
45

PHYSICAL REVIEW B 1 JUNE 1998-IVOLUME 57, NUMBER 21
Anisotropic magnetic properties of light rare-earth diantimonides
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Results are presented of anisotropic temperature and field-dependent magnetizationM (H,T) and resistivity
r(H,T) measurements on high quality single crystals of the light rare-earth diantimonidesRSb2, R5La-Nd,
Sm. All of these, excepting LaSb2, magnetically order at low temperatures, and for CeSb2 and NdSb2 several
magnetically ordered phases were observed in low-field magnetization and zero-field resistivity measurements.
For R5Ce-Sm strong anisotropies, associated with crystalline electric field~CEF! splitting of theR31 ion,
were found inM (T) measurements both below and above magnetic ordering temperatures. Furthermore, for
R5Ce-Nd metamagnetic transitions were observed inM (H) and r(H) for Hi(ab) in the magnetically or-
dered state. In addition, above 15 kG de Haas–van Alphen oscillations are observed for SmSb2 and
Shubnikov–de Haas quantum oscillations are observed above;120 kG for NdSb2 and SmSb2. The zero-field
in-plane resistivityrab of all of the compounds is metallic (dr/dT.0), with residual resistance ratios ranging
from 40 to 750. Thec-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 linear inH at moderate fields, and is also dependent on the
relative orientation of the applied magnetic fields to the crystallographic axes. The extreme case of SmSb2 has
@r(55 kG)2r(0)]/r(0).50 000% atT52 K andHic. @S0163-1829~98!03621-2#
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I. INTRODUCTION

The light rare-earth diantimonidesRSb2 ~R5La-Nd, Sm!
all crystallize in the orthorhombic SmSb2 structure.1,2 This
highly anisotropic, layered structure has two unique Sb s
and one uniqueR site. One of the Sb sites forms two
dimensional~2D! sheets, the other Sb site andR site form
slabs of triangular prisms that separate the Sb sheets.
heavier rare earths the diantimonides in the SmSb2 structure
are formed only as high-temperature–high-pressure, m
stable phases.2 Although the light rare-earth diantimonide
were first synthesized several decades ago, little is know
the magnetic and transport properties of these compou
superconductivity atTc'0.4 K was detected in LaSb2;

3

CeSb2 was characterized as an anisotropic ferromagnet w
TC515 K;4 PrSb2 was found to be antiferromagnetic belo
TN55.1 K with a metamagnetic transition atH56.5 kG,
T51 K.5 In addition, recent studies of PrSb2 ~Refs. 6 and 7!
revealed several metamagnetic transitions at low temp
ture, and found an anomaly in resistance atT* '100 K, pos-
sibly originating from the charge- or spin-density wave a
presented pressure dependencies ofTN , T* , and the meta-
magnetic transitions in this material.

Successful growth of high quality single crystals of t
light rare-earth diantimonides allows us to address sev
issues in the present work:~a! evolution of the~anisotrop-
ic! magnetic properties within the series with the change
the rare earth;~b! manifestation of the metamagnetic tran
tions in magnetization and magnetoresistance, and the
perature dependence of the metamagnetism inRSb2; ~c! an-
isotropic magnetoresistance of these layered compound
the ordered and paramagnetic state.

The outline of the paper is as follows. After a brief revie
570163-1829/98/57~21!/13624~15!/$15.00
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of the experimental methods, we will present the experim
tal results starting with low-field~up to 55 kG! temperature-
and field-dependent magnetization and resistivity for each
five light rare-earth diantimonidesRSb2 ~R5La-Nd, Sm!;
followed by high-field magnetoresistance of LaSb2, NdSb2,
and SmSb2. The experimental section is followed by a di
cussion, where we will try to reveal some trends in the m
netic properties within the series and to compare the res
of our study of magnetoresistance with the existing theo
ical views and results for some other quasi-two-dimensio
materials.

II. EXPERIMENT

Large (;1531531 mm3) single crystals ofRSb2 ~R
5La-Nd, Sm! were grown out of antimony flux.4,8 The crys-
tals grow as soft plates with thec-axis perpendicular to the
plates. The samples are micaceous, and layers can be e
peeled off. Each of these layers is malleable but, despite
ease of deformation, very high residual resistance ratios~sev-
eral hundreds! are found in this family~see below!. Due to
the high malleability of the compounds, powderx-ray dif-
fraction and even Laue diffraction are very difficult to pe
form. However, examination of the light rare-earth-antimo
binary phase diagrams9 show unambiguously that the resul
ing crystals are indeedRSb2. Additionally, theRSb2 stoichi-
ometry is confirmed by the Curie-Weiss analysis of the hig
temperature susceptibility~see below!.

Magnetization measurements were performed using
commercial Quantum Design MPMS-5 superconduct
quantum interference device~SQUID! magnetometer~T
51.8– 350 K, Hmax555 kG! with the field aligned parallel
or perpendicular to thec-axis of the crystals. The electrica
13 624 © 1998 The American Physical Society



0
n
e
tw
vit
iq

ta

g
al

g
id

th

e
-
t i

o
ri-
ab

a
-
n

se

ea

na
i-
e
o

fe
d

ny
Sb
T

o
ar

th

for

,

iso-

at

to

he
ance

is-
of

s

57 13 625ANISOTROPIC MAGNETIC PROPERTIES OF LIGHT . . .
resistance was measured using a Linear Research LR-40
bridge, with a frequency of 16 Hz and a typical current de
sity of 1 – 3 A/cm2. Electrical contact was made to th
samples using EPOTEC H20E silver epoxy, and one of
contact configurations were used. The in-plane resisti
(rab) was measured using a standard four-probe techn
for samples cut into bars approximately 63130.2 mm3 with
current contacts on each end of the sample and two vol
contacts along the length~see the right inset to Fig. 2!. The
c-axis resistivity was estimated from measurements usin
modified four-probe configuration. In this case, sm
samples with approximately 232 mm2 in-plane dimensions
and 0.5–1 mm thickness were contacted with dotlike volta
contacts in the centers of the opposite planes, with a w
‘‘ U’’-shaped current contacts covering more than half of
surface of the plates~see the left inset to Fig. 2!. It should be
noted that the modified contact geometry used forrc mea-
surements requires thatrc@rab so as to establish a uniform
current path~i.e., the equivalent isotropic crystal must b
substantially longer along thec-axis than the in-plane dimen
sions! and this concern is returned to later. Furthermore, i
noted that magnetoresistance measurements using the m
fied contact geometry may suffer from Hall voltage cont
butions. However, despite these reservations, we were
to obtain estimates of thec-axis resistivity of LaSb2 and
SmSb2.

