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Magnetotransport in the heavy-fermion system YbNi2B2C
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We have measured the high field transverse magnetoresistance and magnetization on single crystalline
samples of YbNi2B2C with the applied magnetic field both parallel and perpendicular to thec axis of the
tetragonal crystal structure. At high temperatures, the magnetoresistance is negative with a magnitude that
increases as the temperature is lowered. A scaling analysis of the data forH'c finds a characteristic energy
that is;20 K at low temperatures, which is a factor of 2 larger than the Kondo temperature determined from
thermodynamic measurements, and it increases linearly with the temperature. Even though the magnetoresis-
tance forHic is also negative, the data do not scale. At low temperatures, the magnetoresistance is very
anisotropic. In the Fermi-liquid regime below;1.6 K, the resistivity has a temperature-independent contribu-
tion due to ligand and/or Kondo-hole disorder and a term from electron-electron scattering that goes likeT2.
For H'c, the residual resistivity and theT2 coefficient are field dependent. Both the high- and low-temperature
data are compared to various theoretical calculations.@S0163-1829~99!14631-9#
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I. INTRODUCTION

The borocarbides,RNi2B2C (R5Dy-Lu,Y), are an inter-
esting series of compounds because of the interplay betw
superconductivity and magnetism in these system1

YbNi2B2C is the anomalous member of the series in that
ordered ground state is observed down to;50 mK,2 and in
place of a broken symmetry there is a crossover to a he
Fermi liquid at low temperatures.3 A peak is observed in the
magnetic contribution of the specific heat, and below
peak the temperature dependence is linear with a Som
feld coefficient of;530 mJ/mol K2. This feature is inter-
preted as a Kondo anomaly with an estimated Kondo te
perature of;10 K.

Correlated-electron behavior is also observed in the m
netic susceptibility and electrical resistivity. The magne
susceptibility is anisotropic and has a Curie-Weiss-like te
perature dependence above;150 K. For the powder aver
age, the effective moment is;4% larger than that calculate
from the Hund’s rule ground state for Yb31, and the Weiss
temperature isuav52129.6 K, indicating antiferromagneti
correlations are important at high temperatures. These co
lations are responsible for the significant hybridization b
tween the Yb 4f levels and the conduction electrons at lo
temperatures where the susceptibility deviates from
Curie-Weiss behavior. Finally, the electrical resistiv
PRB 600163-1829/99/60~11!/8012~7!/$15.00
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monotonically decreases with decreasing temperature,
below ;1.5 K a Fermi-liquid regime develops with an en
hancedT2 temperature dependence.

The temperature dependencies of these properties are
totypical of a Yb-based heavy-fermion compound where
spin-fluctuation temperature is well separated from the ot
energy scales that characterize the crystal-electric fie
~CEF! and the vibrational excitations. Only a few Yb heav
fermion compounds have been discovered, and unlike c
pounds such as YbBiPt,4 the largely separated energy scal
(TN ,TC!TK!TDCEF) in YbNi2B2C make this an ideal sys
tem for studying Kondo physics.

To investigate the magnetotransport of a heavy Fermi
uid, which is anomalously large in many heavy-electr
compounds, we measured the transverse magnetoresis
both at high temperatures and in the low-temperature Fe
liquid regime on single-crystalline YbNi2B2C. In Sec. II, the
experimental procedure and results will be described.
YbNi2B2C, a crossover from local moment behavior to
itinerant heavy Fermi liquid is observed. For instance, NM
experiments find that at temperatures above 50 K, both
Knight shift and the nuclear-spin-lattice relaxation rate a
accounted for by the presence of localized 4f moments at the
Yb31 sites, while below 5 K the relaxation rate follows a
Korringa relation of a heavy Fermi liquid.5 Our measure-
ments span a large temperature range that covers both
8012 ©1999 The American Physical Society
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PRB 60 8013MAGNETOTRANSPORT IN THE HEAVY-FERMION . . .
gimes, so different limits of the theory used to explain t
magnetotransport in heavy-fermion compounds are requi
An analysis of the data based on models suited to either
high- or low-temperature regimes will be given in Sec.
and IV. Finally, the conclusions of our work are discussed
Sec. V.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The samples measured in this study were grown usin
modification of the Ni2B flux growth technique.2,6 The con-
stituent elements, with excess Yb to compensate for the
due to the high vapor pressure of Yb at elevated temp
tures, were arc-melted together to form polycrystalli
YbNi2B2C. These polycrystalline samples were then slow
cooled with a Ni3B flux from 1500 to 1200 °C. After cooling
to room temperature, single-crystalline plates as large a
3730.2 mm3 were obtained with thec axis perpendicular to
the plate surface. Powderx-ray-diffraction spectra taken on
ground single crystal found a tetragonal lattice structure w
a53.575 Å andc510.606 Å, consistent with the lattice pa
rameters reported by Seigristet al.7

