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Electrical transport properties of semimetallic GdX single crystals(X=P, As, Sh, and B)
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The large single crystals of stoichiometric and nonstoichiometric Gd monopnictidé¢$>GeP, As, Sb, and
Bi) are grown by the mineralization methéfr X=P and A3 and Bridgman methodfor X=Sb and B). A
systematic investigation of the transport properties oKGihgle crystals is presented. We report on measure-
ments of the electric resistivity(T), magnetoresistanggH), and Hall effect performed on the stoichiometric
and nonstoichiometric samples at temperatures between 1.6 and 300 K in magnetic fields up to 10 T. The
stoichiometric samples behaved as the well-compensated semimetals that order antiferromagneticelly at Ne
temperature§ y=15.9 K for GdP, 18.7 K for GdAs, 23.4 K for GdSb, and 25.8 K for GdBi. The transverse
magnetoresistance measured at low temperature follop@a<H? law, and a larger positive ratio MRR
=[p(H)—p(0)]/p(0) is observed at 10 T for the four stoichiometric samples. The temperature dependence of
the resistivity can be explained by tlde- f Coulomb exchange interaction at lower temperatures. The Hall-
effect measurements yield a carrier concentratier2.1x10%° cm™3 for GdAs andn=4.2x10?° cm™3 for
GdSb, which are in a good agreement with the de Haas—van Alphen effect measurements. The nonstoichio-
metric samples showed some anomalies that could be explained qualitatively by the model of trapped magnetic
polaron.[S0163-182606)00239-1

I. INTRODUCTION more, the 4 level in GdX is sufficient below the Fermi
energy, the usual type dff or p-f mixing effect is believed
Anomalous physical properties observed in the rare-eart? be much smaller, and thus the Ruderman-Kittel-Kasuya-
monopnictidesRX (X=N, P, As, Sh, and Bihave attracted Yosida (RKKY) type d-f Coulomb exchange interaction is
much attention in recent yeals® because they are the typi- the main part of the indirect exchange interaction betwefen 4

cal low carrier strongly correlated systems with simple'ons(where d represents the conductuin electrons, i.a, 5
or 6s electrons in rare-earth atoms,p™ represents the

rocksalt crystal structure. In the rare-earth monopnictides .
the conduction band is formed by the Brbitals of the cat- p.' band holes of pnictogefl Therefore, Gi are the conve-
nient referent systems for other rare-earth monopnictides and

ion R and has its minimum at th¥ point of the Brilloun h ient ref i i for the E hal
zone, while the valence band formed mainly by the anionidh® convenient referent systems for the Eu monochalco-

np state ofX (n=2, 3, 4, 5, and 6 foX=N, P, As, Sh, and genides_ EMp (XP:O’ S, Se, and Te The studie§™® of
Bi, respectively has its maximum at the center of the Bril- magnetic properties on powder compounds of G(.jp’ GdaAs,
loun zone. A weak overlap between the bottom of the conCUSh, and GdBi suggest that they are type-Il antiferromag-

duction band and the top of the valence band is sufficient tgets. belpw Nel temperaturggN. quever, to grow h|gh-
make semimetals with a low carrier concentration out quuallty single crystal of G is very difficult due to the high

these material$® In most cases, the direct exchange interac—WeId. point and high Vapor pressure, and_ thus only a few
tion between 4 ions in RX systems is weak due to the SFUQ'eS on the electronlc-.transport properties of Gd monop-
majority of 4f electrons that lie well inside thessand 5p nictides have been done in the past in a nonsystematic way.

closed shells and are well screened by them. Thus, the ind|\_/Ioreover, their intrinsic electronic structure and mechanism

rect exchange interaction betweeh idns must be the main of conductivity are still a puzzle.

mgchar!ism, and charg_e carrigrs act as the _intermediary ‘2£ dlnmoorggr:]?Cﬁéliyi;hzn;agtg%'gtinsvaeIecrtéggﬁlbewg'ﬁ;\%
this indirect exchange interaction. In the varioRX com- P y Y, Y,

pounds, the indirect exchange interaction leads to differen ucceeded in growing Iarge_ stoichiomet_ric _single.cry_stals of
magnetic and transport properties, depending on the free-dx (X=P, As, Sb, and Biand nonstoichiometric single

carrier concentratiofthe overlap between valence band andCryStaIS of GdAS and GdP’ and carefully mgasured t.he fun-
conduction banyg the position of 4 level as well as its split- damental physical properties. Some magnetic properties have

ting form in crystalline electric fieldCEF. Among theR X been reported in our recent papéin this paper, we will

systems, Gd monopnictides are the most simple series, bQ_resent the magnetoresistance, electrical resistivity, and Hall-

cause Gd is located in the center of the series of the raree—ffect measurements of these samples.