Both in-plane andc-axis magnetoresistance were me
sured in theH-T environment of the MPMS-5 SQUID mag
netometer, with the field aligned either parallel or perpe
dicular to the current for longitudinal and transver
measurements, respectively. In addition, for LaSb2, NdSb2,
and SmSb2, high-field transverse magnetoresistance m
surements@Hic, I i(ab)# from 1.5 to 100 K were performed
utilizing a 200 kG superconducting magnet at the Natio
High Magnetic Field Laboratory-Los Alamos Facility. F
nally, it is noted that resistivity measurements were p
formed on single crystals from different batches as well as
different samples from the same batch, leading to the dif
ent residual resistance ratios for specific samples as
scribed in later sections.

III. RESULTS

A. Low-field measurements

1. LaSb2

Figure 1 shows anisotropic susceptibility of LaSb2. The
magnetization isothermsM (H) ~Fig. 1, inset! are practically
linear with field, almost isotropic, and do not show a
anomaly up to 55 kG. The susceptibility characterizes La2
as a weakly temperature-dependent isotropic diamagnet.
in-plane resistivity~Fig. 2! has metallic behavior (dr/dT
.0) with r(T) linear for T.50 K. The high value of the
residual resistance ratio~RRR5r~300 K!/r~2 K!'59! indi-
cates the high quality of the samples. No traces of superc
ductivity were observed down to 1.8 K, consistent with e
lier measurements ofTc50.4 K.3 For LaSb2 the resistivity
with the current flowing along thec-axis ~Fig. 2!, rc , at 300
K is more than an order of magnitude higher thanrab and
RRR'12 is substantially lower than observed forrab . In
addition, at approximately 260 K, a smeared anomaly in
ac
-

o
y
ue

ge

a
l

e
e

e

s
di-

le

-

-

-

l

r-
n
r-
e-

he

n-
-

e

resistivity is observed, which is much less pronounced
I i(ab) ~Fig. 2!. Magnetoresistance of LaSb2 is positive@Fig.
3~a!# andDr(H) is close to linear inH @more careful analy-
sis shows that for LaSb2 it approximately follows the power
law Dr(H)}Ha with a'1.1– 1.3.# The approximate slopes
defined here ass(T)51/55 kG@r(T,55 kG)-r(T,0)]/r(T,0)
are listed in Table I. In-plane magnetoresistance is an
tropic in the field direction with Drab(Hic)
.Drab@Hi(ab)#. This anisotropy is more pronounced
low temperature, but it persists up to 100–150 K.c-axis
magnetoresistanceDrc(H) @Fig. 3~b!# is qualitatively similar
to the in-plane magnetoresistanceDrab(H), although the
difference in thec-axis magnetoresistance forHic and
Hi(ab) is much smaller than in the case ofI i(ab). The
anisotropy in thec-axis magnetoresistance also persists up
high temperatures. For the fieldsH.5 – 10 kG thec-axis
magnetoresistance is close to linear in magnetic field. T
approximate slopes of the field-dependent magnetoresist
are listed in Table I.

2. CeSb2

Anisotropic susceptibility and zero-field electrical res
tivity of CeSb2 are presented in Fig. 4 and Fig. 5. This set

FIG. 1. Anisotropic susceptibility of LaSb2. Inset: anisotropic
magnetization isotherms for LaSb2 at T52 K.

FIG. 2. Zero-field resistivity of LaSb2, I i(ab) @open circles# and
I ic @double crosses#. Note differentY scales on the graph. Inset
show contact configuration for two measurement geometries.
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13 626 57BUD’KO, CANFIELD, MIELKE, AND LACERDA
the data is in general agreement with the results of Ref
The susceptibility~Fig. 4! is anisotropic, the with thec-axis
being the hard magnetization axis. ForT>150 K the inverse
susceptibility is nearly linear in temperature, and it extrap
lates to a positive value ofQp

ab'26 K for the magnetic field
applied in the (ab) plane, and negativeQp

c'2170 K for the
field alongc-axis. The polycrystalline average of magne

FIG. 3. ~a! Temperature dependence of magnetoresistanc
LaSb2 at 55 kG, I i(ab), inset: anisotropic magnetoresistance
LaSb2 at 2 K; ~b! Temperature dependence of magnetoresistanc
LaSb2 at 55 kG,I ic, inset: anisotropic magnetoresistance of LaS2

at 2 K.

TABLE I. Approximate slopes of the magnetoresistance inRSb2

~R5La, Pr, Nd, Sm!. For PrSb2 and NdSb2 data for Hi(ab),
I i(ab) at T52 K are omitted due to spurious contributions in ma
netoresitance at metamagnetic transitions. ForI ic measurements
only for LaSb2 and SmSb2 were performed.

RSb2 s51/55 kG@r(55 kG)-r(0)#/r(0) @1022 kG21#

R

I i(ab) I ic

T52 K T520 K T52 K T520 K
Hic Hi(ab) Hic Hi(ab) Hic Hi(ab) Hic Hi(ab)

La 18 1.8 5.9 0.9 4 3 2.5 2
Pr 26 3.2 0.2
Nd 138 3.6 0.9
Sm 970 24 3.5 0.9 18 40 1.5 4.5
4.

-

susceptibility@approximated byxav5(xc12xab)/3# gives an
effective magnetic moment ofmeff'2.63mB /Ce. The
temperature-dependent resistivity~Fig. 5! resembles that ob
served in Kondo-lattice compounds, and has RRR'94. The
low-temperature behavior of CeSb2 is quite complicated with
three anomalies~at 15.5, 11.7, and 9.3 K! clearly visible in
the derivative of the resistivitydr/dT and the magnetization
d(MT)/HdT ~both shown in the inset of Fig. 5!. In addition,
a broad maximum centered around 2.6 K is observed
d(MT)/HdT that has no corresponding feature inr(T) and
the origin of this anomaly is unclear. The present study
the low-temperature behavior of CeSb2 is more detailed than
the one performed in Ref. 4. In Ref. 4 a ferromagnetic
ground state withTC515 K was suggested for CeSb2, and a
slight anomaly at;12 K in the resistivity vs temperatur
curve was mentioned without an indication of the cor
sponding anomaly in magnetization. Taken together, resis
ity and magnetization data suggest that CeSb2 passes through
a sequence ofat least three magnetically ordered states
low temperatures and zero magnetic field.

Field-dependent magnetization isothermsM (H) for
CeSb2 are shown in Fig. 6~a!. For Hi(ab) metamagnetic
transitions are clearly visible. The shape of theM (H) curve
at T52 K suggests that different spin-ordering processes

of

of

FIG. 4. Inverse susceptibility of CeSb2, inset: low-temperature
susceptibility.