The magnetoresistance measurements were perfor
with an 18 T superconducting magnet using a standard f
probe ac technique. The electrical contacts were achie
using 25.4mm platinum wires, and the current was appli
along theab plane. Experiments above 1.5 K were pe
formed with a variable temperature insert, while a diluti
refrigerator was used for measurements down to 50 mK
combination with the 18 T superconducting magnet.

Experiments in pulsed fields up to 50 T with a rise time
6.5 ms were performed with phase-sensitive detection at
frequency of 500 kHz. At high fields, data were collect
from T54 K down to a base temperature of approximat
500 mK with a 3He evaporative cryostat. In the latter ca
the single-crystalline samples, which were not the same
the ones used for the continuous field measurements, w
held in place with epoxy to prevent them from moving du
ing the 50 T pulse. All experiments were performed at
National High Magnetic Field Laboratory in Los Alamos.

The transverse magnetoresistance~i.e., H'I ! was mea-
sured with the applied field either perpendicular or paralle
the c axis of the tetragonal crystal structure. In Fig. 1, t
resistance is plotted as a function of temperature for app
fields of zero and 18 T. Notice that the magnetoresistanc
negative forT.3 K and has approximately the same mag
tude when the applied field is parallel and perpendicula
thec axis. These features are also apparent when the nor
ized magnetoresistance,Dr(H)/r(0)5@r(H,T)2r(0,T)#/
r(0,T), is plotted as a function of the applied field at diffe
ent temperatures in Fig. 2. As the temperature is lowe
from 60 to 5 K, the magnitude of the magnetoresistance
creases.

Below ;1.6 K, the electrical resistivity has a Fermi-liqu
temperature dependence when the applied field is zero.
temperature range over which Fermi-liquid behavior is o
served increases with increasing field~see the insets in Fig
1!. The normalized transverse magnetoresistance at low
peratures is plotted as a function of the applied magn
field in Fig. 3, and unlike the high-temperature data, it
significantly anisotropic. When the field is perpendicular
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the c axis, the magnetoresistance is negative down to;4 K.
Below this temperature, the magnetoresistance is initia
positive and then turns negative at higher fields, creatin
maximum. This maximum gradually moves to higher fiel
as the temperature is decreased toT51.6 K, where it is at
;10 T. The data are qualitatively different when the ma
netic field is parallel to thec axis. At all temperatures abov
1.7 K, the magnetoresistance is always negative, and as
temperature is lowered, a local minimum develops aroun
T. In Fig. 4, the very-low-temperature data taken with a
lution refrigerator in the 18 T magnet are presented forH'c.

Higher field data forH'c, which were measured while
the field was increasing on the pulsed magnet, are show
Fig. 5. Notice that at the lowest temperature, the maxim
in the magnetoresistance is no longer moving to higher fie
with decreasing temperature, and in fact it is at a sligh
lower field whenT5500 mK in comparison to the data take
at T51.2 K. For fields above 25 T, an inflection point
found at all temperatures below 4 K. This tendency g
stronger as the temperature is lowered, resulting in a pecu
crossing of the magnetoresistance curves for the lowest
measurement temperatures. The eventual development
small positive magnetoresistive component at the high
fields forT5500 mK may be associated with cyclotron orb
effects.

It should be noted that the experiments with the variab

FIG. 1. The resistivity plotted as a function of temperature
YbNi2B2C in zero and 18 T. When the magnetic field was appl
perpendicular to the measuring current, it was oriented perpend
lar to thec axis of the tetragonal crystal structure in~a! and parallel
to thec axis in ~b!. The insets show the resistivity at low temper
tures plotted as a function ofT2 for H50 and 18 T.
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8014 PRB 60A. YATSKAR et al.
temperature insert in the 18 T magnet, the dilution refrige
tor in the 18 T magnet, and the He-3 cryostat in the pul
magnet were performed on three different samples. W
the three different data sets are qualitatively alike in the te
perature and field ranges where they overlap, varying im
rity contributions and slightly different field alignments ma
account for the quantitative discrepancies. Since the h
and low-temperature analyses are independent of each o
we do not believe these variations will effect our conc
sions.

