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Results are presented of anisotropic temperature and field-dependent magnetidatiar) and resistivity
p(H,T) measurements on high quality single crystals of the light rare-earth diantimdrR#lgs R=La-Nd,
Sm. All of these, excepting Lagbmagnetically order at low temperatures, and for GeSid NdSh several
magnetically ordered phases were observed in low-field magnetization and zero-field resistivity measurements.
For R=Ce-Sm strong anisotropies, associated with crystalline electric (&P splitting of theR3* ion,
were found inM(T) measurements both below and above magnetic ordering temperatures. Furthermore, for
R=Ce-Nd metamagnetic transitions were observedlifH) and p(H) for Hil(ab) in the magnetically or-
dered state. In addition, above 15 kG de Haas—van Alphen oscillations are observed foy &mSb
Shubnikov—de Haas quantum oscillations are observed abda® kG for NdSh and SmSh The zero-field
in-plane resistivityp,,, of all of the compounds is metallidp/dT>0), with residual resistance ratios ranging
from 40 to 750. Thes-axis resistivity is also metallic, but appears to be considerably larger than the in-plane
value, consistent with the diantimonides being quasi-two-dimensional materials. The magnetoresistance of all
members of the series is large, approximately lineaHimt moderate fields, and is also dependent on the
relative orientation of the applied magnetic fields to the crystallographic axes. The extreme case ph&nSb
[p(55 kG)—p(0)]/p(0)>50 000% aff=2 K andHllc. [S0163-182608)03621-2

[. INTRODUCTION of the experimental methods, we will present the experimen-
tal results starting with low-fieldup to 55 kG temperature-
The light rare-earth diantimonidd®Sh, (R=La-Nd, Sm)  and field-dependent magnetization and resistivity for each of
all crystallize in the orthorhombic Smgistructuret? This  five light rare-earth diantimonideBSh, (R=La-Nd, Sm;
highly anisotropic, layered structure has two unique Sb site§llowed by high-field magnetoresistance of LaShidSh,
and one uniquer site. One of the Sb sites forms two- and SmSh The experimental section is followed by a dis-
dimensional(2D) sheets, the other Sb site aRdsite form  cussion, where we will try to reveal some trends in the mag-
slabs of triangular prisms that separate the Sb sheets. FBPUC Properties within the series and to compare the results
heavier rare earths the diantimonides in the Sprtucture  Of OUr study of magnetoresistance with the existing theoret-
are formed only as high-temperature—high-pressure, metégal views and results for some other quasi-two-dimensional
stable phasesAlthough the light rare-earth diantimonides materials.
were first synthesized several decades ago, little is known of
the magnetic and transport properties of these compounds:
superconductivity atT,~0.4K was detected in LaS
CeSh was characterized as an anisotropic ferromagnet with Large (~15x15x1 mnt) single crystals ofRSb, (R
Tc=15K;* PrSh was found to be antiferromagnetic below =La-Nd, Sm) were grown out of antimony fluk® The crys-
Ty=5.1 K with a metamagnetic transition &=6.5kG, tals grow as soft plates with theaxis perpendicular to the
T=1 K. In addition, recent studies of PrStRefs. 6 and ¥  plates. The samples are micaceous, and layers can be easily
revealed several metamagnetic transitions at low tempergeeled off. Each of these layers is malleable but, despite this
ture, and found an anomaly in resistancdat=100 K, pos- ease of deformation, very high residual resistance resies-
sibly originating from the charge- or spin-density wave anderal hundredsare found in this familysee below Due to
presented pressure dependencied @f T*, and the meta- the high malleability of the compounds, powderay dif-
magnetic transitions in this material. fraction and even Laue diffraction are very difficult to per-
Successful growth of high quality single crystals of theform. However, examination of the light rare-earth-antimony
light rare-earth diantimonides allows us to address severdlinary phase diagramshow unambiguously that the result-
issues in the present worki(a) evolution of the(anisotrop-  ing crystals are indeeRSh,. Additionally, theRSb, stoichi-
ic) magnetic properties within the series with the change obmetry is confirmed by the Curie-Weiss analysis of the high-
the rare earth(b) manifestation of the metamagnetic transi- temperature susceptibilitfisee below.
tions in magnetization and magnetoresistance, and the tem- Magnetization measurements were performed using a
perature dependence of the metamagnetis®R3h,; (c) an- commercial Quantum Design MPMS-5 superconducting
isotropic magnetoresistance of these layered compounds ffuantum interference devicéSQUID) magnetometer(T
the ordered and paramagnetic state. =1.8—-350 K, H,,,=55 kG with the field aligned parallel
The outline of the paper is as follows. After a brief review or perpendicular to the-axis of the crystals. The electrical

Il. EXPERIMENT
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resistance was measured using a Linear Research LR-400 ac  0.000000 T : T - T - T

bridge, with a frequency of 16 Hz and a typical current den- | LaSb, oomol. 5, Te2K
sity of 1—3 Alcnf. Electrical contact was made to the H=10kG e,
. . -0.000025 P ©8a, e
samples using EPOTEC H20E silver epoxy, and one of two o Hie 3 00005 s,
contact configurations were used. The in-plane resistivity [ & Hi@d) = 8,
(pap) Was measured using a standard four-probe technique g -0.000050 - 00010 %55 .
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for samples cut into bars approximatel @ x 0.2 mn? with
current contacts on each end of the sample and two voltage
contacts along the lengtlsee the right inset to Fig.)2The
c-axis resistivity was estimated from measurements using a
modified four-probe configuration. In this case, small -0.000100
samples with approximately>22 mn? in-plane dimensions

and 0.5—1 mm thickness were contacted with dotlike voltage L L
contacts in the centers of the opposite planes, with a wide ' 0 100 200 300 400
*“ U"-shaped current contacts covering more than half of the T (K)

surface of the platesee the left inset to Fig.)2It should be
noted that the modified contact geometry useddpmea-
surements requires that>p,, SO as to establish a uniform

current pathi.e., the equivalent isotropic crystal must be resistivity is observed, which is much less pronounced for

substantially longer along theaxis than the in-plane dimen- . . i .
sion9 and this concern is returned to later. Furthermore, it isI I(ab) (Fig. 2. Magnetoresistance of Lagls positive[Fig.

noted that magnetoresistance measurements using the moa@] andAp(H) is closg to Ilnea_r irH [more careful analy-
fied contact geometry may suffer from Hall voltage contri- sis shows that for LaShit approximately follows the power

: . : Ap(H)ocH* with a~1.1-1.3] The approximate slopes,
butions. However, despite these reservations, we were abl@" Ap .
to obtain estimates of the-axis resistivity of LaSh and efined here as(T) =1/55 kG[p(T,55 kG)n(T.0)1/p(T.0)
SmSh. are listed in Table I. In-plane magnetoresistance is aniso-