FIG. 5. Zero-field resistivity of CeSb2, I i(ab). Inset: tempera-
ture derivatives of resistivity and (xDCT) @Hi(ab)# for CeSb2.
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57 13 627ANISOTROPIC MAGNETIC PROPERTIES OF LIGHT . . .
cur in CeSb2 with increasing magnetic field. While the two
lower-field, sharp metamagnetic transitions are possibly
sociated with some kind of spin-flip processes, the chang
magnetization associated with the next transition is grad
and may be due to the rotation of the spins, so it is poss
that the ordered phase formed as a result of the second m
magnetic transition has some fan-type structure. Metam
netic transitions manifest themselves not only in fie
dependent magnetization but also in magnetoresistance.
6~b! shows the anisotropic magnetoresistance of CeSb2. It is
clearly seen that sharp changes in resistivity as a functio
applied magnetic field occur exactly at the same fields as
the changes in magnetization@note that due to anticipate
in-plane anisotropy of the metamagnetic transitions, care
taken to perform both these measurements for the same~al-
though arbitrary! orientation of the magnetic field in th
(ab) plane#. Based on the measurements of magnetiza
and magnetoresistance as a function of temperature and
netic field @Figs. 7~a! and 7~b!#, a tentativeH-T phase dia-
gram for CeSb2 for one direction of the magnetic field in th
(ab) plane was constructed@Fig. 7~c!# as an example of the
complexity of the magnetic order in the light rare-earth
antimonides. There appear to be at least four magnetic
ordered phases labeled I–IV. It should be noted that
fields greater than 2.5 kG, phases III and IV no longer ex
making careful, low-field measurements of these states
sential.

FIG. 6. ~a! Anisotropic magnetization isotherms for CeSb2 at
T52 K. ~b! Anisotropic magnetoresistance of CeSb2 at T52 K.
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At temperatures between 20–100 K~above the magnetic
ordering for CeSb2! both transverse and longitudinal magn
toresistance for Hi(ab) are negative and quite hig
$@r~20 K,55 kG!-r~20 K,0!#/r~20 K,0!'235%% while the
transverse magnetoresistance forHic is smaller and positive
~Fig. 8!. For Hi(ab) Dr(H)}H2 and this behavior is remi-
niscent of that for heavy fermion and Kondo-lattic
compounds,10,11 including the anisotropy of magnetoresi
tance that was observed, for example, at relatively high te
peratures in CeCu6.

12

3. PrSb2

The magnetization of PrSb2 is anisotropic~Fig. 9! with
the c axis being the hard magnetization axis. ForT,TN
55.1 K, PrSb2 appears to be in an antiferromagnetic grou
state, and the value ofTN is consistent with previous2,6,7

data. At high temperatures the inverse susceptibility is lin
in temperature, withQp

c'275.8 K andQp
ab'22 K, while

the polycrystalline average of the susceptibility gives a va
for the effective moment ofmeff'3.55mB /Pr. As can be seen
in Fig. 10~a! the residual resistance ratio of PrSb2 is 42. The
zero-field resistivity drops abruptly forT,5.1 K due to the
loss of spin-disorder scattering in the antiferromagnetic
dered state. In addition, just before the antiferromagn
transition,r(T) has a slight upturn, which may be due to th
formation of a superzone gap at the Fermi surface due
antiferromagnetic ordering.13 A further anomaly inr(T) oc-
curs at T'100 K,7 though there is no correspondin
anomaly in magnetization measurements. Similar hump
anomalies have been observed in the resistivity of Cr and
alloys14 ~and other materials!, in which case it is a signature
of a phase transition associated with spin- or charge-den
wave. Magnetic fields up to 55 kG do not change the po
tion of the anomaly@Fig. 10~b!#, which makes a charge
density wave a somewhat more favorable hypothesis.

In PrSb2, a series of metamagnetic transitions were o
served at low temperatures.5–7 The M (H) curve atT52 K
for Hi(ab) @Fig. 11~a!# shows two clear metamagnetic tra
sitions, while for Hic a smeared feature inM (H) is ob-
served, suggesting that a metamagnetic transition with
critical field Hc'17 kG occurs in this orientation as well, o
alternatively, about 5% of the sample is misalign
@Hi(ab)#. Field-dependent magnetoresistance is shown
Fig. 11~b!. For Hi(ab) clear anomalies associated with th
metamagnetic transitions are observed with the critical fie
values in agreement with the magnetization measureme
For Hic magnetoresistance is positive and quite high w
possible smeared features.M (H) measurements for the dif
ferent in-plane directions of the magnetic field as well as
H along thec axis reveal that the complete picture of met
magnetism in the diantimonides, possessing orthorhom
symmetry, is extremely complicated. The full angular dep
dence of metamagnetism in these compounds will be a s
ject of another study.

Temperature-dependent magnetoresistancer(T,55 kG)
2r(T,0) ~Fig. 12! is anisotropic. For the transverse magn
toresistance withHic the effect of field is higher and doe
not involve additional complications due to metamagneti
in this field range. A steep increase ofr(T,55 kG)-r(T,0) is
observed for the temperatures below the zero-field value
the magnetic ordering temperature, and the magnetore
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FIG. 7. ~a! In-plane field-dependent magnetization for CeSb2 at different temperatures.~b! In-plane field-dependent magnetoresistance
CeSb2 at different temperatures.~c! TentativeH-T phase diagram forHi(ab) in CeSb2.
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tance in the ordered state is significantly higher than in
paramagnetic state. It should be noted that for PrSb2 (Hic)
~Fig. 12! there is an additional maximum i
r(T,55 kG)-r(T,0) that occurs at temperatures around 15
well separated from the magnetic ordering temperature~5.1
K! and the anomaly atT* '100 K @Fig. 10~a!#, neither of
which is shifting with the fields up to 55 kG.

4. NdSb2

NdSb2 is another example of a complex sequence of m
netically ordered states at low temperatures~Figs. 13 and
14!. Two magnetic transitions~at 8 and 6 K! are clearly seen
e

,

-

both in dr/dT and d(MT)/HdT data ~Fig. 15!, another
anomaly~at 2.3 K! is present ind(MT)/HdT and rawM /H
vs T data ~Fig. 13, inset! but is not clear indr/dT. The
magnetic susceptibility is anisotropic~c-hard magnetization
axis!, and the inverse susceptibility is linear in temperatu
It givesQp

c'259.1 K andQp
ab'216.2 K. The value of the

effective moment from the polycrystalline average
3.68mB /Nd. The residual resistance ratio for NdSb2 is 127,
and the zero-field electrical resistivity has a humpli
anomaly at;38 K, similar to the one in PrSb2 at 100 K. As
in PrSb2, this anomaly may originate from some kind o
density wave.
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57 13 629ANISOTROPIC MAGNETIC PROPERTIES OF LIGHT . . .
In-plane metamagnetism was also observed in Nd2
@Fig. 16~a!#. Again, it is anisotropic and the saturated ma
netization state doesnot seem to be achieved for fields up
55 kG. For one of the in-plane directions@‘‘ B’’ in Fig. 16~a!,
where the angle between ‘‘A’’ and ‘‘ B’’ is approximately
45°# the field-dependent magnetization is close to the m
netization forHic. This suggests extremely strong in-pla
anisotropy, with the metamagnetic transitions, if they ex
for H along ‘‘B, ’’ shifted to the fields above our experimen
tal limits. Field-dependent magnetoresistance atT52 K @Fig.
16~b!# is high and close to linear in field forHic and con-
firms the existence of the metamagnetic transitions
Hi(ab) @the applied field direction for the transverse ma
netoresistance measurements in Fig. 16~b! coincides with the
‘‘ A’’ direction in Fig. 16~a!#. The overall behavior of the
temperature-dependent magnetoresistance of NdSb2 ~Fig. 17!
is similar to that of PrSb2, although the maximum atT
'15 K in r(T,55 kG)-r(T,0) for Hic is absent.