Finally, because the conduction-electron scattering
pends on the degree of polarization for the localized m
ments, the magnetization was measured up to 18 T. Th
measurements were performed with a vibrating-sample m
netometer in the 18 T superconducting magnet, and the
at T51.7 K are displayed in Fig. 6 with the applied fie
perpendicular and parallel to thec axis. The anisotropy in
M (T,H) shown here is consistent with the magnetic anis
ropy seen at higher temperatures.3

III. MAGNETOTRANSPORT AT HIGH TEMPERATURES

The features observed in the high-temperature magne
sistance of YbNi2B2C are similar to other heavy-fermio
compounds and qualitatively consistent with a reduction
spin-disorder scattering as the moments are polarized.
spin-disorder scattering the magnetoresistancer(H);@1

FIG. 2. The normalized transverse magnetoresistan
Dr(H)/r(0)5@r(H,T)2r(0,T)#/r(0,T), vs the applied magnetic
field at several different temperatures between 5 and 60 K
YbNi2B2C. The field direction is perpendicular and parallel to thec
axis in ~a! and ~b!, respectively.
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2^S&2#, where ^S& is the normalized thermal-average sp
moment.8 Since^S& is proportional to the magnetization, th
low-field limit of the normalized magnetoresistance shou
be ;2H2. This field dependence is not observed@see Eq.
~1! below#, and attempts to scale the normalized magneto

e,

r

FIG. 3. The normalized transverse magnetoresistan
Dr(H)/r(0)5@r(H,T)2r(0,T)#/r(0,T), vs the applied magnetic
field at low temperatures for YbNi2B2C. The field direction is per-
pendicular and parallel to thec axis in ~a! and ~b!, respectively.

FIG. 4. The transverse magnetoresistance,Dr(H)/r(0)
5@r(H,T)2r(0,T)#/r(0,T), vs the applied magnetic field fo
YbNi2B2C. A dilution refrigerator in the 18 T magnet was used
collect these data with the field perpendicular to thec axis.
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PRB 60 8015MAGNETOTRANSPORT IN THE HEAVY-FERMION . . .
sistance with the measured field-dependent magnetiza
only qualitatively explain the data.

Even though the formal justification may be lackin
single-impurity models are often used to analyze data
heavy-fermion compounds at high temperatures where lo
ized electrons appear to respond independently of each o
The magnetoresistance for the single impurity can be ca
lated from the scattering phase shifts of the conduction e
trons using an expression derived from a sum rule. The ph
shift depends on the magnetization, and with the Coqb
Schrieffer model, the solution for the magnetoresistance
universal function ofH/TK , whereTK is the Kondo tem-
perature. When the negative of the normalized magnetore
tance versus field forH'c is displayed on a log-log plot in
Fig. 7, a series of parallel lines are obtained for differe
temperatures above 5 K, implying that it is possible to sc

FIG. 5. The transverse magnetoresistance,Dr(H)/r(0)
5@r(H,T)2r(0,T)#/r(0,T), plotted up to 50 T for YbNi2B2C at
several temperatures between 0.5 and 4 K. These data were
sured using a pulsed magnet with the field direction perpendic
to thec axis of the tetragonal crystal structure.

FIG. 6. The magnetizationM as a function of the applied mag
netic field H both parallel and perpendicular to thec axis for
YbNi2B2C. The sample temperature was 1.7 K.
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the applied magnetic field in such a way that the hig
temperature data all follow a common function. The sm
values of2Dr(H)/r(0) at low fields are discrete, and th
digital noise is an artifact of the instrument used to meas
the resistance. Notice that the scaling starts to break dow
high fields for the 5 K data. This represents a crossover t
low-temperature regime, which will be discussed in the n
section. One possibility is to scale the magnetoresistanc
the prediction of the spin-1

2 single-impurity Kondo model,
which is given by the empirical relationr(H)/r(0)5@1
1(mBH/kBTK)2#21/2 and is represented by the solid line
Fig. 8.9 Unfortunately our low-field data follow the expres
sion

