be understood with the same
Compared with GdAs No. 2, nonstoichiometric GdAs No. 1trapped magnetic polaron model.
shows quite anomalous features which can be explained by It is well known that trapped magnetic polaron effect is
the trapped magnetic polaron mod&Due to the nonstoichi- evident only in some low carrier systems, i.e., in some
ometry, the As atom vacancies exist in GdAs No. 1 samplestrongly correlated electron systems. Among them, Eu chal-
We show two possible mechanisms of how the electrongogenides, another series 8fstate 4 compounds, have
originated from these vacancies can cause weak ferromagpeen investigated extensively. Because of fairly weak crys-
netism at zero field. One mechanism is the trapped magnetialline electric field effect, the strong exchange interaction is
polaron effect. The basic idea is the following: because of thehe main mechanism of magnetic properties in both Gd
Coulomb potential at the vacancies, some of the electronsionopnictides and Eu chalcogenides. It is believed that the
originated from the vacancies are trapped at the sites of theapped magnetic polaron states can be easily formed and
As atom vacancies, and interact strongly with the surroundhave strong effects on magnetic and transport properties of
ing 4f spins throughd-f exchange interaction which cause Gd monopnictides and Eu chalcogenides. In fact, the clear
the 4f spins around the trapped electron to be aligned, i.eiagnetic polaron effects have been found in nonstoichiomet-
trapped magnetic polaron states are formed. A secondc EuTe!*?%??and other Eu chalcogenid&sSome other
mechanism is that a fraction of the electrons originated frommagnetic semiconductors containing carriers such as Gd
the vacancies enters the conduction band and freely moves ,V ,S, also shown this kind of behaviét However, as far
through the lattice so as to cant all thé électron spins as we know, the evident trapped magnetic polaron effects are
uniformly through the lattice. Both mechanisms can lead to aliscovered in semimetal Gd monopnictids in the present
spontaneous magnetic moment at zero field. It is known thavork. One question one may ask is what are the differences
in low-carrier concentration systems the trapping magnetibetween Gd monopnictids and Eu chalcogenides? First, the
polaron mechanism is importafit. This is also true for carrier concentrations are different. Eu chalcogenides are
GdAs. magnetic semiconductors; even in Eu-rich EuTe, its carrier
At low fields, with increasing magnetic field, the nonlin- concentration £ 10'%cm?) is much lower than that in semi-
ear and rapid increase of magnetization of GdAs No. 1 indimetal GdAs (- 107°—~10*Ycm?®) .8 Thus the trapped magnetic
cates the existence of spontaneous magnetic moments polaron states in Eu chalcogenides are considered to be
weak ferromagnetism which is mainly originated from theformed more easily and stably than that in Gd monopnictids.
trapped magnetic polar states. When an external magnetits described above, in low carrier concentration systems,
field H is applied, the spontaneous magnetic moments obecause the trapping magnetic polaron mechanism is much
polarons align themselves parallel ity even at low fields. important than the uniformly canted lattice spins effect, one
This lead to the rapid increase of magnetization and the largkelieves that in Eu-rich EuTe, only the trapped magnetic po-
values of magnetic susceptibility in GdAs No. 1 at low fieldslaron states are formed, and very little or no uniform-spin
and low temperatures. Figure 6 clearly shows that the largeanting exists in zero field due to the very low carrier con-
susceptibility difference between nonstoichiometric and stoicentration. Thus both Eu-rich EuTevhich shows trapped
chiometric GdAs samples is present at only lower temperamagnetic polaron effegtand pure EuTgwith no trapped
tures. Since this susceptibility difference disappears aboveagnetic polaron effegshould have the same Bledempera-
200 K, the trapped magnetic polaron states formed in GdAsure. This has been proved by the experiméhtdowever, in
No. 1 are considered to be disintegrated above 200 K. nonstoichiometric GdAs, although the formulation of the
The smaller entropy value observed in GdAs No.1 is antrapped magnetic polaron states is still the main mechanism,
other evidence of the formation of trapped magnetic polarorthe uniform-spin canting can also be formed due to the rela-

B. Effect of trapped magnetic polaron state
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tively higher carrier concentration and thus the stoichio-laron model, i.e., the quasilocalizegh hole polarizes the
metric and nonstoichiometric GdAs samples should showf-I'g state through the stronfjg p-f mixing interaction,
different Neel temperatures. This,difference has also beerhas recently been developed by Kasuya to explain the vari-
observed in the present work: the éléemperature$GdAs  ous anomalous physical properties observed in stoichio-
No. 1: 17.2 K, GdAs No. 2;: 18.7 }(Obtained from the sus- metric Ce and Yb monopnictidég_ﬁv27 These kinds of
ceptibility and specific heat measurements show a clear difynomaly(such as stronger temperature dependence of Hall
ference of 1.5 K between stoichiometric GdAs No. 2 andcgefficient in CeAs, ett.are not observed in stoichiometric
nonst0|ch|0metr|<_: GdAs No. _1 sa.mples. Secondly, the exggas and other Gd monopnictides. Thus this type of mag-
change mechanisms are quite different. Although trappeglaic nolaron states could not be formed in stoichiometric Gd
magnetic polaron states are formed throwtjh interaction monopnictides. The reason may be thatthe mixing inter-

in both EuTe and G'dAs, in the formFf exc'hange can only action is very weak in Gd monopnictides due to their deep
work through the virtual transfer of the anignelectrons to 4f levels

5d or 6s states, and-f mixing is also important. In the later : . . . .
In conclusion, magnetic properties of stoichiometric and

d-f mixing can be ignored due to deef devel, and an dnons;toichiometric GdAs single crystals are found to be very

additional RKKY interaction is also important as discussed . e .
above. A defect of tellurium atom in EuTe is a doubly different. The stoichiometric sample GdAs No. 2 shows the

charged donor, whereas a defect of an arsenic atom in GdABagnetic behavior expected for a Heisenberg antiferromag-
is a triply charged donor. The former case has recently beei€t @nd can be understood with molecular field approxima-
investigated by Umehafin a He-like model with singlet or  tON: The nonstoichiometric sample GdAs No. 1 shows the
triplet spin configurations of impurity electrons. Such a@nomalous magnetic features, which can be explained by
model is not suitable for GdAs, because of the different electr@PPed magnetic polaron model.
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- ACKNOWLEDGMENT
ichiometric GdAs and other Gd monopnictides.

It is interesting to note that a new type of magnetic po- We would like to thank Dr. M. Umehara for helpful dis-
laron theory(different from the above trapped magnetic po- cussion.
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