5. SmSb2

The magnetic susceptibility of SmSb2 is anisotropic and
shows an anomaly atTN512.5 K ~Fig. 18, inset!. In the or-
dered state thec axis is a hard magnetization axis, howev

FIG. 8. Temperature dependence of magnetoresistance of C2

at 55 kG,I i(ab), inset: anisotropic magnetoresistance of CeSb2 at
20 K.

FIG. 9. Inverse susceptibility of PrSb2, inset: low-temperature
susceptibility.
b
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-

t
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in contrast to the other magnetic light rare-earth dian
monides, the anisotropy of the magnetic susceptibi
changes several times with temperature. The inverse sus
tibility is nonlinear in temperature~Fig. 18!, and at high
temperatures it has a tendency to saturate, which corresp
to the temperature-independent susceptibility of Sm21. The
slope ofM /H vs T between 30 and 100 K is somewhat low
than that expected for Sm31. Probably, as in some othe
intermetallic compounds,15 Sm in SmSb2 has its valence
fluctuating between 31 and 21. Zero-field resistivity of
SmSb2 is metallic (dr/dT.0) for current flowing in the
(ab) plane and along thec axis ~Fig. 19!. SmSb2 has the
highest residual resistance ratio: RRR'415 for I i(ab), for
the current flowing along thec axis RRR'130. Both in-
plane andc-axis zero-field resistivity exhibits a sharp dro
associated with the loss of spin-disorder scattering~Fig. 19!
at the same temperature as the anomaly in the magnetic
ceptibility.

The magnetization isothermsM (H) for SmSb2 are shown
in Fig. 20~a!. The magnetization is anisotropic and linear
field up to 55 kG. ForHic, de Haas-van Alphen oscillation
are observed forH>15 kG and for temperatures up to
least 9 K. The spectrum of these oscillations atT52 K in the
field range 40 kG<H<55 kG @Fig. 20~b!, inset# is presented
in Fig. 20~b!. Four frequencies corresponding to small pa
of the Fermi surface are clearly seen in the spectrum. An

b

FIG. 10. ~a! Zero-field resistivity of PrSb2, I i(ab). Inset: en-
larged low-temperature part.~b! T* '100 K anomaly in resistivity
of PrSb2: effect of 55 kG field applied in different directions.
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13 630 57BUD’KO, CANFIELD, MIELKE, AND LACERDA
sis of the oscillations at different temperatures and in diff
ent field ranges yields estimations of the effective mas
associated with the observed orbits and so-called Din
temperatureTD , which is a characteristic of an impurit
scattering.16 The results are presented in Table II. The fr
quencyF4 is probably the second harmonic ofF3. Indeed,
F452* F3 and within experimental accuracym* (F4)
'2* m* (F3), which is expected in the Lifshits-Kosevic

FIG. 11. ~a! Anisotropic magnetization isotherms for PrSb2 at
T52 K. ~b! Anisotropic magnetoresistance of PrSb2 at T52 K.

FIG. 12. Temperature dependence of magnetoresistanc
PrSb2 at 55 kG, I i(ab), inset: anisotropic magnetoresistance
PrSb2 at 20 K.
-
s

le

-

description of the quantum oscillations in metals.17 The situ-
ation with theF1 andF2 frequencies is more complicated
The frequencyF2 is two times higher thanF1, however the
value of the effective massm* (F2) is lower or close to
m* (F1) but not 2* m* (F1). These deviation from the
Lifshits-Kosevich description may suggest thatF2 is a sec-
ond harmonic of theF1 fundamental frequency resultin
from magnetic interaction between the electrons~Shoenberg
effect!.16 A detailed study of the de Haas-van Alphen a
Shubnikov-de Haas quantum oscillations in SmSb2 at tem-
peratures down to 400 mK and in magnetic field up to 5
kG will be presented elsewhere.18

The temperature dependence of the magnetoresistan
SmSb2 for I i(ab) @Fig. 21~a!# is qualitatively similar to that
of NdSb2 ~Fig. 17!. At T52 K the relative change of resis
tivity in the applied field of 55 kG exceeds 500@Fig. 21~a!,
inset#. For SmSb2, the I ic magnetoresistance is anisotrop
@Fig. 21~b!# but the anisotropy is somewhat smaller and
reversed both in the ordered and paramagnetic state, as
pared to the case ofI i(ab). The approximate slopes of mag
netoresistance at 2 and 20 K forI i(ab) andI ic are listed in
Table I. Magnetoresistance remains anisotropic up to h

of

FIG. 13. Inverse susceptibility of NdSb2, inset: low-temperature
susceptibility.

FIG. 14. Zero-field resistivity of NdSb2, I i(ab). Insets: en-
larged low-temperature part; enlarged region around the anoma
T* .
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57 13 631ANISOTROPIC MAGNETIC PROPERTIES OF LIGHT . . .
temperatures. Finally, it has to be mentioned that in the c
of I ic the magnetoresistance measured using the mod
contact geometry~as described previously! may have signifi-
cant contributions due to Hall voltages, so the magnetore
tance data for current flowing along thec axis give a semi-
quantitative description of these materials rather than e
results.

FIG. 15. Temperature derivatives of resistivity and (xDCT)
@Hi(ab)# for NdSb2.

FIG. 16. ~a! Anisotropic magnetization isotherms for NdSb2 at
T52 K ~the angle between the orientations ‘‘A’’ and ‘‘ B’’ is ap-
proximately 45°!. ~b! Anisotropic magnetoresistance of NdSb2 at
T52 K.
se
ed

is-

ct

B. High-field magnetoresistance

LaSb2 shows a striking feature in high (H.55 kG) fields.
As seen in Fig. 22, the zero-field resistance shows a mo
tonic decrease of scattering as the temperature decre
However, by applying a magnetic field~along thec axis! a
pronounced maximum is observed, moving up to 23 K at 1
kG. This maximum resembles the one observed in mag
toresistancer(T,55 kG)-r(T,0) for PrSb2 (Hic) ~Fig. 12!.
Since no magnetic transition was observed in LaSb2 down to
the lowest temperature investigated, the possible origin
this magnetic-field-induced anomaly requires more stud
Due to the two-dimensional character of this material,
possibility of this transition being a magnetic-field-induc
density wave transition19 is currently under investigation.