earth metals in the Periodic Table of the elements, th& Gd
ion appearing in G¥ has a 4’ configuration and is an
S-state ion with spin and no orbital momentum, the CEF  The G single crystals are grown by the mineralization
effects in GXK are considered to be fairly weak. Further- method(for X=P and A$ and Bridgman methotfor X=Sh

II. SAMPLE PREPARATION AND EXPERIMENT

0163-1829/96/54.5)/104839)/$10.00 54 10483 © 1996 The American Physical Society



10 484 D. X. LI, Y. HAGA, H. SHIDA, T. SUZUKI, AND Y. S. KWON 54

TABLE |. Lattice constanta, Neel temperatureT, residual resistivityp(T—0), RRR=p(T=300 K)/p(T—0), MRR=[p(H=10 T)
—p(H=0)]/p(H=0), carrier concentration, size, and the preparing method of all theXGsingle crystals.

p(T—0) MRR n Size Preparing
Sample aA) Ty (K) (u cm) RRR (T=1.7K) (cm™3) (mn°) method
GdP 5.709 15.9 8.5 10.0 0.8 xXBX5 M
GdAs 5.864 18.7 5.2 16.7 8 21070 5X6X8 M
GdSb 6.219 23.4 0.7 85.0 125 4.2x10%° $14x15 B
GdBi 6.295 25.8 0.6 53.3 53 2X2X3 B
ns-GdP 5.717 14.4 46 2.4 0.25 X5X5 M
ns-GdAs 5.895 17.2 54 2.1 0.06 XB8X8 M

3 =mineralization method3=Bridgman method.
bT=4.2 K.

and Bj in tungsten crucibles. The Gd metal of 99.9% purity currentl|[100] and the fieldH([010]. The magnetic-field de-
(turned into small flakes in a glovebox permeated with Arpendences of the transverse magnetoresistance measured at
gag and P, As, Sb, and Bi metals of 99.999% purity arefixed T are shown in Figs. (B)—1(d) for the stoichiometric
used. Because P and As are easy to evaporate at high tegamples GdP, GdAs, GdSb, and GdBi, respectively. The in-
perature, a prereaction of the constituent elements is firgets in these figures show the plots[pfH)—p(0))/p(0) vs
carried out in a closed quartz ampoule at 900 °C for twelve4? for the corresponding samples. At low temperature, the
weeks(GdP) and 550 °C for six week$GdAs). The poly-  transverse magnetoresistance increases Mith the inves-

crystalline materials of GdP and GdAs obtained by the preggated field range and follows approximatelypéiH)oH?
reaction are pressed into hard pellets at 720 °C and 1300 at[§,; for all the four samples. The large positive rations of

using a glass capsule method. The hard pellets are th(E(H)_p(o)]/p(O)’ about 0.8, 8, 125, and 23 measured at 1.7

sealed in cleared tungsten crucibles using an electron-bea :
gun in vacuum. For GdSb and GdBi, the starting elements (GdP, GdA$ and 4.2 K(GdSb, GdB), are observed at 10

: . . for GdP, GdAs, GdSb, and GdBi, respectivébee Table
Gd and Sb or Bi are directly sealed in cleared tungsten cru- o S )
cibles. The crucibles are slowly heated to above 2500 oCI). This indicates that the stoichiometric samples GdP, GdAs,

using a high-frequency induction furnace and kept at thisGdSb’ and GdBi are the good compensated semimetallic

temperature for 72 h for GdP and GdAsda® h for GdSb crystals of high-quality single, which are appropriate for the
and GdBi. Finally, the crucibles are drawn slowly at the rated® Haas—van AlphefdHvA) effect measurements. In fact,
of 1.5 mm per hour. In this way, we obtained the stoichio—,the, clear .deA oscillations have been observed for our sto-
metric and nonstoichiometric single crystals GdP, Gdasichiometric GdAs and GdSb samples at low temperature and

. . . l
GdSb, and GdBi, with the dimensions shown in Table I. Forigh applied field: _ ,
all the samples, the x-ray-diffraction patterns show a single P(T:H) is also measured as a function'bft fixedH for

phase with NaCl structure. The room-temperature latticdN€S€ Samples. For instance, Figs. 2 and 3 illustrate the re-

constantsa of these samples are also listed in Table . TheSults of stoichiometric GdAs and GdSb. These data can be

atomic ratios between Gd and pnictogen determined b>l,|sed to calculate the carrier concentration and the mobilities
chemical analysis are 1:0.8%.01 for the nonstoichiometric ©f €lectrons and holes as explained in Sec. IV.
GdAs (hereafter noted as ns-GdAs1:0.96+0.01 for the

nonstoichiometric GdP(hereafter noted as ns-GgPand 2. Electrical resistivity
1:1.00+0.01 for the four stoichiometric samplé¢bereafter The electrical resistivityp(T) is measured between 1.6
noted as GH with X=P, As, Sb, and Bi and 300 K for the stoichiometric GdP, GdAs, GdSb, and