Both in-plane andc-axis magnetoresistance were mea-J[;oApIC I-Ilrl]l t;[he Tr?eld . dltrectlon with Apab(H“CL t
sured in theH-T environment of the MPMS-5 SQUID mag- pap Hl(ab)]. IS anisolropy 1S more pronounced a

netometer, with the field aligned either parallel or perpen-IOW tempergture, but it pe_r5|sts up to 1(.)0_.150 d§a>_<|s
dicular to the current for longitudinal and transversemagnetoreS'StanaRpc(H) [Fig. 3b)] is qualitatively similar

measurements, respectively. In addition, for LaS¥dSh, to the in-plane magnetoresistande,y,(H), although the

and SmSh high-field transverse magnetoresistance meaﬂlffergnqe n trrllec-axl|ls Thagngtorﬁsstance ffdﬂglc ?Rd
surementgHlic, Ili(ab)] from 1.5 to 100 K were performed II.(a ) is much smaifler than in t e case Hifa )'. €
utilizing a 200 kG superconducting magnet at the National !’“SOWOPY in thes-axis magnetpremstance also perS|st§ up to
High Magnetic Field Laboratory-Los Alamos Facility. Fi- igh temper_atures. _For the f'e|®>5._10 kG th_ec-_aX|s
nally, it is noted that resistivity measurements were per_magnef[oreswtance IS closg to linear in magnetic f'GIO!' The
formed on single crystals from different batches as well as offPProximate slopes of the field-dependent magnetoresistance
different samples from the same batch, leading to the differ*

are listed in Table I.
ent residual resistance ratios for specific samples as de-

-0.000075

M/H (emu/mol)

FIG. 1. Anisotropic susceptibility of LaSb Inset: anisotropic
magnetization isotherms for Laght T=2 K.

scribed in later sections. 2. CeSh
Anisotropic susceptibility and zero-field electrical resis-
Ill. RESULTS tivity of CeSly, are presented in Fig. 4 and Fig. 5. This set of
A. Low-field measurements A AL L L
140 | Lelez ***20 000
1. LaSh [ H=0 [ RRR =12 **’*’f__a°_.
Figure 1 shows anisotropic susceptibility of LaSihe 120 Tc v ***" 000
magnetization isothermi (H) (Fig. 1, inset are practically 0ol b 00° 1500
linear with field, almost isotropic, and do not show any & | v %X oo° v v %
anomaly up to 55 kG. The susceptibility characterizes LaSb 5 " 0° | | 0
as a weakly temperature-dependent isotropic diamagnet. The= 1 .o 000§
in-plane resistivity(Fig. 2) has metallic behaviordp/dT < 7 0° of
>0) with p(T) linear for T>50 K. The high value of the 40 0000" Jsoo
residual resistance ratiRRR=p(300 K)/p(2 K)~59) indi- I Oo°°
cates the high quality of the samples. No traces of supercon- o RRR,=59
ductivity were observed down to 1.8 K, consistent with ear- 0 ey e ' '
lier measurements of .= 0.4 K.3 For LaSh the resistivity 0 0. 1? K 200 260 %0
with the current flowing along the-axis (Fig. 2), p., at 300 ®
K is more than an order of magnitude higher thap and FIG. 2. Zero-field resistivity of LaShll(ab) [open circle$and
RRR~12 is substantially lower than observed fof,. In  Ilic [double crossds Note differentY scales on the graph. Insets

addition, at approximately 260 K, a smeared anomaly in th&how contact configuration for two measurement geometries.
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E’ li(ab) of K i H=1kG A Hi(ab) 00°°°
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whb " e T T ] FIG. 4. Inverse susceptibility of Ceghinset: low-temperature
I ' susceptibility.
350 L 20F T=2K ooooc’ 1
r g OOOO 28] Ly . .
300 S o ] susceptibilityfapproximated by ,,= (xc+ 2xap)/3] gives an
o (<} . .
§ 250 - M oooszAA“A 1] effective magnetic moment ofu.4~2.63ug/Ce. The
g7 % osf OXZEAAA ] temperature-dependent resistivijig. 5 resembles that ob-
g0 ool o ] served in Kondo-lattice compounds, and has RFRR. The
g 150 |- 07 Ti6 2630 40 50 60 low-temperature behavior of Cegis quite complicated with
& ol ) H (kG) 1 three anomaliegat 15.5, 11.7, and 9.3 Kclearly visible in
e ﬁ%ﬁ% the derivative of the resistivitdp/d T and the magnetization
o —o—Hle R 200, . d(MT)/HdT (both shown in the inset of Fig)5In addition,
ol i) 888000000000008 | a broad maximum centered around 2.6 K is observed in
1 N 1 N 1 N 1 N 1 N 1 . 1 1 H
: - e e e d(MT)/!—IdT thgt has no cqrrespondmg featuregiil) and
(b) T the origin of this anomaly is unclear. The present study of

the low-temperature behavior of Ce3b more detailed than
FIG. 3. (@) Temperature dependence of magnetoresistance dhe one performed in Ref. 4. In Reft a ferromagnetic
LaSh, at 55 kG, lli(ab), inset: anisotropic magnetoresistance of ground state witil =15 K was suggested for Cegland a
LaSh, at 2 K; (b) Temperature dependence of magnetoresistance aflight anomaly at~12 K in the resistivity vs temperature
LaSh, at 55 kG,llIc, inset: anisotropic magnetoresistance of LaSb curve was mentioned without an indication of the corre-
at2 K. sponding anomaly in magnetization. Taken together, resistiv-
ity and magnetization data suggest that Cg&isses through
the data is in general agreement with the results of Ref. 49 sequence oét leastthree magnetically ordered states at
The susceptibility(Fig. 4) is anisotropic, the with the-axis low temperatures and zero magnetic field.
being the hard magnetization axis. Hor 150 K the inverse Field-dependent magnetization isothermd(H) for
susceptibility is nearly linear in temperature, and it extrapo-CeSh are shown in Fig. @&). For Hll(ab) metamagnetic
lates to a positive value fﬁ)a ~26 K for the magnetic field transitions are clearly visible. The shape of M¢H) curve
applied in the &b) plane, and negat|v@°~ —170 K forthe atT=2 K suggests that different spin-ordering processes oc-
field alongc-axis. The polycrystalline average of magnetic
140 —————T——T——

TABLE I. Approximate slopes of the magnetoresistancB8b, £O00030000000000000000aAAINOWO
(R=La, Pr, Nd, Sm. For PrSh and NdSh data for Hll(ab), 120 - -
ll(ab) at T=2 K are omitted due to spurious contributions in mag-
netoresitance at metamagnetic transitions. Har measurements 100 7
only for LaSk, and SmSpwere performed. 1 _ a |