In NdSb2, a large transverse magnetoresistance (Hic) is
observed at low temperatures@Fig. 23~a!#. It is interesting to
note that the ‘‘break’’ in the resistivity~at the zero fieldTN!
does not move with the application of a large magnetic fie
Figure 23~b! shows the transverse magnetoresistance~for
Hic! at 2 and 20 K. An inflection point is observed at lo
temperature at 100 kG, which could be due to a metam
neticlike transition. This transition disappears at 20
Shubnikov-de Haas oscillations are also observed in

FIG. 17. Temperature dependence of magnetoresistanc
NdSb2 at 55 kG, I i(ab), inset: anisotropic magnetoresistance
NdSb2 at 20 K.

FIG. 18. Inverse susceptibility of SmSb2, note absence of the
Curie-Weiss behavior. Inset: low-temperature susceptibility.
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transverse magnetoresistance at 2 K above 120 kG. A power
spectrum of the data using maximum entropy method rev
two well-defined frequencies at 1 and 7.05 MG@Fig. 23~b!,
inset#.

Figure 24~a! shows the transverse magnetoresista
(Hic) as a function of temperature for SmSb2. The large

FIG. 19. Zero-field resistivity of SmSb2, I i(ab) @open circles#
and I ic @double crosses#. Note differentY scales on the graph
Inset: enlarged low-temperature part.

FIG. 20. ~a! Anisotropic magnetization isotherms for SmSb2 at
T52 K ~symbols! andT54.6 K ~lines!. ~b! Spectrum of de Haas
van Alphen oscillations atT52 K, Hic in SmSb2, inset: example
of the de Haas-van Alphen oscillations in SmSb2.
ls

e

increase of the resistance at low temperatures in high m
netic fields is qualitatively similar to that seen in Fig. 23~a!
for NdSb2 at comparable applied fields. The field dependen
of the transverse magnetoresistance (Hic) at 1.5 K is shown
in Fig. 24~b!. An extremely large increase of magnetores
tance observed at this temperature is followed by the turn
saturation above'140 kG and, further, by Shubnikov-d
Haas oscillations. Recent measurements18 in this compound
up to 500 kG and down to 420 mK in temperature a
indicated a maximum in the transverse magnetoresistanc
around 200 kG followed by very strong oscillations. Th
frequencies of de Haas-van Alphen and Shubnikov-de H
oscillations in SmSb2 observed in high fields18 are consistent
with the de Haas-van Alphen frequencies values obtai

FIG. 21. ~a! Temperature dependence of magnetoresistanc
SmSb2 at 55 kG,I i(ab), insets: anisotropic magnetoresistance
SmSb2 at 2 and 20 K. ~b! Temperature dependence of magneto
sistance of SmSb2 at 55 kG, I ic, inset: low-temperature out-of
plane resistivity of SmSb2 in zero and 55 kG applied field.

TABLE II. Characteristics of the de Haas-van Alphen orbits
SmSb2 for Hic ~error in m* /mo is 15–20%!.

Frequency F ~MG! m* /mo TD ~K!

F1 0.56 0.17 2.0
F2 1.05 0.14 1.5
F3 1.82 0.18 2.4
F4 3.78 0.3 2.3



n
ob
n
o
th

uc
ry
,

e.
th

ns

u
he
re
re
t i

m

t
i
in
p
-
th
lit
lu

.
-
he
fro

s is
ra-

arth
ly-

eti-
are
res

arth

ec-

es

gn

se

Sb

57 13 633ANISOTROPIC MAGNETIC PROPERTIES OF LIGHT . . .
from our field-dependent magnetization measureme
~Table II!. The values of Shubnikov-de Haas frequencies
served in NdSb2 are very close to the quantum oscillatio
frequencies found in SmSb2, which suggests that these tw
materials have very similar Fermi surfaces. The fact that
spectrum of the oscillations in SmSb2 is richer than in NdSb2
may point to the differences in the details of the band str
ture, however a more plausible explanation is that the c
tals of SmSb2 are of higher quality~compare, for example
the values of RRR cited in Sec. III A 1! so the oscillations of
some frequencies in NdSb2 are smeared and not detectabl

High-field magnetoresistance measurements confirm
steep increase ofr(T,H)-r(T,O) ~for Hic!, mentioned ear-
lier, in RSb2, R5Pr, Nd, Sm@Figs. 12, 17, and 21~a!# for the
temperatures lower than zero-field magnetic ordering tra
tion. High-field data~Figs. 23 and 24! clearly show that at
low temperatures with applied field we have a continuo
change inr(T) from a decrease of the resistivity due to t
loss of spin-disorder scattering in the magnetically orde
state in zero field to a gain in resistivity at temperatu
below the ordering temperature in applied field. This effec
so large that for SmSb2 that the resistivity at 2 K in the
moderate field of 50 kG approaches the zero-field roo
temperature value.

IV. DISCUSSION

The in-plane resistivities ofRSb2 ~R5La-Nd, Sm! show
metallic behavior (dr/dT.0) with RRR ranging from abou
40 to more than 400. Magnetic ordering reveals itself both
the loss of spin-disorder scattering in resistivity, and
anomalies in the magnetic susceptibility. Magnetic susce
bility for RSb2 with R5Ce-Nd also clearly shows local mo
mentlike behavior at high temperatures. The values of
effective magnetic moment obtained from the susceptibi
in the paramagnetic state are close to the theoretical va
gAJ(J11). The Curie-Weiss temperatureQp changes
monotonically from CeSb2 to NdSb2. For Hic, Qp

c is nega-
tive for all three compounds@Fig. 25~a!# indicating that
dominant interactions along thec axis are antiferromagnetic
Magnetic properties ofRSb2 with R5Ce-Nd, Sm are aniso
tropic, probably due to the crystalline field effects. T
c-axis anisotropy in the paramagnetic state decreases

FIG. 22. High-field temperature-dependent transverse ma
toresistance of LaSb2; I i(ab), Hic.
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R5Ce toR5Nd and further toR5Sm, where the difference
between in-plane and normal to the plane susceptibilitie
small and the sign of the anisotropy changes with tempe
ture. It should be noted though, that since the light rare-e
diantimonides have orthorhombic symmetry, detailed ana
sis of the anisotropy can only be performed if the magn
zation data along the high symmetry in-plane axes
known. The variation of the magnetic ordering temperatu
of the magnetic rare-earth diantimonides fromR5Ce to R
5Sm is shown in Fig. 25~b! plotted as a function of the de
Gennes factor, DG5(gJ21)2J(J11).