The samples used for our experiments are cleaved frongdBi samples, as shown in Figs. 4 and 5. The four curves are
the large single crystals. The electrical resistivity and magqualitatively similar. At low temperatures, the resistivity first
netoresistance are measured by the standard four-prolgcreases rapidly with increasing temperature, and shows a
method. Instead, for Hall-coefficient measurements, a fourkink at the Nel temperaturd . At higher temperatures the
contact geometry is used with the two voltage contacts pefresistivity becomes linear in the temperature. ThelNem-
pendicular to the current. The magnetic field for Hall EﬁeCtperatureS’ as determined from the derivaﬁ}m@T, are found
and magnetoresistance measurements is provided by a supgie 15.9, 18.7, 23.4, and 25.8 K for GdP, GdAs, GdSb, and
conducting magnet that enabled fields up to 10 T. The temedBi, respectively, in good agreement with our specific-heat
perature is obtained by an Au07%-Fe¢-Ag thermocouple measurements and magnetic-susceptibility dafe values
in the electrical resistivity, magnetoresistance, and Hallof residual resistivityp(T—0) and ratio RRR=p(T=300 K)/

effect measurements. p(T—0) are 8.5uQ) cm and 10.0 for GdP, 5.2 cm and
16.7 for GdAs, 0.7uQ) cm and 85.0 for GdSb, and 0.6
lll. EXPERIMENTAL RESULTS ©Q cm and 53.3 for GdBi. For GdP and GdAs the metal-like
A. Stoichiometric samples linear p(T) behavior curves appears abole~85 and 70 K,

respectively. In the temperature range betw&grand T, ,
p(T) deviates from the linear behavior. For GdSb and GdBi,
Temperature and field dependences of the magnetoresisewever, the lineap(T) behavior remains even whéhis

tance were measured in the transverse configuration with th#ecreased near tdy, i.e., T .~Ty. Note that Kaldis, von

1. Magnetoresistance
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FIG. 3. Temperature dependence of the resistivity of stoichio-
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0E } $ ——t—t metric GdSb measured at magnetic fields of 0, 5, and 10 T.
C 200 F 1/ 1100 3 GdSb . . . . I
Hi o o ——T=17K tive magnetoresistance is observed only in our nonstoichio-

100

g

metric ns-GdP and nonstoichiometric ns-GdAs samples in
the present stud¥* This negative magnetoresistance effect
will be discussed in Sec. IV in detail.

50
3. Hall effect

—t—t The Hall coefficients of GH are measured in two ways:
GdBi - (1) measuring the Hall coefficielt,, as a function oH at a

i fixed T, and(2) measuring the Hall coefficie®y as a func-
tion of T at a fixedH. Both measurements are carried out
with 1[100] and HI[010]. Figure 6 shows the field depen-
dence of the Hall coefficient for the stoichiometric GdAs up
to 5 T measured af=4.2 K. The Hall coefficient is a nega-

N o

LI UL L

1// {100] o
H o [010] il

(d) 3 tive constantR,=—0.8x10 8 m®C™%). At a fixed T, a con-
0 0 2 4 é . é . 10 stant Hall coefficient is also observed for the stoichiometric

Figures Ta) and 7b) show the temperature dependences
FIG. 1. Magnetic-field dependence of the transverse magnetor&f Hall coefficient of the stoichiometric GdAs and GdSb,
sistance of stoichiometric Gd The insets(Y axis: [p(H)—p(0)))  respectively. Belowly, |Ry| of GdSb first decreases rapidly
p(0); X axis: H3(T?)} show the plot of p(H) —p(0)]/p(0) vs H?. with increasingT, after crossing zero at about 3 IRy,
changes sign from negative to positive iR} increases,
Schulthess, and Wacht@observed a sharp peak of resistiv- aboveTy, then,Ry; goes through a broad maximum around
ity at Ty and a negative magnetoresistance at low magneti80 K and, finally,|R,| decreases slowly up to 100 K. Ay,
field for their GdP sample prepared by a high-temperaturgo evident peak appears. This is very different from the be-
vapor growth method. In fact, a similar behavior of a nega-havior of Ry, in Ce monopnictides® The similar features are

30 T T T 100 T rrvr v rrreor 7751
80
60

40

p(nQcm)

I /f [100]
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0 . I 20 l 40 I 60 . 0 100 200 300
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FIG. 2. Temperature dependence of the resistivity of stoichio- F|G. 4. Temperature dependence of the electrical resistivity of
metric GdAs measured at magnetic fields of 0 and 5 T. stoichiometric G measured at zero field.
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also observed in the stoichiometric GdAs sample in which T(K)

Ry is negative up to 100 K, and a broad peak appears around

40 K. However, theRy values are different between them,  pi. 7. Temperature dependence of the Hall coefficient for sto-
which indicates that the carrier concentrations in GdSb angthiometric GdAs and GdSh measuredHi=5 and 2 T, respec-
GdAs are different. The measurements shown in Figa). 7 iively.