2Dr~H !/r~0!5b~mBH/kBTH!a, ~1!

wherea52.8, b53.7, andTH depends on the measureme
temperature~see below!, while for the single-impurity model
Dr(H)/r(0);2H2. Unlike the heavy-fermion system
UBe13, wherea51.6, thea for YbNi2B2C is greater than 2.
Following this procedure, a characteristic temperatureTH
was determined for YbNi2B2C at each measurement tem
perature by scaling the applied field so that the low-field d
overlap the single-impurity prediction, as indicated in Fig.
From the inset in Fig. 8,TH5T1T0 , whereT0;20 K. Thus
the characteristic temperature for YbNi2B2C depends linearly

ea-
ar

FIG. 7. The normalized transverse magnetoresistance vs the
plied magnetic field on a log-log plot for YbNi2B2C. The data were
measured with the field~a! perpendicular and~b! parallel to thec
axis at several temperatures above 5 K. The digital noise, w
2Dr(H)/r(0) is small at low fields, is an artifact of the instrume
used to measure the resistance.
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8016 PRB 60A. YATSKAR et al.
on the measurement temperature and extrapolates to a
that is approximately a factor of 2 larger than the Kon
temperature determined by low-temperature thermodyna
measurements. If the magnetoresistance data are scal
some other universal function~e.g., adjusting the high-field
data to correspond with the theoretical prediction for
single impurity model!, the slope between the characteris
and measurement temperatures is no longer 1, and there
small change in the interceptT0 . Since a series of paralle
lines are not obtained in Fig. 7~b!, this type of scaling analy-
sis is not possible with the data forHic.

Kawatami and Okiji used the single-site approximati
for the Anderson lattice to calculateDr(H)/r(0) as a func-
tion of temperature.10 In this calculation, the phase shift a
each site for the perfect lattice atT50 is equal to the uni-
tarity limit. Thermal fluctuations in the phase shift then cau
the scattering rate to increase, while the applied magn
field reduces the fluctuations by polarizing the moments.
lower temperatures, the magnetoresistance can become
tive because of the gap structure in the Kondo resonance
above the Fermi level. In Fig. 9, the normalized magneto
sistance,Dr(18 T)/r(0)5@r(18 T,T)2r(0,T)#/r(0,T), at
H518 T is plotted as a function of temperature, and th
data semiquantitatively agree with the calculation in Fig. 3
Ref. 10. For a minimum inDr(18 T)/r(0) of 20.2, TK
;gmBH/(kB0.6);20 K if g51. Not only is this estimate o
the Kondo temperature the same as the value found from
scaling analysis above, but the minimum in the data occur
T;4 K, which is reasonably close toTK/4 where the theory
predicts. The effects of cyclotron orbits on the magnetore
tance were not corrected for in this analysis. These will te
to increase the resistance and our estimate of the Kondo
perature.

Finally, when the scattering mechanism for the differe
types of charge carriers is the same, the magnetoresist
should obey Kohler’s rule,8

FIG. 8. The normalized transverse magnetoresistance plotte
a function of the dimensionless parametermBH/kBTH , where the
characteristic temperatureTH is scaled so that the low-field dat
coincide with the prediction of the spin-1

2 single-impurity Kondo
model given by the empirical relation 12@11(mBH/kBTK)2#21/2

~the solid line!. The inset shows howTH varies with measuremen
temperature, and the solid line isTH5T120 K.
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Dr~H,T!/r~0,T!5 f „H/r~0,T!…. ~2!

If the normalized magnetoresistance were plotted as a fu
tion of H/r(0,T) instead ofH/TH in Fig. 8, the figure would
represent a Kohler plot of the data. However, for YbNi2B2C
the data do not follow Kohler’s rule because the scaling
obtained withTH , which is not proportional tor(0,T). This
is not unexpected for a system with a field-dependent s
tering rate.

IV. MAGNETOTRANSPORT IN THE FERMI-LIQUID
REGIME

The scaling behavior observed in Sec. III, holds abov
low-temperature cutoff, which depends weakly on the a
plied field @i.e., Tco(11 T);6 K and decreases to;3.6 K for
H518 T#.