§ £ El
RSh, s=1/55 kd p(55 kG)-p(0)]/p(0) [10"2 kG 1] S g 1 & ]
3 5 :
lli(ab) lic w0 g, 1o § i
T=2K T=20K T=2K T=20K : R P
R Hic Hi(ab) Hic Hi(ab) Hic Hi(ab) Hilc Hi(ab) 2rg e TR
La 18 18 59 09 4 3 25 2 e R )
Pr 26 3.2 0.2 T(K)
Nd 138 3.6 0.9
Sm 970 24 35 0.9 18 40 1.5 4.5 FIG. 5. Zero-field resistivity of CeSblli(ab). Inset: tempera-

ture derivatives of resistivity andyvocT) [Hll(ab)] for CeSh.
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L I a— T T T At temperatures between 20-100(&bove the magnetic
CeSb, RAABLLNALALLALEEAS ordering for CeS} both transverse and longitudinal magne-

Hll(ab) toresistance forHl(ab) are negative and quite high
{[p(20 K,55 kG-p(20 K,0]/p(20 K,0)~ —35%} while the
transverse magnetoresistance fic is smaller and positive
(Fig. 8). ForHll(ab) Ap(H)>=H? and this behavior is remi-
niscent of that for heavy fermion and Kondo-lattice
compounds$?! including the anisotropy of magnetoresis-
tance that was observed, for example, at relatively high tem-
peratures in CeGu'?

A

3. PrSh,

L - P TS SRR S The magnetization of Pr$hs anisotropic(Fig. 9 with
the ¢ axis being the hard magnetization axis. FoK Ty
=5.1K, PrSh appears to be in an antiferromagnetic ground
T — state, and the value oFy is consistent with previod$’
6L Cesp, o data. At high temperatures the inverse susceptibility is linear
T=2K O,o»°’° in temperature, with®;~—75.8 K and®gb~ 22 K, while
1]|(ab) o T the polycrystalline average of the susceptibility gives a value
for the effective moment of.~3.55ug /Pr. As can be seen
& in Fig. 10@) the residual resistance ratio of PpS& 42. The
1 zero-field resistivity drops abruptly foF<5.1 K due to the
loss of spin-disorder scattering in the antiferromagnetic or-
o° dered state. In addition, just before the antiferromagnetic
transition,p(T) has a slight upturn, which may be due to the
’ Hil(ab) formation of a superzone gap at the Fermi surface due to
Ab-Bo b B A-B-D-B-A antiferromagnetic orderintf. A further anomaly inp(T) oc-
—— T curs at T~100K,” though there is no corresponding
0 10 20 30 40 50 60 . . . . )
b) H (kG) anomaly in magnetization meas_urement;. Slmllar humphlge
anomalies have been observed in the resistivity of Cr and its
FIG. 6. (a) Anisotropic magnetization isotherms for CeSit 61”0)/514 (and other materia)sin which case it is a signature
T=2 K. (b) Anisotropic magnetoresistance of Ce3thT=2 K. of a phase transition associated with spin- or charge-density
wave. Magnetic fields up to 55 kG do not change the posi-

. L . . . tion of the anomaly{Fig. 10b)], which makes a charge-
cur in CeSh with increasing magnetic field. While the two, density wave a somewhat more favorable hypothesis.

lower-field, sharp metamagnetic transitions are possibly as- |, PrSh, a series of metamagnetic transitions were ob-
sociated with some kind of spin-flip processes, the change aferyed at low temperaturés’ The M(H) curve atT=2 K
magnetization associated with the next transition is gradugby Hj(ab) [Fig. 11a)] shows two clear metamagnetic tran-
and may be due to the rotation of the spins, so it is possiblgjtions, while forHlic a smeared feature iM(H) is ob-

that the ordered phase formed as a result of the second meigerved, suggesting that a metamagnetic transition with the
magnetic transition has some fan-type structure. Metamagritical field H,~17 kG occurs in this orientation as well, or,
netic transitions manifest themselves not only in field-alternatively, about 5% of the sample is misaligned
dependent magnetization but also in magnetoresistance. FigH||(ab)]. Field-dependent magnetoresistance is shown in
6(b) shows the anisotropic magnetoresistance of Gelblis  Fig. 11(b). For Hll(ab) clear anomalies associated with the
clearly seen that sharp changes in resistivity as a function ahetamagnetic transitions are observed with the critical fields
applied magnetic field occur exactly at the same fields as dealues in agreement with the magnetization measurements.
the changes in magnetizatignote that due to anticipated For Hllc magnetoresistance is positive and quite high with
in-plane anisotropy of the metamagnetic transitions, care wasossible smeared featurdd.(H) measurements for the dif-
taken to perform both these measurements for the dafne ferent in-plane directions of the magnetic field as well as for
though arbitrary orientation of the magnetic field in the H along thec axis reveal that the complete picture of meta-
(ab) plang. Based on the measurements of magnetizatioomagnetism in the diantimonides, possessing orthorhombic
and magnetoresistance as a function of temperature and magyymmetry, is extremely complicated. The full angular depen-
netic field[Figs. 1a) and 1b)], a tentativeH-T phase dia- dence of metamagnetism in these compounds will be a sub-
gram for CeShfor one direction of the magnetic field in the ject of another study.

(ab) plane was constructddFig. 7(c)] as an example of the Temperature-dependent magnetoresistapgd ,55 kG)
complexity of the magnetic order in the light rare-earth di- — p(T,0) (Fig. 12 is anisotropic. For the transverse magne-
antimonides. There appear to be at least four magneticalljoresistance wittH|lc the effect of field is higher and does
ordered phases labeled I-1V. It should be noted that fonot involve additional complications due to metamagnetism
fields greater than 2.5 kG, phases Il and IV no longer existin this field range. A steep increase@fT,55 kG)-p(T,0) is
making careful, low-field measurements of these states esbserved for the temperatures below the zero-field value of
sential. the magnetic ordering temperature, and the magnetoresis-

ES
T
Q
1

(p(H)-p(0))/p(0)
Q
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FIG. 7. (a) In-plane field-dependent magnetization for Ce&tdifferent temperaturef) In-plane field-dependent magnetoresistance for
CeSh at different temperature¢c) TentativeH-T phase diagram foH|l(ab) in CeSh.

tance in the ordered state is significantly higher than in theyoth in dp/dT and d(MT)/HdT data (Fig. 15, another
paramagnetic state. It should be noted that for P($tic) anomaly(at 2.3 K) is present id(MT)/HdT and rawM/H
(Fig. 12 there is an additonal maximum in ys T data(Fig. 13, inset but is not clear indp/dT. The
p(T,55 kG)-p(T,0) that occurs at temperatures around 15 K,magnetic susceptibility is anisotropic-hard magnetization
well separated from the magnetic ordering temperatire  axis), and the inverse susceptibility is linear in temperature.
K) and the anomaly aT*~100 K [Fig. 10a)], neither of |t gives®S~—59.1 K and®3°~ —16.2 K. The value of the
which is shifting with the fields up to 55 kG. effective moment from the polycrystalline average is
3.68ug/Nd. The residual resistance ratio for NgSb 127,
and the zero-field electrical resistivity has a humplike

NdSh, is another example of a complex sequence of maganomaly at~38 K, similar to the one in PrStat 100 K. As
netically ordered states at low temperatuf€fgs. 13 and in PrSh, this anomaly may originate from some kind of
14). Two magnetic transition@t 8 and 6 K are clearly seen density wave.