The magnetic interaction between the localized rare-e
magnetic moments in metallicRSb2 ~R5Ce-Nd, Sm! is
probably due to the indirect exchange via conduction el
trons of the Rudermann-Kittel-Kasuya-Yosida~RKKY ! type.
In this case the magnetic ordering temperatureTm may be
approximated20 by

Tm}8N~EF!/kBI 2~gJ21!2J~J11!58N~EF!/kBI 2DG,

where N(EF) is the conduction-electron density of stat
at the Fermi level,kB is the Boltzmann constant,I is the
exchange interaction parameter,gJ is the Landeg factor,
J is the total angular momentum of theR ion, and

e-

FIG. 23. ~a! High-field temperature-dependent transver
magnetoresistance of NdSb2; I i(ab), Hic. ~b! Field-dependent
transverse magnetoresistance of NdSb2; I i(ab), Hic.
Insets: high-field part of theR(H) curve atT52 K, background
substracted; spectrum of Shubnikov-de Haas oscillations in Nd2

at 2 K.
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13 634 57BUD’KO, CANFIELD, MIELKE, AND LACERDA
DG5(gJ21)2J(J11) is the de Gennes factor. Experime
tally, @Fig. 25~b!# Tm is not scaling with the de Gennes fa
tor. Several reasons may be responsible for the devia
from the de Gennes scaling: crystalline field effects; va
tion of the exchange interaction constantI with the change of
the lattice parameters through the series1 due to the lan-
thanide contraction; change of the density of states within
series. It should be noted that the examination of the st
tural arrangements and the bond characters inAB2 com-
pounds~A-rare earth,B5Se, Te, Sb!,1 as well as the pres
sure dependence of resistance of PrSb2 Ref. 6 strongly
suggest that the conduction-electron density of states in
diantimonides depends significantly on the interatomic d
tances~i.e., lattice parameters!. It is worth mentioning that in
the mean-field approximation for the materials with RKK
interactions both the paramagnetic Curie-Weiss tempera
and the magnetic ordering temperature have the same f
tional dependence onN(EF), I and DG. Comparing Fig
25~a! with Fig. 25~b! we notice that whileQp of CeSb2 is
following the common trend for the otherRSb2 compounds,
its Tm is way off the monotonic behavior. It can be hypot
esized that at low temperatures the Ce ion in CeSb2 has an
intermediate, noninteger, valence between 31 and 41 that
results in the addition of some electrons to the conduc
band and change ofN(EF) andI , while at high temperature
it behaves as Ce31. Detailed band-structure calculation

FIG. 24. ~a! High-field temperature-dependent transve
magnetoresistance of SmSb2; I i(ab), Hic. ~b! Field-dependent
transverse magnetoresistance of SmSb2 at T51.5 K; I i(ab), Hic.
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combined with carrier density measurements and determ
tion of the crystalline electric-field parameters and spin
rangements at different temperatures~from neutron diffrac-
tion! are necessary to advance towards the full understan
of the magnetic properties of the series.

Metamagnetic transitions manifest themselves as sh
changes both in field-dependent magnetization, and in m
netoresistance. While these changes occur at the same fi
the relative values of jumpsDr andDM do not necessarily
correspond to each other. Several theoretical attempts h
been undertaken to explain the temperature and field de
dencies of resistivity in a local-moment magnetically order
state. Miwa13 and Elliott and Wedgwood21 addressed the
problem of the appearance of gaps in the conduction b
due to antiferromagnetic order, in particular, in the case
screw-type spin arrangement developing the ideas of Sla22

and Mackintosh,23 but these authors start with the assum
tion that the Fermi surface of the magnetic material in th
calculations was taken to be free-electron-like. Later, a se
of papers by Yamada and Takada24 addressed the behavio
of the magnetoresistivity of a simple axial antiferromagn
below and above the magnetic ordering transition as wel
in the saturated paramagnetic state. The model of Yam

FIG. 25. ~a! Paramagnetic Curie-Weiss temperatures;~b!
magnetic ordering temperatures forRSb2 as a function of
DG5(gJ21)2J(J11), de Gennes factor. Note the highest ord
ing temperature is shown as an open circle with lower order
temperatures~Ce and Nd! shown as crosses.
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and Takada24 predicts a positive magnetoresistan
Dr(H)/r(0)}H2 in the antiferromagnetic state with th
field along the direction of the spins and field-independ
magnetoresistance for a magnetic field perpendicular to
spin direction. In contrast, in the saturated paramagn
state the magnetoresistance is predicted to be neg
with a field dependenceDr(H,T)/r(0,T)}2(H-Hc2)/
T exp(2m(H-Hc2)/T), where Hc2 is the critical magnetic
field of the transition to saturated paramagnetic state andm is
the localized magnetic moment. For the diantimonides un
study the magnetoresistance in the antiferromagnetic pha
positive, however it does not follow a simpleH2 law. Our
measurements show a decrease of the magnetoresistan
the field-induced transition to the paramagnetic state occ
albeit the functional dependence suggested in Ref. 24 for
case does not give reasonable fits to our data. The mod
Yamada and Takada was developed only for a limited nu
ber of specific spin configurations, and does not describe
intermediate ordered phases formed as a result of metam
netic transitions. This model cannot account for another
nificant experimental feature: an abrupt change of resis
ity at the critical field of the metamagnetic transition.

In the model based on the picture of the energy gap
mation, the temperature dependence of the resistivity in
local-moment antiferromagnetic state can be written13 as
r5(r i1r1(T)1rm(T))/@12gm(T)#, wherer i is resistiv-
ity due to impurity scattering~residual resistivity!, r1 is that
due to lattice~electron-phonon! scattering,rm is the mag-
netic component of resistivity,m(T) is the normalized sub
lattice magnetization, andg is the parameter characterizin
the effective change in the number of carriers due to
band-structure gapping. Both steplike changes in magne
tion and possible changes of the effective number of carr
may be responsible for sharp changes of resistivity at
critical fields of metamagnetic transitions.

The high-temperature decrease of the absolute valu
the negative in-plane magnetoresistance in CeSb2 ~Fig. 8!
agrees with the behavior anticipated for Kondo lattices a
Kondo-impurity systems.10,11 However, the same functiona
form Dr(H)}H2 for the field-dependent negative magn
toresistance due to spin fluctuations in ferromagnetic ma
als was obtained in Ref. 24:

r~T,H !2r~T,0!}2u ln~T2TC!uH2/~T2TC!2

2H2/~T2TC!2

for different temperature limits above the Curie temperat
TC . Our r(T,H) data for CeSb2 for Hic can be fitted rea-
sonably well with these functions. So, from the magneti
tion and magnetoresistance data alone the classificatio
CeSb2 as a heavy fermion system with a magnetic grou
state cannot be suggested unambiguously. The evaluatio
the linear~in temperature! coefficient of the specific heatg at
low temperature in this system forT,TN as well asT.TN
should help to resolve this ambiguity.