and 7b) will be used to calculate the mobilities of electron

and hole and the carrier concentrations in Sec. IV. the p-H curves measured at 1.6 and 4.2 K can be divided into
four different regions, corresponding to four field ranges. In
B. Nonstoichiometric samples the first region(0<H<0.5 T), p decreases very rapidly with

The G monoprictdes GaX ae ypial “exchange dom- TSRS, The decrse becones eten more ponounce
nating” systems similar to the Eu chalcogenidesXgu field region the magnetization of ns-GdAs strongly

Their magnetic and transport properties are strongly depen-

O .
dent on the deviation of stoichiometry of the sample. For themcreaseé. In the second regiof0.5<H <1 T), although the

nonsocometic B, thre are many expeimenal nd T°S1CULESEanGe fenai egalani s consteatly
theoretical reports on the anomalous physical propetties. gron. P gy,

o . . . . magnetization in this field range also increases nonlinearl
Similar anomalies are considered to exist also in the nonst 9 9 y

S . . . Sbut |dM/dH| is smaller than that in the field range below
ichiometric GK. However, there is no systematical study ONGt 110 The third region (1<H<7 T) corresponds to

them so far due to the difficulty of preparing &dsingle
crystals. Recently, the growth of large nonstoichiometric

GdX single crystals has permitted the accurate measurements 5 M———— 17—
of the magnetic and transport properties for them. - 3 ns-GdAs .
Figure 8 shows the field dependence of the transverse 54 | -
magnetoresistance for the nonstoichiometric ns-GdAs L} 1/ (100] H/[010] .
(Gd:As=1:0.95 and ns-GdRGd:P=1:0.96. For ns-GdAs,
- T=4.2K
§
0 [ T T T T ] -
| i =
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:’ -05 |- — 60 ns-GdP 3
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FIG. 6. Magnetic-field dependence of the Hall coefficient for FIG. 8. Magnetic-field dependences of the transverse magne-
stoichiometric GdAs measured at=4.2 K. toresistance of the nonstoichiometric ns-GdAs and ns-GdP.
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T T aboveT =85 K, it is observed in the stoichiometric GdP.
Furthermore, for the nonstoichiometric ns-GdP, a shallow
minimum appears near 50 K, and a broad peak is observed
aroundT instead of the kink that appeared in otherGd

100

ns-GdP

IV. DISCUSSION

A. Stoichiometric samples

1. Magnetoresistance

p(uQcm)

Transverse magnetoresistance measurements enable us to
check the sample quality of a semimetal. In general, the ex-
istence of lattice defects, originating from impurities or non-
stoichiometry, broadens the Landau levels. When the energy
interval between the Landau levels is smaller than the level
broadening, therp(H)—p(0)]/p(0)<1 and the dHvVA or
Shubnikov—de Haa&SdH) signals cannot be observ&tFor
o 1 a semimetallic single crystal of high quality, in general, one

0 100 200 300 observes the dHvA or SdH signals, a large value for MRR
T(K) =[p(H) —p(0)]/p(0), a large value for resistivity ratio RRR
=p(T=300 K)/p(T—0), and an approximatp(H)xH? be-

FIG. 9. Comparison between the resistivities of stoichiometrichav'or' The st0|ch|ometrlc GdP, GdA_S’ GdSbg and _GdB'
GdP (GdAS) and nonstoichiometric ns-GdRs-GdAS. samples can be considered to be the high-quality semimetal-
lic single crystals with a good compensation between elec-

the canted phase. Although the differential magnetoresist—rons and holes, because they show the large ratios of MRR

tance becomes positive above 1dp/dH is small and almost and RRR(see table), and follow an approximatp(H)ocl—!z
H independentp shows a shallow minimum around 1 T. In law at low temperature. Furthermore, clear dHVA signals

the fourth regior(H>7 T), although it is still in the range of have been observed for GdAs and GdSb at low temperature

the canted phase, the increase pfbecomes more pro- and high applied field* Thus the experimental results ob-
: tained for these samples represent intrinsic features of pure

nounced at larger fields. Similar behavior of a negative mage, | ictid
netoresistance at low fields is also present in the nonstoichio- monopnictides.
metric ns-GdHFig. 8b)].

Figures 9a) and 9b) are the electrical resistivity mea-
surements for ns-GdAs and ns-GdP, respectively. The data of For the stoichiometric samples, the temperature depen-
the stoichiometric samples are also shown in the correspondience of the electrical resistivity, shown in Fig. 4, has two
ing figures for the convenience of comparison between thencontributions. The first one is the normal resistivipy,