4. NdSh
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FIG. 8. Temperature dependence of magnetoresistance of,CeSb 3 —
at 55 kG, lll(ab), inset: anisotropic magnetoresistance of Ge&b L
20 K. 31 i
In-plane metamagnetism was also observed in NdSb 30 .

[Fig. 16a)]. Again, it is anisotropic and the saturated mag-
netization state doasot seem to be achieved for fields up to E
55 kG. For one of the in-plane directiofisB” in Fig. 16(a), g
where the angle betweenA” and “B” is approximately &
45°] the field-dependent magnetization is close to the mag-
netization forHllc. This suggests extremely strong in-plane
anisotropy, with the metamagnetic transitions, if they exist

for H along “B,” shifted to the fields above our experimen- 26'. ]
tal limits. Field-dependent magnetoresistanc&-ar K [Fig. 88 90 92 94 96 98 100 102 104 106 108 110 112
16(b)] is high and close to linear in field fddlic and con- (b) T (K)

firms the existence of the metamagnetic transitions for

Hll(ab) [the applied field direction for the transverse mag-
netoresistance measurements in Fighl6oincides with the
“A” direction in Fig. 16a)]. The overall behavior of the
temperature-dependent magnetoresistance of Nd&dp 17)

is similar to that of PrSh although the maximum at in contrast to the other magnetic light rare-earth dianti-

H=0
Hijc, 55kG 4
H|(ab), 55kG |
Hll(ab) long., 55kG

+q0e

FIG. 10. (a) Zero-field resistivity of PrSh lli(ab). Inset: en-
larged low-temperature part) T* ~100 K anomaly in resistivity
of PrSh: effect of 55 kG field applied in different directions.

~15K in p(T,55 kG)-p(T,0) for Hllc is absent. monides, the anisotropy of the magnetic susceptibility
changes several times with temperature. The inverse suscep-
5. SmSh tibility is nonlinear in temperaturéFig. 18, and at high

temperatures it has a tendency to saturate, which corresponds
to the temperature-independent susceptibility o#SnThe
r slope ofM/H vsT between 30 and 100 K is somewhat lower
"than that expected for Sth. Probably, as in some other
T - T - . - . - intermetallic compounds, Sm in SmSh has its valence

The magnetic susceptibility of Smgks anisotropic and
shows an anomaly &ty=12.5 K (Fig. 18, insek In the or-
dered state the axis is a hard magnetization axis, howeve

250 - PrSb, ° fluctuating between 3 and 2+. Zero-field resistivity of
H=1kG ° ] SmSh is metallic dp/dT>0) for current flowing in the

200 | o & (ab) plane and along the axis (Fig. 19. SmSh has the
o Hic : o

highest residual resistance ratio: RRR15 for ll(ab), for
the current flowing along the axis RRR=130. Both in-
plane andc-axis zero-field resistivity exhibits a sharp drop
associated with the loss of spin-disorder scatteffig. 19
at the same temperature as the anomaly in the magnetic sus-
ceptibility.
T The magnetization isothernM(H) for SmSk are shown
in Fig. 20@). The magnetization is anisotropic and linear in
or T ] field up to 55 kG. FoHllc, de Haas-van Alphen oscillations
. ST a—— o are observed foH=15 kG and for 'Femperatures up to at
T(K) least 9 K. The spectrum of these oscillation§ at2 K in the
field range 40 k& H=<55 kG[Fig. 2Qb), insef is presented
FIG. 9. Inverse susceptibility of Prgbinset: low-temperature in Fig. 20b). Four frequencies corresponding to small parts
susceptibility. of the Fermi surface are clearly seen in the spectrum. Analy-
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FIG. 11. (a) Anisotropic magnetization isotherms for PpSht
T=2K. (b) Anisotropic magnetoresistance of Py3tht T=2 K.
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description of the quantum oscillations in metHlghe situ-
ation with theF1 andF2 frequencies is more complicated.
The frequencyF2 is two times higher thak 1, however the
value of the effective masm*(F2) is lower or close to
m*(F1) but not 2m*(F1). These deviation from the
Lifshits-Kosevich description may suggest ti& is a sec-
ond harmonic of the=1 fundamental frequency resulting
from magnetic interaction between the electr¢8hoenberg
effect.’® A detailed study of the de Haas-van Alphen and
Shubnikov-de Haas quantum oscillations in Sp8btem-
peratures down to 400 mK and in magnetic field up to 500
kG will be presented elsewhet?.

The temperature dependence of the magnetoresistance of
SmsSh for lli(ab) [Fig. 21(a)] is qualitatively similar to that

sis of the oscillations at different temperatures and in differ-0f NdSk, (Fig. 17). At T=2K the relative change of resis-
ent field ranges yields estimations of the effective massefivity in the applied field of 55 kG exceeds 50Big. 21(a),
associated with the observed orbits and so-called Dinglénsef. For SmSh, the Ilic magnetoresistance is anisotropic

temperatureTp, which is a characteristic of an impurity [Fig. 21(b)] but the anisotropy is somewhat smaller and is
scattering'® The results are presented in Table Il. The fre-reversed both in the ordered and paramagnetic state, as com-

qguencyF4 is probably the second harmonic I68. Indeed,
F4=2+«F3 and within experimental accuracyn*(F4)

pared to the case ofi(ab). The approximate slopes of mag-
netoresistance at 2 and 20 K fai{ab) andllic are listed in

~2+m*(F3), which is expected in the Lifshits-Kosevich Table I. Magnetoresistance remains anisotropic up to high
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temperatures. Finally, it has to be mentioned that in the case
of Illc the magnetoresistance measured using the modified
contact geometryas described previouslynay have signifi- LaSh, shows a striking feature in highH(>55 kG) fields.
cant contributions due to Hall voltages, so the magnetoresisAs seen in Fig. 22, the zero-field resistance shows a mono-
tance data for current flowing along tleeaxis give a semi- tonic decrease of scattering as the temperature decreases.
quantitative description of these materials rather than exaddowever, by applying a magnetic fieldlong thec axis) a
results. pronounced maximum is observed, moving up to 23 K at 180
kG. This maximum resembles the one observed in magne-
— T toresistancep(T,55 kG)-p(T,0) for PrSk (Hlic) (Fig. 12.