Despite the variation of the physical properties ofRSb2
~R5La, Pr-Sm!, their magnetoresistance forI i(ab) in the
paramagnetic state is quite similar~see Table I!. As an ex-
ample,s at 20 K is between 3.2 and 3.6 1022 kG21 for R
5Pr-Sm and slightly higher~5.9! for R5La, although the
variation in resistivity at 20 K is 7–8 times and the RR
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varies almost by an order of magnitude. Similarities are a
observed in the temperature-dependent magnetoresist
curves measured at 55 kG@Figs. 3~a!, 12, 17, and 21~a!#. For
the transverse magnetoresistance withHic the effect of field
is higher and does not involve additional complications d
to metamagnetism in this field range. A steep increase
r(T,55 kG)-r(T,0) is observed for the temperatures belo
the zero-field value of the magnetic ordering temperatu
and the magnetoresistance in the ordered state is significa
higher than in the paramagnetic state. In the paramagn
state the magnetoresistance of all members except CeSb2 in-
creases rapidly as the temperature is lowered even for La2,
for which no magnetic transition was observed down to
lowest temperature investigated. Qualitatively similar beh
ior of the temperature-dependent magnetoresistance withI ic
was observed in LaSb2 and SmSb2.

The magnetoresistance of the diantimonides at low te
peratures is notably high. In a simple, free-electron-l
approach25 the conditionvct@1, wherevc is cyclotron fre-
quency andt is relaxation time, is required for complet
cyclotron orbits. This inequality can be written asvct
5H/ner0@1, whereH is the applied magnetic field,n is the
density of carriers,e is the charge of electron, andr0 is the
resistivity. At low temperatures the diantimonides have lo
resistivity (r0'1026 V cm). Moreover, according to the
analysis of the structure and band character inAB2
compounds,1 while RSe2 andRTe2 are still semiconductors
RSb2 are just entering into the metallic category, so lo
carrier density is expected for the diantimonides. Both th
factors are favorable for high magnetoresistance at low t
peratures. The anisotropy of the magnetoresistance migh
flect the anisotropy of the Fermi surface and/or electr
phonon and electron-electron interactions.

The theory of the galvanomagnetic properties of a norm
metal with an arbitrary energy spectrum was developed
Lifshits and co-workers26 and verified for most of the simple
metals.27 For transverse magnetoresistance in the high-fi
limit, the theory predicts either saturation orDr(H)}H2,
depending upon the topology of the Fermi surface. On
other hand, the asymptotic behavior of the longitudinal m
netoresistance is independent of the topology of the Fe
surface andDr(H) is expected to saturate in high fields. O
experimental data for the diantimonides for both transve
and longitudinal magnetoresistance differ from these sim
theoretical predictions of Ref. 26. Deviations from the theo
of Lifshits and co-workers were observed earlier in a num
of cases, in particular, high, linear, magnetoresistance
observed in quasi-2D materials: NbSe2 @s~8 K!'1.1
31022 kG21#;28 some of the 2H-MX2 polytypes of transi-
tion metal dichalcogenides forH>10– 20 kG: 2H-NbSe2
@s(4.2 K)'2.331022 kG21),# 2H-TaSe2 @s(4.2 K)'5.2
31022 kG21#;29 as well as in isotropic~bcc! single crystals
of potassium@s(4.2K)'0.931022 kG21# Ref. 30 and a few
other metals.

Several theories resulting in linear magnetoresista
were suggested. Critical analysis of some of them was gi
in Refs. 25 and 31. A few of these theories31–34 requirespe-
cial orientationsof the magnetic field with respect to th
Fermi surface and/orparticular featuresof the Fermi surface
or the ground state defined by spin-or charge-density wa
In RSb2 ~R5La, Pr, Nd! near-linear magnetoresistance w
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observed both for unique, normal to (ab) plane, and arbi-
trary, in-plane, field directions up toHmax555 kG ~experi-
mental field limit!. In LaSb2 linear magnetoresistance wa
observed also forI ic. In PrSb2 no significant changes in
magnetoresistance were associated with the charge-/
density wavelike anomaly@Fig. 10~b!#. So none of the above
mechanisms appear to fully account for the large linear m
netoresistance inRSb2 ~R5La, Pr, Nd!, though some of
them may contribute to the observed behavior.

Several other more general ‘‘intrinsic transport theorie
that do not suffer some of the limitations of the ones m
tioned above, have been proposed. One of them, the
called ‘‘hot-spot’’ model,35 requires strong scattering prob
abilities between small well-defined spots on opposite si
of the Fermi surface and predicts linear magnetoresista
for vct@1, vcT!1. Another one36 considers many-body
effects and in calculating the relaxation time shows that
magnetic field introduces symmetry breaking in a scatter
process, which substantially increases the linear contribu
to the magnetoresistance so that this contribution may
come dominant. This mechanism was used to explain lin
positive, magnetoresistance of heavy fermion CeCu6 at very
low temperatures.12 Yet another model31 is based on the ex
istence of fluctuations into a quasiperiodic static state
has the anisotropy of the lattice and may be due to elect
phonon and electron-electron interactions~i.e., fluctuations
into a spin-density or charge-density-wave state!. This
mechanism contributes equally to a linear increase in lon
tudinal and transverse magnetoresistance. The validity of
first two models for normal metals was questioned~respec-
tively, in Refs. 31 and 25!. The last one seems to be attra
tive since it accounts for the similar values of in-plane tra
verse and longitudinal magnetoresistance obser
throughout the whole series and the anisotropy between
Hi(ab) andHic cases.

Another theoretical model was used to explain pecu
magnetotransport properties of quasi-two-dimensio
single-crystal graphite at low temperatures.37 For the mag-
netic field applied perpendicular to the (ab) plane two phe-
nomena resembling the behavior of the light rare-earth d
timonides were observed: in high magnetic fields
experimentally observed magnetoresistance of graphite
be represented byr(H)5H/(p1qHn), n'1; and in strong
fields the resistivityr(H,T) as a function of temperatur
goes through a broad maximum~at 20–30 K!, dependent of
field.37 The model of magnetic freeze-out of the impuri
carriers was invoked to explain the observed behavior. It w
assumed that the processesD11(2e)→D0 and/or A21
(1e)→A0, whereD1 corresponds to donor,A2 represents
acceptor, (2e) is the electron and (1e) is the hole, are
induced in strong magnetic field. Then coexistence of
ionized impurity scattering and the neutral impurity scatt
ing at low temperatures together with the contribution fro
the electron-phonon and carrier-carrier scattering at hig
temperatures can give the physical picture qualitatively c
sistent with the experimental data. It is worth mentioni
that LaSb2 and PrSb2 have the lowest RRR, i.e., the highe
impurity scattering within the series, and the effect of ma
netic field on the resistivity in the paramagnetic state is m
pronounced. This seems to be consistent with the freeze
model, where the impurity scattering plays an important ro
in-

g-

’
-
o-

s
ce

e
g
n

e-
r,

at
n-

i-
he

-
d

he

r
l

n-
e
an

s

e
-

er
-

-
e
ut
.