Below the cutoff in the Fermi-liquid regime, the magn
toresistance, which has a residual term due to disorder a
temperature-dependent term from electron-electron inte
tions, can be expressed as

r~H !5r0~H !1A~H !T2, ~3!

wherer0 andA depend on the applied magnetic field. Se
eral theoretical treatments of the magnetic-field depende
of the residual resistivity have been reported.11–13Two types
of disorder exist in heavy-fermion compounds: Kondo-ho
disorder associated with substitutional impurities on
f-electron sites and ligand disorder from impurities on t
intermetallic ion sites. The antiferromagnetic exchange in
action, which is responsible for the heavy Fermi liquid at lo
temperatures, depends on both the degree of hybridiza
between the localized and conduction electrons and the
sition of the f-electron energy level relative to the Ferm
energy. The type of disorder effects the exchange interac
in different ways. For Kondo-hole disorder, the impuriti
modify the potential at the substitutedf sites, while the im-
purities on the conduction-electron sites vary the hybridi
tion. In either case, the exchange interaction is changed,
depending on the kind of disorder, the system will respo

as FIG. 9. The normalized transverse magnetoresistan
Dr(18 T)/r(0)5@r(H518 T,T)2r(0,T)#/r(0,T), vs temperature
for YbNi2B2C. The field direction is perpendicular to thec axis.



o
th

la
ro
ti
e
es
de
el
e

e

th
t t
a

e
r

pr
es
it
th
ua
ve
io
e

be

si
n

e
ua
e
no
r

f
th
n
a

in

d
ia
c
g
th

K
,
te

ag
om

eak

nce
uan-
ita-
hen
e-
not

a
re
the

ble
of
cal

ac-

not

p-

ned
as

PRB 60 8017MAGNETOTRANSPORT IN THE HEAVY-FERMION . . .
differently to an applied magnetic field. Using a slave-bos
mean-field theory, which includes correlations between
different f sites unlike Ref. 11, Chenet al. examined the
effects of disorder in the two-conduction-band Anderson
tice Hamiltonian where the applied magnetic field was int
duced as a Zeeman term in the energies of the conduc
and f electrons.12,13 As the applied field is increased, th
residual resistivity due to ligand disorder initially increas
dramatically before going through a maximum and then
creasing to a value that is close to what it had at zero fi
For Kondo-hole disorder, the residual resistivity always d
creases with increasing field. From a large-N expansion of
the Anderson lattice Hamiltonian,14 one finds that the
quadratic-temperature dependence is a consequenc
charge fluctuations. TheT2 coefficientA for the temperature-
dependent contribution to the resistivity is proportional to
square of the density of quasiparticle states evaluated a
Fermi energy, and this monotonically decreases with incre
ing field.

In actual compounds, both types of impurities are pres
and uncorrelated in the dilute limit. The two types of diso
der in addition to the temperature-dependent term can
duce a nonmonotonic field dependence for the magnetor
tance at very low temperatures with a maximum at a fin
field. Hence the local maximum is a consequence of
competition between the impurity effects and charge fluct
tions. As the temperature is increased, the resistivity cur
continuously evolve to a monotonically decreasing behav
as the maximum at finite fields moves to lower and low
fields ~see Fig. 3 in Ref. 12!. If the amount of Kondo-hole
disorder is significant, then the high-field resistivity can
lower than the zero field value.

For H'c, the low-temperature transverse magnetore
tance is qualitatively similar to what the theory predicts, a
it is possible to extract the field dependence ofA andr0 from
these data. Both of these coefficients normalized by th
zero-field values are plotted in Fig. 10. Notice that the q
dratic temperature coefficient decreases with increasing fi
consistent with the theoretical expectation. A phenome
logical model can be used to extract a characteristic ene
scale from the field dependence ofA. Assume the density o
states is a Lorentzian centered on the Fermi energy wi
full width at half maximum equal to some characteristic e
ergy 2T0 , and the field dependence is included by a Zeem
splitting of the Lorentzian by 2mBH. The coefficientA is
then proportional to the square of the density of states. Us
this model, a reasonable fit to the measuredA is obtained
@the solid line in Fig. 10~a!# with T0;12 K. A slightly better
fit was obtained with a similar energy scale when an ad
tional parameter was introduced that allowed the Lorentz
to be shifted from the Fermi energy; however, the differen
was judged to be experimentally insignificant. Even thou
this unrefined model neglects any field dependence of
Kondo resonance’s spectral weight,T0 is fairly close to the
thermodynamically determined Kondo temperature of 10