B. High-field magnetoresistance

4T Ndsb, o0 i Since no magnetic transition was observed in La®wn to
12 T=2K A 4 the lowest temperature investigated, the possible origin of
I 8 1 this magnetic-field-induced anomaly requires more studies.
vor A@Z ] Due to the two-dimensional character of this material, the
_. o8} a . possibility of this transition being a magnetic-field-induced
2 o5l oM &Aé& ] density wave transitidf is currently under investigation.
\;f? L A A-HE) n In NdSh,, a large transverse magnetoresistartdéc] is

04 —+—B-Hi(b) l 8 observed at low temperaturfiSig. 23a)]. It is interesting to
I note that the “break” in the resistivityat the zero fieldl'y)

02 E ! X N ) i
L ] does not move with the application of a large magnetic field.
00 ] Figure 23b) shows the transverse magnetoresistatfoe
ol L o Hiic) at 2 and 20 K. An inflection point is observed at low
0 10 ® 30 4 50 & temperature at 100 kG, which could be due to a metamag-
@ H (kG) neticlike transition. This transition disappears at 20 K.
: . I . : Shubnikov-de Haas oscillations are also observed in the
sol  NdSb, 4
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FIG. 16. (a) Anisotropic magnetization isotherms for NdSit T(K)
T=2K (the angle between the orientation&™ and “ B” is ap-
proximately 45). (b) Anisotropic magnetoresistance of NgSht FIG. 18. Inverse susceptibility of Smgbnote absence of the

T=2K. Curie-Weiss behavior. Inset: low-temperature susceptibility.
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rt.

transverse magnetoresistant® & above 120 kG. A power

spectrum of the data using maximum entropy method revealg

two well-defined frequencies at 1 and 7.05 NIHg. 23b),

insef.

TABLE Il. Characteristics of the de Haas-van Alphen orbits in
SmSh for Hiic (error inm*/m, is 15—-20%.

Frequency F (MG) m*/m, Tp (K)
F1 0.56 0.17 2.0
F2 1.05 0.14 15
F3 1.82 0.18 24
F4 3.78 0.3 2.3

increase of the resistance at low temperatures in high mag-
netic fields is qualitatively similar to that seen in Fig.(23

for NdSh, at comparable applied fields. The field dependence
of the transverse magnetoresistanedi¢) at 1.5 K is shown

in Fig. 24b). An extremely large increase of magnetoresis-
tance observed at this temperature is followed by the turn to
saturation above~140 kG and, further, by Shubnikov-de
Haas oscillations. Recent measurem#hits this compound

up to 500 kG and down to 420 mK in temperature also
indicated a maximum in the transverse magnetoresistance at
round 200 kG followed by very strong oscillations. The
frequencies of de Haas-van Alphen and Shubnikov-de Haas
oscillations in SmSpobserved in high field§ are consistent

Figure 24a) shows the ftransverse magnetoresistancgiy the de Haas-van Alphen frequencies values obtained
(Hlic) as a function of temperature for SmSKhe large
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van Alphen oscillations af=2 K, Hllc in SmSh, inset:
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from our field-dependent magnetization measurements Hilc
(Table I). The values of Shubnikov-de Haas frequencies ob- 80
served in NdSpare very close to the quantum oscillation
frequencies found in Smgbwhich suggests that these two
materials have very similar Fermi surfaces. The fact that the
spectrum of the oscillations in Smsis richer than in NdSp
may point to the differences in the details of the band struc-
ture, however a more plausible explanation is that the crys-
tals of SmSb are of higher qualitcompare, for example, L
the values of RRR cited in Sec. Il A) ko the oscillations of 0 g f ” )
some frequencies in Ndglare smeared and not detectable. ° 50 100 150 200
High-field magnetoresistance measurements confirm the ~ ®) H (kG)

ls_tee_p Iggrea;e_qé(Tﬁd)-g(T,FQ) (fgr2H1||7c), mdentalionfedt(;,"]ar- FIG. 23. (a) High-field temperature-dependent transverse
ier, in RShy, R=Pr, Nd, Sm(Figs. 12, 17, and 2&)] for the magnetoresistance of Ndshlli(ab), Hlic. (b) Field-dependent
temperatures lower than zero-field magnetic ordering transigansverse magnetoresistance  of NgSblli(ab), Hllc.
tion. High-field data(Figs. 23 and 2jclearly show that at |,gets: high-field part of th&(H) curve atT=2 K, background

low temperatures with applied field we have a continuousypstracted; spectrum of Shubnikov-de Haas oscillations in NdSh
change inp(T) from a decrease of the resistivity due to the 54t 2 k.

loss of spin-disorder scattering in the magnetically ordered

state in zero field to a gain in resistivity at temperaturesg— ce toR=Nd and further tdR=Sm, where the difference
below the ordering temperature in applied field. This effect i,gyeen in-plane and normal to the plane susceptibilities is
so large that for Smgbthat the resistivity 82 K in the  gmga| and the sign of the anisotropy changes with tempera-
moderate field of 50 kG approaches the zero-field roomyre |t should be noted though, that since the light rare-earth
temperature value. diantimonides have orthorhombic symmetry, detailed analy-
sis of the anisotropy can only be performed if the magneti-
IV. DISCUSSION zation data along the high symmetry in-plane axes are

. known. The variation of the magnetic orderin mperatur
The in-plane resistivities dRSh, (R=La-Nd, Sm show ° e variation of the magnetic ordering temperatures

metallic behavior @p/dT>0) with RRR ranging from about of the magnetic rare-earth diantimonides fréts-Ce toR

. . . . =Sm is shown in Fig. 2() plotted as a function of the de
40 to more than 400. Magnetic ordering reveals itself both_l ennes factor, D& (g,—1)23(J+1).

the IOSTQ’ of spln—dlsorde'r scatterlr)g”ln reS|st|V|Fy, and N The magnetic interaction between the localized rare-earth
anomalies in the magnetic susceptibility. Magnetic suscepti-

- ; 7 magnetic moments in metalli®Sh, (R=Ce-Nd, Sm is
bility for RSD, W.'th R—Qe—Nd also clearly shows local mo- robably due to the indirect exchange via conduction elec-
mentlike behavior at high temperatures. The values of th%

. . ; - ... trons of the Rudermann-Kittel-Kasuya-YosiRKKY) type.
gﬁectlve magnetic moment obtained from the SUS?eptlblhtyIn this case the magnetic ordering temperafligemay be
in the paramagnetic state are close to the theoretical Valueaspproximateﬁf’ by
gvJ(J+1). The Curie-Weiss temperatur®, changes
monotonically from CeSpto NdS_Q. ForHHp, (93 is nega- T, 8N(Eg)/Kgl 2(g;— 1)23(J+ 1) =8N(Eg)/kgl DG,
tive for all three compound$Fig. 25a)] indicating that
dominant interactions along theaxis are antiferromagnetic. where N(Eg) is the conduction-electron density of states
Magnetic properties oRSh, with R=Ce-Nd, Sm are aniso- at the Fermi levelky is the Boltzmann constant, is the
tropic, probably due to the crystalline field effects. Theexchange interaction parametey; is the Landeg factor,
c-axis anisotropy in the paramagnetic state decreases froth is the total angular momentum of thB ion, and

Ap{HYe(0) (a.u)

T=2K
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FIG. 24. (@ High-field temperature-dependent transverse
magnetoresistance of SmShili(ab), Hilc. (b) Field-dependent
transverse magnetoresistance of Sp&blr=1.5 K; lli(ab), Hllc.