For GdAs, the two curve®f GdAs and ns-GdAshave simi-  caused by the electron-phonon scattering, which is linear in
lar p(T) behavior but are different in detail. A6increases, T at high temperatures. This is observed at the temperatures
p(T) of both GdAs and ns-GdAs first increases rapidly ataboveT,~85, 70, 24, and 26 K for GdP, GdAs, GdSb, and
lower temperatures, then goes through a kink at thelNe GdBi, respectively. The second contribution is the magnetic
temperaturel’y, and finally increases linearly at higher tem- partp,, of the resistivity. We are interested in the second part
peratures. The Ne temperatured, determined from the of the resistivity. The formal treatment of magnetic scatter-
derivative dp/dT are 18.7 K for GdAs and 17.2 K for ns- ing mechanism has been carried out by Andersen and his
GdAs, The main differences between GdAs and ns-GdAsollaboratorg® For T—0, there are no magnon and phonon
consist in the residual resistivity, much larger in the nonsto-excited in the crystal and both resistivitigs and p, vanish.
ichiometric sample, and in the linear slope observed in thén the absence of any impurity, the conduction electrons
paramagnetic phase. At=1.6 K, the lowest temperature of propagate through the perfectly periodic lattice without being
this measurement, a residual resistivity of f cm was  scattered incoherently and the resistivitigsand p,, vanish.
found for the stoichiometric GdAs. In the nonstoichiometric With increasing temperature, the conduction electrons are
ns-GdAs, however, the corresponding value is/&83 cm,  scattered off the thermally activated magnons and, in a fer-
ten times larger than the value found for GdAs. Furthermorefomagnetic or antiferromagnetic metaj, contributes to the
the metal-like lineap(T) behavior appears abovg =70 K electrical resistivity together with the contributions of the
for the stoichiometric GdAs, while it appears at much higherelectron-phonon and electron-impurity scattering. Spin wave
temperatures, abové =200 K, for the nonstoichiometric (magnongare the collective excitations of the aligned spins,
ns-GdAs. Similar anomalous behaviors are also observed ijust like phonons in the case of lattice vibrations. The
ns-GdP[Fig. 9b)]. At T=1.6 K, a residual resistivity of 47 electron-magnon scattering resistivity increases nonlinearly
©Q cm was found for the nonstoichiometric ns-GdP, muchwith increasing temperature. It may be the origin of the non-
larger than the corresponding value of @8 cm found for  linear increase of the resistivity observed in stoichiometric
the stoichiometric GdP. While the metal-like ling#iT) be-  GdX samples belovl (Fig. 4).

havior appears abovEé =200 K for the nonstoichiometric As the temperature is increased further, more and more
ns-GdP, much higher than the corresponding temperatur@agnetic ions can have their spin orientations affected by

100

50

2. Electrical resistivity
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thermal fluctuations. In this case, the spin-disorder scattering
is usually considered to be the origin of the scattering pro-
cess. In the Gd monopnictides, this spin-disorder scattering
may be caused by thé-f Coulomb exchange interaction,
i.e., the RKKY exchange interaction, in which the conduc-
tion 5d electrons interact with thé electrons, considered to

be well localized?* Above Ty, the spins of the magnetic ions
become randomly oriented and the magnetic part of the re-
sistivity, originated from the scattering between the conduc-
tion electrons and the spin disorder, saturates and becomes
independent of temperature. Kastfaalculated the contri-
bution to the magnetic part of the electrical resistivity origi-
nated from thisd-f scattering process for magnetic metals
with magnetic ions in th& state(quenched orbital moment =
Above the Nel temperature, this calculation yields a mag- ]
netic resistivity inversely proportional to the carrier concen-
tration n. Our experimental results show that the value of
Ap=p(T=Ty)—p(T=0)=~p,, decreases when going from
GdP to GdBi(Fig. 5. For GdAs, the value of\p is about 0 20 40
twice the value found for GdSh. This is in accord with Ka- T(K)
suya’s theory, since our dHVA effect measurements show

that the carrier concentration in GdSb is about double, as in . o
GdAs. Thus, in stoichiometric Gd the magnetic resistivity ~ F/G. 10. Temperature dependencies of the mobilit#selec-

is considered to originate mainly from the RKKY interaction tron and hol¢ and carrl_er con_centratlon for stoichiometric GdAs
between the conductiondSelectrons and the f4electrons, ~2nd GdSb calculated with a simple two-band model.

On the other hand, the critical scattering due to the short-

0.4

o
@

o
[

o
pr

n( 10% m3 )

—t

[4,]
T
o T4
&
o |
o

1

Mobility ( m?> V' sec™ )

range order is also important and affects the resistivity near Ry(H. T)=(un—me)/[n€(pn+ pe) ], )
the Nel temperaturé® The fact that the warping of the
p(T)~T curve begins at a temperature slightly above the [p(H,T)= p(0T))/p(0.T)= pupeH2. (4)