Over the same field range,r0 monotonically increases
never reaching the maximum that is theoretically anticipa
when ligand disorder is present@see Fig. 10~b!#. The maxi-
mum in r0 occurs where the applied field produces a m
netization in the sample that is half its saturation value. Fr
Fig. 6 the magnitude of the magnetization at 18 T forH'c is
n
e

t-
-
on

-
d.
-

of

e
he
s-

nt
-
o-
is-
e
e
-
s
r
r

s-
d

ir
-

ld,
-

gy

a
-
n

g

i-
n
e
h
e

.

d

-

approximately half the value whenHic, which is still not
saturated. Hence at 18 T the magnetization forH'c must be
less than half its saturation value, and the absence of a p
in the field dependence ofr0 is reasonable.

Presently, the theoretical treatment of magnetoresista
has not considered the consequences of anisotropy in a q
titative manner, and the theoretical predictions are qual
tively different from the measured magnetoresistance w
Hic. In fact, if a molecular field is present, the magn
totransport is a universal function of the magnetization,
the applied field. When dealing with systems that have
significant anisotropy energy, it is informative to compa
the magnetoresistance for the different field directions at
same value of magnetization. For YbNi2B2C, the magnetiza-
tion at 18 T whenH'c is comparable to that at;7 T when
Hic. Above 1.7 K, the magnetoresistance forHic monotoni-
cally decreases with increasing field up to 7 T. It is possi
that for this field direction, the crossover into a regime
positive magnetoresistance lies below 1.7 K, and the lo
maximum at higher fields is unrelated to the Kondo inter
tion.

V. CONCLUSION

In the rare-earth borocarbide series, YbNi2B2C is an in-
teresting member because it is the only one that does

FIG. 10. ~a! The normalized coefficient of theT2 term for the
resistivity in the low-temperature Fermi-liquid regime vs the a
plied magnetic field for YbNi2B2C. The solid line is a fit to a
phenomenological model described in the text.~b! The magnetic
field dependence of the normalized residual resistivity determi
by extrapolating the low-temperature data to zero. The field w
applied in a direction perpendicular to thec axis.
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8018 PRB 60A. YATSKAR et al.
have a ground state with long-range order. Instead, a he
Fermi liquid develops at low temperatures where the Kon
temperature is well separated from other energy scales in
system, making YbNi2B2C an ideal system to study how
large magnetic fields effect the Kondo-type interactions.

In this paper the transverse magnetoresistance was
ported over a wide temperature range. At high temperatu
the magnetoresistance is negative, and its magnitude
creases as the temperature is lowered. When the applied
is perpendicular to thec axis, Dr(H)/r(0) decreases mor
quickly than the quadratic dependence expected from th
retical considerations; however, it is still possible to sc
these data. From this analysis, a characteristic tempera
TH is found, which increases linearly with the measurem
temperature and has a zero-temperature intercept of;20 K.
The magnetoresistance is anisotropic, and a scaling ana
was not possible for the data taken with the field paralle
the c axis.

This scaling also breaks down at low temperatures,
the properties eventually evolve into those of a Fermi liqu
In the Fermi-liquid regime, the resistivity has a residual te
due to impurities and a temperature-dependent term f
electron-electron scattering. Both the residual contribut
and theT2 coefficient depend on the applied field in a fas
ion qualitatively consistent with theoretical expectations.
simply modeling the Kondo resonance with a Lorentzian t
is split with a Zeeman energy from the applied field, a ch
acteristic energy of;12 K was determined. The residu
resistivity was found to increase with field up to 18 T, whi
vy
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.

m
n
-
y
t
-

should occur when ligand disorder dominates over Kon
hole disorder.

Qualitatively, our results are consistent with theoretic
calculations based on the periodic Anderson model. W
compared to specific predictions from this model or a p
nomenological counterpart, the characteristic energy
tained from the fit is typically a factor of 2 larger than th
Kondo temperature determined from the Sommerfeld coe
cient. Also a more precise calculation is needed for the tr
sition from the high-temperature scaling regime to the lo
temperature Fermi-liquid regime, and no explanation ex
for the greater than quadratic field dependence of the m
netoresistance at high temperatures. Finally, the magne
sistance for the field parallel to thec axis is different from
the data with the field in the perpendicular direction, and
this time this anisotropy has not been seriously accounted
in theoretical treatments.
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