FIG. 25. (a) Paramagnetic Curie-Weiss temperaturéb)
magnetic ordering temperatures fdRSh, as a function of
DG=(g;—1)2J(J+1), de Gennes factor. Note the highest order-
ing temperature is shown as an open circle with lower ordering
DG=(g;—1)2J(J+1) is the de Gennes factor. Experimen- temperature¢Ce and Ng shown as crosses.
tally, [Fig. 25b)] T, is not scaling with the de Gennes fac-
tor. Several reasons may be responsible for the deviatiogombined with carrier density measurements and determina-
from the de Gennes scaling:  crystalline field effects; variation of the crystalline electric-field parameters and spin ar-
tion of t_he exchange interaction constam_ith the change of  rangements at different temperatuté@®m neutron diffrac-
the lattice parameters through the sefielsie to the lan- ion) are necessary to advance towards the full understanding
thanide contraction; change of the density of states within thgs e magnetic properties of the series.
series. It should be noted that the examination of the struc- Metamagnetic transitions manifest themselves as sharp
tural arrangements and the bond lcharactersAB;Z com- changes both in field-dependent magnetization, and in mag-
pounds(A-rare earthjf3=Sg, Te, Shf as we:cl as the pr?s- netoresistance. While these changes occur at the same fields,
sure dependence of resistance of Britef. 6 strongly the relative values of jumpAp andAM do not necessarily

suggest that the conduction-electron density of states in the

diantimonides depends significantly on the interatomic dis_correspond to each other. Several theoretical attempts have

tanced(i.e., lattice parameterslt is worth mentioning that in been. undertakeq Fo gxplain the temperature af‘d field depen-
the mean-field approximation for the materials with RKKY dencies Qf r%S|st|V|ty ina local-moment magnetically ordered
interactions both the paramagnetic Curie-Weiss temperaturdate- Miwd> and Elliott and Wedgvx(oc?d addressed the
and the magnetic ordering temperature have the same funBroblem of the appearance of gaps in the conduction band
tional dependence oN(E;), | and DG. Comparing Fig. due to antlferr_omagnenc order, in pa_rtlcular,_ln the case of
25(a) with Fig. 25b) we notice that while® , of CeSh is screw-type spin ;irrangement developing thg ideas of Stater
following the common trend for the oth&Sh, compounds, and MackintosH? but these authors start with the assump-
its T, is way off the monotonic behavior. It can be hypoth- tion that the Fermi surface of the magnetic material in their
esized that at low temperatures the Ce ion in Ge8ts an calculations was taken to be free-electron-like. Later, a series
intermediate, noninteger, valence between and 4+ that  of papers by Yamada and Takd8addressed the behavior
results in the addition of some electrons to the conductio®f the magnetoresistivity of a simple axial antiferromagnet
band and change ®f(Eg) andl, while at high temperatures below and above the magnetic ordering transition as well as
it behaves as Cé. Detailed band-structure calculations in the saturated paramagnetic state. The model of Yamada
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and Takad¥ predicts a positve magnetoresistancevaries almost by an order of magnitude. Similarities are also
Ap(H)/p(0)xH? in the antiferromagnetic state with the observed in the temperature-dependent magnetoresistance
field along the direction of the spins and field-independenturves measured at 55 KGigs. 3a), 12, 17, and 2()]. For
magnetoresistance for a magnetic field perpendicular to ththe transverse magnetoresistance Wittt the effect of field
spin direction. In contrast, in the saturated paramagnetiis higher and does not involve additional complications due
state the magnetoresistance is predicted to be negatite metamagnetism in this field range. A steep increase of
with a field dependenceAp(H,T)/p(0,T)x—(H-H,)/ p(T,55 kG)p(T,0) is observed for the temperatures below
T exp(—u(H-H)/T), where H,, is the critical magnetic the zero-field value of the magnetic ordering temperature,
field of the transition to saturated paramagnetic statewaisd  and the magnetoresistance in the ordered state is significantly
the localized magnetic moment. For the diantimonides undehigher than in the paramagnetic state. In the paramagnetic
study the magnetoresistance in the antiferromagnetic phasessate the magnetoresistance of all members exceptGeSh
positive, however it does not follow a simpk? law. Our  creases rapidly as the temperature is lowered even forJ.aSh
measurements show a decrease of the magnetoresistancef@swhich no magnetic transition was observed down to the
the field-induced transition to the paramagnetic state occursowest temperature investigated. Qualitatively similar behav-
albeit the functional dependence suggested in Ref. 24 for thigr of the temperature-dependent magnetoresistancel inith
case does not give reasonable fits to our data. The model @fas observed in LaSkand SmSh
Yamada and Takada was developed only for a limited num- The magnetoresistance of the diantimonides at low tem-
ber of specific spin configurations, and does not describe thgeratures is notably high. In a simple, free-electron-like
intermediate ordered phases formed as a result of metamagpproacﬁ5 the conditionw.7>1, wherew, is cyclotron fre-
netic transitions. This model cannot account for another sigguency andr is relaxation time, is required for complete
nificant experimental feature: an abrupt change of resistiveyclotron orbits. This inequality can be written as.t
ity at the critical field of the metamagnetic transition. =H/nepy>1, whereH is the applied magnetic field, is the

In the model based on the picture of the energy gap fordensity of carrierse is the charge of electron, ang is the
mation, the temperature dependence of the resistivity in theesistivity. At low temperatures the diantimonides have low
local-moment antiferromagnetic state can be writteas resistivity (po~10°% Q0 cm). Moreover, according to the
p=(pit+pi(T)+pn(T))/[L—gm(T)], wherep; is resistiv-  analysis of the structure and band character AB,
ity due to impurity scatteringresidual resistivity, p; is that  compounds, while RSe, andRTe, are still semiconductors,
due to lattice(electron-phononscattering,p, is the mag- RSk, are just entering into the metallic category, so low
netic component of resistivityn(T) is the normalized sub- carrier density is expected for the diantimonides. Both these
lattice magnetization, ang is the parameter characterizing factors are favorable for high magnetoresistance at low tem-
the effective change in the number of carriers due to theeratures. The anisotropy of the magnetoresistance might re-
band-structure gapping. Both steplike changes in magnetizalect the anisotropy of the Fermi surface and/or electron-
tion and possible changes of the effective number of carrierphonon and electron-electron interactions.
may be responsible for sharp changes of resistivity at the The theory of the galvanomagnetic properties of a normal
critical fields of metamagnetic transitions. metal with an arbitrary energy spectrum was developed by