Neel point may be attributed to the critical scattering pro-

cess. When the orientations of 4pins become completely . -

disordered af'> T, the resistivity originated from thid- f IdnepFlegrl]sdeln((lgsaon;j tﬁgbg,g\;\;%ﬂg&:he arﬁsl;lm}%rti?;?gﬁyre
Coulomp exchange interaction eventually saturates and b?ﬁetric GdAs and GdSb, respectiv?eiy. h

comes independent of _the temperature, thus 4fE)~T For GdAs, the mobility of the electrons is larger than that
curves show the metal-like linear behavior. of the holes in the investigated temperature range. This ex-
plains the measured negative Hall coefficient. Aroung,
both mobilitiesw, and w,, show an abrupt change in agree-
In magnetic materials, the Hall resistivity comprehendsment with the above given analysis of the magnetic scatter-

3. Hall effect

two contributions and is often expressed as ing aroundTy . Below Ty, the difference between, andu,,
rapidly increases with decreasifig and the carrier concen-
pr=RoB+RM, (1) trationn slowly increases. According to E(B), the increase

of n will cause a decrease {R|, but the experimentéFig.
: . L 7) have shown thatR| increases still at low temperatures.
feforred 1o as the normai and the anomalous Hal coefUS: (e rapid increase ¢R,| below Ty seems to be de-
; . . . termined by an increase in the mobilities. Furthermore, the
cients, respectively. The stoichiometric K;dsamples are slopes of all three curves gf, , u,, andn [Fig. 108)] vary
considered to be the well-compensated semimetals. Ther lightly near 45 K. This maye/’beh related to the broad maxi-
fore, three parameters are necessary to reproduce the e_Iec 1m of Ry, that ha;s appeared around the same temperature.
cal transport measurements. These are the concentration Phe origin of the relatively rapid increase nfand decrease
conduction electrons and valence holas=(.=n;,) and the

- . of u, and w, at T>45 K is not known yet.
mobilities (ue,up) Of the conducuon electrons an_d the va- For GdSh, the important featurejis> ., below 3 K and
lence holes. As a rough calculation, we can ignore the

anomalous Hall effect in Eq1) (Ref. 24 and the field de- Je<= pup above 3 K, which leads to the change of sigripf

ndence of the mobilities and carrier concentratiothen at this temperature. The faster variationRyf at low tem-
pe of the monbilitie er conce N eratures seems to be also due almost entirely to the increase
the charge-carrier density and the mobilities of the electron

and holes of the stoichiometric Gdsamples are aiven b the mobilities for the same reason as that in GdAs. It is
. . L P 9 y interesting to note that the mobility difference between elec-
measuring the zero-field resistivity(0,T), the transverse

. e . trons and holes in GdSb is very small at low temperature,
magnetoresstanqu,T), and ”\1/%__“2%” coefficienk,, in a which is the same characteristic as in LaSb. In GdAs, how-
simple two-band model as follows: ever, this difference is relatively larger, this may be due to
the fact that the Fermi wave vector in GdAs is smaller, thus
1p(0,T)=ne(up+ we), (2)  the mixing of thep hole in conduction band is weaker, and
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magnetic scattering or phonon scattering causes the largefectron system. Wign&rfirst pointed out that in low carrier
mobility for the conduction-band electrons. It is also inter-limit the strong correlation effect can localize the electrons to
esting to notice that using Eq&)—(4) a similar calculation form the electron lattice, which is called Wigner lattice.
has been made for stoichiometric YbAs by Oyamatial®®  Since electron’s Fermi kinetic energy is in proportion {,
The results confirm that the mobility of holes in YbAs doesgnd the Coulomb correlated energy is in proportiom ;d',

not increase below 80 K, while the mobility of electrons eyidently in a strongly correlated electron system, if the elec-

increases strongly. This indicates that at low temperatures, iffon concentration is low enough, the formation of Wigner
YbAs, the resistivity is mainly determined by the mobility of |attice is more favorable energetically.

the electrons. However, our results for stoichiometric GdAs o wever. so far. no real Wigner crystal has been ob-

[Fig. 1(Xab)]ls\rllvow :Eat t?]e_tr_noblility Ofl the ht(?:es ::r:early t|;n| served except a two-dimensional one on the surface 8f He
creases belowy, though It Is always lower than the Mobll- ;¢ o partly because the crystal has a large zero-point vi-

ity of the electrons. Furthermore, for GdSb, we Obté“nedbration and thus the Wigner crystal is very easily melted into

nearly equal mobilities of holes and electrdfisg. 10b)]. he liquid phase and partly because even a very small amount
Thus, even at low temperatures, the contribution of the holeg - lquia p partly be: i L very
of impurity changes it to the impurity localized stdterur-

to resistivity cannot be ignored in &d However, for differ- h il . i th def
ent RX system, one should normally expect different elec-thermore, in low carrier magnetic system with some defects,