However, several problems have to be mentioned regard
the general use of the freeze-out model for the light ra
earth diantimonides: although this model was applied
graphite it was initially formulated for semiconductors a
the extension of this model to semimetals is not obvious;
diantimonides have large residual resistance ratios, v
small residual resistivity and large magnetoresistance at
temperatures. With this in mind, the assumption that suc
significant contribution originates from changes of the imp
rity scattering seems doubtful. Finally, the magnetic free
out model is sensitive to the details of the band structure
the material, and the measurements of the magnetoresist
(Hic) for PrSb2 under pressure6 show large~;5 times! de-
crease of the zero-field resistance at 2 K under pressure up to
11.5 kbar, pointing to the possible changes of the band st
ture and/or concentration or mobility of carriers. Howev
the absolute change of resistivity in the field up
50 kG@r(2 K,50 kG)-r(2 K,0)# in this pressure range i
practically constant, and this behavior cannot be easily
derstood by the simple extension of the freeze-out mo
Detailed studies in higher magnetic fields and employm
of other experimental techniques~Hall effect, etc.! are re-
quired to test the applicability of theoretical models of t
linear magnetoresistance forRSb2.

Another issue that needs more detailed examination is
steep increase of the magnetoresistance~for Hic! in RSb2
~R5Pr, Nd, Sm! at temperatures lower than the zero-fie
magnetic ordering transition temperature. For the field alo
thec-axis the position of the ‘‘break’’ in the low-temperatur
resistivity is not shifting significantly in the applied field u
to 180 kG@Figs. 23~a!, and 24~a!# so, for this orientation, the
Néel temperature is not changing over a large magnetic-fi
range. To address the issue we can attempt to invoke a
eral, rather than specific, view on transport properties of m
als. Within the framework of Matthiessen’s rule, we can co
sider separately different scattering mechanisms at
temperatures: electron-impurity, electron-phonon, a
electron-localized spins. The values of RRR are very high
the diantimonides, and we do not expect the electr
impurity scattering to change drastically through the ma
netic transition; electron-phonon scattering is not expecte
be dominant at the 2–10 K temperature range, so it is do
ful that these two mechanisms are responsible for the s
increase of the magnetoresistance. However, since the s
‘‘break’’ in the magnetoresistance occurs close to the N´el
temperature, it is tempting to attribute it to the changes in
electron-localized spin scattering. Below the magnetic ord
ing temperature the relaxation timet increases due to a los
of spin-disorder scattering, bringing the sample further
wards the conditionvct@1 needed for large magnetoresi
tance.

In order to further investigate the importance of relaxati
time, another general rule can be used to examine the m
netoresistance both in the ordered and in the paramagn
state. In many metals and semimetals the behavior of m
netoresistance is known to follow Kohler’s rule.38 The
Kohler’s rule is a similarity law for magnetoresistance. It
based on the idea of the universal mean-free path that d
not depend on the electron momentum. It is usually writ
as Dr/r05F(H/r0) where Dr5r(T,H)-r(T,0) and r0
5r(T,0). In the analysis of the magnetoresistance
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graphite39 Kohler’s rule was used in a more general form
presumably derived from the two-band model:Dr/r0
5F(mH) wherem is the geometric mean of the electron a
hole mobilities and may be temperature dependent. For
light rare-earth diantimonides in the case of the applied fi
parallel to thec-axis, where no metamagnetic transitions a
observed inr(H) isotherms, Kohler’s rule is approximatel
valid in a large temperature range (T<50 K) ~Fig. 26!, both
below and above the magnetic ordering transitions. T
ln(Dr(H)/r0) data are approximately falling onto the unive
sal~for each material! lines vs ln(H/r0) with the slope around
1–1.3. In a more detailed analysis, since the magnetore
tance is approximately following the same power law a
function of field, the ‘‘generalized’’ Kohler’s rule is prob
ably more appropriate in the whole temperature range.

One more result that requires more investigation is
saturation of the transverse magnetoresistance@Hic, I i(ab)#
in SmSb2 in the fieldsH'150 kG @Fig. 24~b!#, well above
the vt.1 limit when de Haas-van Alphen oscillations fir
occur ~'15 kG at 2 K!. While a knowledge of the Ferm
surface is necessary to analyze this change ofr(H) behavior,
there is a possibility that we observe the phenomenon sim
to the one studied in Zn, where as it is in our case, ther(H)
behavior changes to saturation in high fields wh
Shubnikov-de Haas oscillations start to appear.40 This phe-
nomenon was explained by assuming that at some fie

FIG. 26. ‘‘Kohler’’-like plot of the transverse magnetoresistan
of RSb2 ~R5La, Nd, Sm!. Data from the high-field measuremen
@Figs. 22, 23~a!, and 24~a!#. Symbols: circles:T52 K, up triangles:
T510 K, down triangles:T520 K, diamonds:T530 K, crosses:
T540 K. Lines are guides for the eye.
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magnetic breakdown starts to take place, the resulting n
closed electron orbits include different parts of the Fer
surface and the low-field compensation of the carriers@that
gives infinite increase ofr(H) with field# is broken, with the
consequence that transverse magnetoresistance saturat~as
expected for high-field behavior of noncompensated me
with closed orbits!.26

V. CONCLUSIONS

We have studied the evolution of magnetic and mag
totransport properties of single crystals of quasi-2DRSb2
~R5La-Nd, Sm! compounds. All except LaSb2 have mag-
netically ordered ground states with a complex sequenc
several ordered phases atH50 for CeSb2 and NdSb2. Three
of the members of the series~R5Ce, Pr, Nd! exhibit meta-
magnetic transitions, as observed byM (H) andr(H) mea-
surements at low temperatures. Temperature-dependent
netization of the magnetic diantimonides is high
anisotropic~due to crystalline field effect splitting! with thec
axis being a hard magnetization axis. Metamagnetic tra
tions observed for some of the members of the series s
in-plane anisotropy. The magnetoresistance of the dia
monides in the paramagnetic state is anisotropic and clos
linear forR5La, Pr, Nd. The relative change of resistivity i
magnetic field is remarkably high.

The complexity and diversity of the physical properties
the light rare-earth diantimonides makes the series inter
ing for future studies. A few points that are particular
worth addressing are spin structure of the different magn
cally ordered phases occurring both in zero field and a
result of metamagnetic transitions; extension of ther(H)
measurements to substantially higher fields; study~both ex-
perimental and theoretical! of the band structure of the dian
timonides and its changes with the rare earth.
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