The high-temperature decrease of the absolute value afifshits and co-worker® and verified for most of the simple
the negative in-plane magnetoresistance in Ge®ig. 8  metals?’ For transverse magnetoresistance in the high-field
agrees with the behavior anticipated for Kondo lattices andimit, the theory predicts either saturation Ap(H)x<H?,
Kondo-impurity systems’'* However, the same functional depending upon the topology of the Fermi surface. On the
form Ap(H)«H? for the field-dependent negative magne- other hand, the asymptotic behavior of the longitudinal mag-
toresistance due to spin fluctuations in ferromagnetic materinetoresistance is independent of the topology of the Fermi

als was obtained in Ref. 24: surface and\p(H) is expected to saturate in high fields. Our
) 5 experimental data for the diantimonides for both transverse
p(T,H) = p(T,0) = [In(T—T¢)[H/(T-Te¢) and longitudinal magnetoresistance differ from these simple
—HY(T-Tg)? theoretical predictions of Ref. 26. Deviations from the theory

of Lifshits and co-workers were observed earlier in a number

for different temperature limits above the Curie temperaturef cases, in particular, high, linear, magnetoresistance was
Tc. Our p(T,H) data for CeSpfor Hilc can be fitted rea- observed in quasi-2D materials: NBbSqs(8 K)~1.1
sonably well with these functions. So, from the magnetiza-x10 2 kG~1];?® some of the B-MX, polytypes of transi-
tion and magnetoresistance data alone the classification ¢ibn metal dichalcogenides fdi#=10-20 kG: H-NbSe
CeSh as a heavy fermion system with a magnetic grounds(4.2 K)~2.3x10 2 kG™%),] 2H-TaSe [s(4.2K)~5.2
state cannot be suggested unambiguously. The evaluation of10 2 kG ];%° as well as in isotropic¢bco single crystals
the linear(in temperaturecoefficient of the specific heatat  of potassiuni s(4.2K)~0.9x 102 kG ] Ref. 30 and a few
low temperature in this system f@i<Ty as well asT>Ty  other metals.
should help to resolve this ambiguity. Several theories resulting in linear magnetoresistance

Despite the variation of the physical propertiesRb,  were suggested. Critical analysis of some of them was given
(R=La, Pr-Sm, their magnetoresistance fof(ab) in the in Refs. 25 and 31. A few of these theorits* requirespe-
paramagnetic state is quite similesee Table)l As an ex- cial orientationsof the magnetic field with respect to the
ample,s at 20 K is between 3.2 and 3.6 10kG™* for R Fermi surface and/grarticular featuresof the Fermi surface
=Pr-Sm and slightly highe(5.9) for R=La, although the or the ground state defined by spin-or charge-density wave.
variation in resistivity at 20 K is 7-8 times and the RRR In RSh, (R=La, Pr, Nd near-linear magnetoresistance was
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observed both for unique, normal talf) plane, and arbi- However, several problems have to be mentioned regarding
trary, in-plane, field directions up thl,,,=55 kG (experi-  the general use of the freeze-out model for the light rare-
mental field limi). In LaSk linear magnetoresistance was earth diantimonides: although this model was applied to
observed also fotlic. In PrSh no significant changes in graphite it was initially formulated for semiconductors and
magnetoresistance were associated with the charge-/spithe extension of this model to semimetals is not obvious; the
density wavelike anomallFig. 10b)]. So none of the above diantimonides have large residual resistance ratios, very
mechanisms appear to fully account for the large linear magsmall residual resistivity and large magnetoresistance at low
netoresistance irRSb, (R=La, Pr, Nd, though some of temperatures. With this in mind, the assumption that such a
them may contribute to the observed behavior. significant contribution originates from changes of the impu-
Several other more general “intrinsic transport theories”rity scattering seems doubtful. Finally, the magnetic freeze-
that do not suffer some of the limitations of the ones men-out model is sensitive to the details of the band structure of
tioned above, have been proposed. One of them, the sthe material, and the measurements of the magnetoresistance
called “hot-spot” modef® requires strong scattering prob- (Hlic) for PrSk under pressufeshow large(~5 timeg de-
abilities between small well-defined spots on opposite sidesrease of the zero-field resistan¢ead< under pressure up to
of the Fermi surface and predicts linear magnetoresistanckl.5 kbar, pointing to the possible changes of the band struc-
for w,m>1, w,T<1. Another on& considers many-body ture and/or concentration or mobility of carriers. However,
effects and in calculating the relaxation time shows that théhe absolute change of resistivity in the field up to
magnetic field introduces symmetry breaking in a scatterind0 k3 p(2 K,50 kG)-p(2 K,0)] in this pressure range is
process, which substantially increases the linear contributiopractically constant, and this behavior cannot be easily un-
to the magnetoresistance so that this contribution may bederstood by the simple extension of the freeze-out model.
come dominant. This mechanism was used to explain lineaDetailed studies in higher magnetic fields and employment
positive, magnetoresistance of heavy fermion Ge&twery  of other experimental techniquéblall effect, etc) are re-
low temperature$? Yet another modét is based on the ex- quired to test the applicability of theoretical models of the
istence of fluctuations into a quasiperiodic static state thalinear magnetoresistance fRSh,.
has the anisotropy of the lattice and may be due to electron- Another issue that needs more detailed examination is the
phonon and electron-electron interactiofe., fluctuations steep increase of the magnetoresistatfoe Hilc) in RSh,
into a spin-density or charge-density-wave stat€his (R=Pr, Nd, Sm at temperatures lower than the zero-field
mechanism contributes equally to a linear increase in longimagnetic ordering transition temperature. For the field along
tudinal and transverse magnetoresistance. The validity of thihe c-axis the position of the “break” in the low-temperature
first two models for normal metals was questioriegspec-  resistivity is not shifting significantly in the applied field up
tively, in Refs. 31 and 26 The last one seems to be attrac- to 180 kG[Figs. 23a), and 24a)] so, for this orientation, the
tive since it accounts for the similar values of in-plane trans-Neel temperature is not changing over a large magnetic-field
verse and longitudinal ~magnetoresistance observerhnge. To address the issue we can attempt to invoke a gen-
throughout the whole series and the anisotropy between theral, rather than specific, view on transport properties of met-
Hll(ab) andHlc cases. als. Within the framework of Matthiessen'’s rule, we can con-
Another theoretical model was used to explain peculiasider separately different scattering mechanisms at low
magnetotransport properties of quasi-two-dimensionatemperatures: electron-impurity, electron-phonon, and
single-crystal graphite at low temperatufédzor the mag- electron-localized spins. The values of RRR are very high in
netic field applied perpendicular to thalf) plane two phe- the diantimonides, and we do not expect the electron-
nomena resembling the behavior of the light rare-earth dianimpurity scattering to change drastically through the mag-
timonides were observed: in high magnetic fields thenetic transition; electron-phonon scattering is not expected to
experimentally observed magnetoresistance of graphite came dominant at the 2—10 K temperature range, so it is doubt-
be represented by(H)=H/(p+qgH"), n=1; and in strong ful that these two mechanisms are responsible for the steep
fields the resistivityp(H,T) as a function of temperature increase of the magnetoresistance. However, since the sharp
goes through a broad maximugat 20—30 K, dependent of “break” in the magnetoresistance occurs close to theINe
field3” The model of magnetic freeze-out of the impurity temperature, it is tempting to attribute it to the changes in the
carriers was invoked to explain the observed behavior. It waslectron-localized spin scattering. Below the magnetic order-
assumed that the processBs +(—e)—D° and/or A~ + ing temperature the relaxation timencreases due to a loss
(+e)—A°, whereD™ corresponds to donoA~ represents of spin-disorder scattering, bringing the sample further to-
acceptor, e) is the electron and 4e) is the hole, are wards the conditionv,7>1 needed for large magnetoresis-
induced in strong magnetic field. Then coexistence of thdance.
ionized impurity scattering and the neutral impurity scatter- In order to further investigate the importance of relaxation
ing at low temperatures together with the contribution fromtime, another general rule can be used to examine the mag-
the electron-phonon and carrier-carrier scattering at highemetoresistance both in the ordered and in the paramagnetic
temperatures can give the physical picture qualitatively constate. In many metals and semimetals the behavior of mag-
sistent with the experimental data. It is worth mentioningnetoresistance is known to follow Kohlers rufe.The
that LaSh and PrSp have the lowest RRR, i.e., the highest Kohler’s rule is a similarity law for magnetoresistance. It is
impurity scattering within the series, and the effect of mag-based on the idea of the universal mean-free path that does
netic field on the resistivity in the paramagnetic state is morgiot depend on the electron momentum. It is usually written
pronounced. This seems to be consistent with the freeze-oass Ap/po=F(H/py) where Ap=p(T,H)-p(T,0) and pg
model, where the impurity scattering plays an important role=p(T,0). In the analysis of the magnetoresistance of
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w000 T T T T (e magnetic breakdown starts to take place, the resulting new
F Hile P closed electron orbits include different parts of the Fermi
ll(ab) Sms‘fi*’/ ] surface and the low-field compensation of the carrjénat
1000 E gives infinite increase qf(H) with field] is broken, with the
g o ° ] consequence that transverse magnetoresistance sati@stes