tron and hole mobilities, as a consequence of the differencl€ carriers are more easily localized in the defects, and due
in the 4f level, the CEF splitting, and the electronic struc- to the eX|stence_ of magnetic exchange mter_actlon, sq-called
ture. trapped magnetic polarons around the localized carriers are
At 42 K, we find a free-carrier concentration of €xpected to be formed instead of the Wigner lattice. In fact,
N= o= pn=2.07x10%° cm 3=0.0104) per Gd atom for the clear trapped magnetic polaron effects have been ob-
GdAs, this value is larger than the carrier number of 0.0024erved in nonstoichiometric semiconductor EuRefs. 16
per La atom in LaAs and is smaller than the carrier numbeand 17 and other Eu chalcogenid@swith very low carrier
of 0.014 per Yb atom in YbAs. Recently, we could observeconcentrations (<10 cm®), and some theoretically
clear dHVA signals for GdAs. The carrier number deter-studie$? have been carried out for this series. Gd monopnic-
mined from the dHVA effect measurements is 0.011 per Gdides GX are also the “exchange dominating” systems
atom that is consistent with the Hall-effect measurementssimilar to Eu chalcogenides Ky as described in the intro-
For GdSb, the carrier number determined from our Hall-duction. However, our Hall effect and dHVA effect measure-
effect measurements isn=pu.=uy=4.2<107° cm>  ments show that the carrier concentrations ifXGde much
=0.0252) per Gd atom at 4.2 K, this value is also larger |arger than that in BXip. Then, the questions one may ask
than n=0.0145) per La atom in LaSb and smaller than 4re if the trapped magnetic polaron state could also be
n=0.0262) per Tm atom in TmSksingle crystal of YbSb  t5rmed in semimetallic G¥? If it exists, what are the dif-
has not been grown so faand is consistent with the dHVA  ferences in the origin of formation of trapped magnetic po-
measurements, which gives=0.0245) per Gd aton? larons between Gd and EXXp? In our recent experiments,

o . the anomalous magnetic and transport properties have been
B. Nonstoichiometric samples: found for the Gd-rich nonstoichiometric Ggwhich can be
The trapped magnetic polaron effects considered to be the evidences of formation of trapped mag-

It is well known that the average Coulomb potentRIE) ~ Netic polaron states in nonstoichiometric Gd monopnictides.
and the average kinetic ener@§.E.) of one electron in an On the basis of the trapped magnetic polaron model, the
electron system approximate toe?(rqa,) and @anomalous magnetic behaviors of Gd-rich)GHave been
m~1(#/ray)% respectively. Thus, as an estimate in order oféxplained in our recent pap&t.In the following, we will
magnitude, there is discuss the trapped magnetic polaron effects on the transport
properties of the nonstoichiometric &d

The formation of the trapped magnetic polarons in non-
stoichiometric Gd monopnictides has already been described
in our recent short communicatidh.The basic idea is the
following. In considering the state of a conduction electron
here,a,=%2/(m¢?) is the Bohr radiusy is a parameter in an antiferromagnetic crystal, it is customary to assume
without a unit used to judge the electron concentration, andhat it does not disturb the magnetic ordering of the crystal.
4m(ray)? represents the average volume of an electrorin some cases, howevéfor example, in low carrier sys-
sphere. temg, an energetically more favorable state is achieved

In the high electron concentration limity<1, the Fermi  when the electrons become localized and interact with the
kinetic energy of an electron is more important than the Cousurrounding magnetic ior.In the nonstoichiometric Gd
lomb potential. Thus it is an extended state electron, and casamples, some electrons, originating from ¥e/acancies,
move through the lattice. Such an electron system is calledre trapped by the Coulomb potential of ikeracancies. The
the electron gas. On the contrary, in low electron concentrastrong d-f exchange interaction between the trapped elec-
tion limit, r¢>1, according to Eq(5), the Coulomb interac- trons and the neighboringf4spins aligns the # spins. A
tion between electrons overcomes the kinetic energy, thusapped electron generates a region with ferromagnetic or-
the system does not exhibit the feature of Fermi electron gaslered 4 spins around itself and a trapped magnetic polaron
Such a systenfCoulomb-correlation energy is larger than is formed. When theX vacancies move through the crystal,
the electron’s kinetic energyis called strongly correlated the trapped magnetic polarons automatically also move.

P.E._ .
KE s 5
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80 ———T—r————— 1T and GdP. Above 200 K, the values of resistivity difference
[ A are smaller and approach to constants. Thus, the trapped
] magnetic polaron states formed in ns-GdAs and ns-GdP are
AGO - 7] considered to be disintegrated above 200 K, which is in ac-
£ Apaans 4 cord with our susceptibility measuremenrtsFurther evi-
P | T dence of the formation of trapped magnetic polaron states in
> K.N ) - L . L .
= the nonstoichiometric Gd monopnictides are the nonlinear
D A 1 magnetization in low fields, the lager susceptibility at low
a PGP g pubility &
20} - temperatures, and the smaller entropy neatelNgoint,
L 4 etc.1°'14'34
[ ] It is well known that the trapped magnetic polaron effects
0 1(')0 E— 2(')0 E— are evident only in some low carrier systems, i.e., in some

T(K) strongly correlated electron systems as described above. Al-
though the trapped magnetic polaron effects have been found
FIG. 11. Temperature dependence of the resistivity differencén nonstoichiometric semiconductors as EuRefs. 16 and
between nonstoichiometric ns-GdRs-GdA$ and stoichiometric  17) and other Eu chalcogenidéswith very low carrier con-
GdP (GdAS). centrations, for semimetals, however, the effects of trapped
) . magnetic polarons are observed for the first time in our re-
According to the trapped magnetic polaron model, theceni experiments. In contrast to the Eu chalcogenides, the

anomalous magnetoresistance behavior observed in nonstgs type ofi-f mixing can be ignored in G4, because the
ichiometric Gd monopnictides, as an example in nS'GdASAf level is deep and an additional RKKY interaction be-

can be explained as following: At_zero field the trapp_ed Magtomes important as discussed in Ref. 35. The carrier concen-
netic polarons have randomly oriented moments, yielding

S T frations in GX (~107P°-1¢* cm3) are much larger than
large contribution to the resistivity through the electron that in semiconductors Eu chalcogenidest0 cm™3). Fur-

polaron scattering. With increasing temperature,dhk ex- b f the diff t el . i
change interaction within the polarons becomes gradually. ermore, because of the different electron spin configura-

weakened by thermal fluctuation. This explains why belowtions: the He-like model with singlet or triplet spin configu-
0.5 T|dp/dH] is smaller at 4.2 than at 1.6 K. Similarly, with rations of impurity electrons used for EuTRef. 32 is no -
increasing field, the moments of polarons, canted in low/onger valid for Gd monopnictides. Thus, in order to acquire
field, are rapidly aligned to the ferromagnetic configuration.2 deep understanding of the formation of trapped magnetic
Thus, a pronounced drop appears in the resistivity with infolaron states in nonstoichiometric Gd monopnictides, fur-
creasing field in the low-field region. As the field is raisedther experimental and theoretical studies are necessary.
further, the effect of magnetic polaron on the resistivity be-
comes smaller, and gradually the intrinsic positive magne-
toresistance of the semimetal becomes dominant. At high V. CONCLUSION
enough fieldgabove 7 7, the scattering off the trapped mag- i o
netic polaron mechanism is not expected, and the magnetore- The transport properties of Gd monopnictidesXGaobth
sistance of ns-GdAs approximately followspgH)cH? law, ~ Stoichiometric single crystaléX=P, As, Sb, and Biand
similar to the stoichiometric GdAs sample. nonstoichiometric single crystalX=P and A3 have been
In the nonstoichiometric ns-GdAs and ns-GdP, a nonlininvestigated by measuring their resistivity, magnetoresis-
ear p(T) behavior was observed up to 200 K. Because thdance, and Hall effect. Stoichiometric &doehaves as ex-
difference of the Nel temperatures between stoichiometric pected for the well-compensated semimetals that order anti-
and nonstoichiometric samples are very sn@about 1.5 K ferromagnetically af y=15.9 K for GdP, 18.7 K for GdAs,
for both GdAs and GdPR and the critical scattering is impor- 23.4 K for GdSb, and 25.8 K for GdBi. Their transverse
tant only near the N& temperature, it is natural to believe magnetoresistance measured at low temperature follows a
that the critical scattering vanishes near 70 K in ns-GdAs ang(H)<H? law, and the larger positive ratigp(H) —p(0)/
near 85 K in ns-GdP, as it does in GdAs and GdP, when the(0) are observed di =10 T. The temperature dependence
resistivity observed for the stoichiometric samples becomesf the resistivity can be explained by tdef Coulomb scat-
linear in temperature. The origin of the nonlinear resistivitytering at lower temperatures. A calculation based on a simple
betweenT, and T, in the nonstoichiometric sample is there- two-band model yields that the observed rapid change of the
fore thought to be not only due to the critical scattering, butHall coefficientR, below Ty is due to the increasing mo-
also due to another additional scattering process. We intebilities of the conduction electrons and valence holes. At 4.2
pret this anomaly as an indication of the formation of trappedK, the carrier concentration determined from the Hall-effect
magnetic polarons. For the conduction electrons, the formameasurements is 0.0#) per Gd atom for GdAs and
tion of trapped magnetic polarons in nonstoichiometricXGd 0.0252) per Gd atom for GdSb, which are in a good agree-
results in an additional scattering, superimposed on the inment with the dHvA measurements. The scattering mecha-
trinsic scattering of pure GA This leads to the large re- nisms appearing in stoichiometric &are considered to ap-
sidual resistivity, the large change @f/dT aroundTy, and  pear also in nonstoichiometric &dBut, comparing with the
the nonlineap—T behavior up to higher temperatures. stoichiometric samples, the nonstoichiometric samples ns-
Figure 11 shows the resistivity difference between sto-GdAs and ns-GdP show some anomalies in the transport
ichiometric and nonstoichiometric samples for both GdAsproperties such as a large negative magnetoresistance at low
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