expected for high-field behavior of noncompensated metals
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Rl 3 V. CONCLUSIONS

. o o &% ~— Lasp, ) ) )
ve ﬁ‘ﬁ o We have studied the evolution of magnetic and magne-
1;'}*‘ ,;’° o 3 totransport properties of single crystals of quasi-RSh,
¥’ e e i ] (R=La-Nd, Sm) compounds. All except LaSthave mag-
10 100 1000 10000 netically ordered ground states with a complex sequence of
Hip, (arb.units) several ordered phaseskht=0 for CeSh and NdSk. Three

of the members of the seri¢R=Ce, Pr, Nd exhibit meta-
magnetic transitions, as observed My{H) andp(H) mea-
surements at low temperatures. Temperature-dependent mag-
netization of the magnetic diantimonides is highly
anisotropiddue to crystalline field effect splittingvith thec

axis being a hard magnetization axis. Metamagnetic transi-

graphite°’9 Kohler's rule was used in a more general form, fuons observed for some of the members of the series show

presumably derived from the two-band modekp/p, in-plane anisotropy. The magnetoresistance of the dianti-

=F(H) wherep is the geometric mean of the electron and monides in the paramagnetic state is anisotropic and close to

hole mobilities and may be temperature dependent. For thhear forR=La, Pr, Nd. The relative change of resistivity in

light rare-earth diantimonides in the case of the applied ﬁeldnagnetic field i?’ remark_ably _high. . .
parallel to thec-axis, where no metamagnetic transitions are, The complexity and diversity of the physical properties of

observed inp(H) isotherms, Kohler's rule is approximately the light rare-earth diantimonides makes the series interest-

valid in a large temperature rang&<50 K) (Fig. 26, both ing for future'studies. A few points that are particularly.
below and gbove I[:he magnet?c Sf)rderir)1g( t?ans?tions. Thé’vorth addressing are spin structure Of. the d|ffe_rent magneti-
In(Ap(H)/p,) data are approximately falling onto the univer- cally ordered phases occurring both in zero field and as a

sal (for each materiallines vs InfH/pg) with the slope around result of metamagnetic transitions; extension of H(é1)

1-1.3. In a more detailed analysis, since the magnetoresig—]e‘?"sun?[n:em(sj :ﬁ subitan??rllly E'gh;rtf'ekis’ st(l:?rt]h 3).('
tance is approximately following the same power law as ef.e”m%n a arclj . etr)]re iGab .?] ﬁm struc urﬁ othe dian-
function of field, the “generalized” Kohler’s rule is prob- Imonides and its changes with the rare earth.

ably more appropriate in the whole temperature range.

One more result that requires more investigation is the
saturation of the transverse magnetoresistéHde, |l(ab)] We thank I. R. Fisher for the critical reading of the manu-
in SmSh in the fieldsH~150 kG [Fig. 24b)], well above  script and fruitful discussions. Ames Laboratory is operated
the w7>1 limit when de Haas-van Alphen oscillations first for the U.S. Department of Energy by lowa State University
occur (=15 kG at 2 K. While a knowledge of the Fermi under Contract No. W-7405-Eng-82. This work was sup-
surface is necessary to analyze this changg bif) behavior, ported by the Director for Energy Research, Office of Basic
there is a possibility that we observe the phenomenon similaEnergy Sciences. Work at NHMFL-Los Alamos Facility was
to the one studied in Zn, where as it is in our case gtte) performed under the auspices of the National Science Foun-
behavior changes to saturation in high fields wheredation and the Department of Energy. One of84..B)) was
Shubnikov-de Haas oscillations start to apg@aFhis phe- partially supported by IITAP-lowa State University and
nomenon was explained by assuming that at some field @NPq (Brazil) in the final stage of the work.

FIG. 26. “Kohler”-like plot of the transverse magnetoresistance
of RSh, (R=La, Nd, Sm. Data from the high-field measurements
[Figs. 22, 28a), and 24a)]. Symbols: circlesT=2 K, up triangles:
T=10K, down trianglesT=20 K, diamonds:T=30 K, crosses:
T=40K. Lines are guides for the eye.
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