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Crystal structure and physical properties of Eu0.83Fe4Sb12
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Eu0.83Fe4Sb12, was synthesized by arc melting in homogeneous practically single phase form. From

Rietveld refinement isotypism was derived with the LaFe4P12-~skutterudite!-type, space groupIm 3̄, No. 204.
The refinement also served to determine the Eu content ofx50.83(2). Eu0.83Fe4Sb12 orders magnetically
below 84 K and isothermal magnetization measurements reveal a spontaneous magnetization reaching about
4.5mB/f.u. at 6 T. The electronic configuration of the Eu ion in this compound appears to be close to the 4f 7

state, thus behaving almost divalently. From the measurements of transport coefficients, the figure of meritZ
was evaluated asZT'0.08 at room temperature. The most outstanding property of this compound, however, is
the significant magnetoresistance of about 130% atT51 K for a magnetic field of 12 T but still 30% near
room temperature.

DOI: 10.1103/PhysRevB.63.224414 PACS number~s!: 72.15.Eb, 72.15.Jf, 76.80.1y, 84.60.Bk
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I. INTRODUCTION

SkutteruditesTM3 with T5Co, Ni, Rh, and Ir andM
5P, As, and Sb filled with electropositive elements ha
attracted much attention because of an unusually large fi
of merit Z5S2/(rl) being a basic requirement for therm
electric applications (S, r, andl are the Seebeck coefficien
the electrical resistivity, and the thermal conductivi
respectively!.1 Furthermore, these filled ternary compoun
exhibit a rich variety of ground-state properties, whereby
magnetic behavior is dominated in particular by the 4f elec-
tronic configuration. Hence features like Kondo and hea
fermion behavior or various types of magnetic order, ho
ping conductivity, and superconductivity were alrea
found.2–10

Ternary EuFe4Sb12 was reported to order ferromagne
cally at T582 K and the effective magnetic moment w
found to be 8.4mB .6 The large magnitude of the effectiv
moment indicates that the Eu ions do not exhibit the trival
nonmagnetic state Eu31. If an effective moment of 2.6mB is
assumed for the Fe polyanions, the Eu moment is derive
meff'6.8mB ,6 which has to be compared with the value
meff'7.94mB for Eu21.

In this study, we present a survey of bulk properties
Eu0.83Fe4Sb12 and isomorphous nonmagnetic La0.83Fe4Sb12
and discuss the thermoelectric performance with respec
the figure of merit of that material.

II. EXPERIMENT

A. Synthesis

Starting materials were Eu ingots, pieces of iron, and r
of antimony~all 99.9 wt %!. Due to the high vapor pressure
of Eu and Sb at elevated temperatures, argon arc melting
0163-1829/2001/63~22!/224414~7!/$20.00 63 2244
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performed under minimal electric current with repeated m
ing whereby the alloy~about 4 g! was flipped over and every
second time was fragmented into several pieces, the o
parts moved to inside positions prior to remelting. With th
method and compensating for the losses of evaporation
additional Eu, a rather dense product was achieved. The
loy was then sealed under vacuum in silica capsules, slo
heated (50 °C/h) to 700 °C and kept there for 150 h f
lowed by quenching in water. The pellets were found to be
a homogeneous state with only a minor amount of second
phases such as free Sb, EuSb2, or Eu2Sb3.

B. X-ray powder diffraction

X-ray powder-diffraction data were obtained using
Huber-Guinier powder camera applying monochromatic
Ka1 radiation with an image plate recording system. Latt
parameters were calculated by least-squares fits to the
dexed 4u values applying the program packageSTRUKTUR

~Ref. 11! on the base of our single-crystal data
YbFe4Sb12.12 For quantitative refinement of the atom pos
tions, x-ray intensities were recorded from a flat specim
from the Guinier image plate recordings. Full matrix-fu
profile Rietveld refinements employed theFULLPROF

program.13

C. Measurements of bulk properties

The electrical resistivity and magnetoresistivity of ba
shaped samples were measured using a four-probe dc me
in the temperature range from 0.4 K to room temperature
fields up to 12 T.

A liquid pressure cell with a 4:1 methanol-ethanol mi
ture as pressure transmitter served to generate hydros
©2001 The American Physical Society14-1
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pressure up to about 15 kbar. The absolute value of the p
sure was determined from the superconducting transi
temperature of lead.14

Thermal-conductivity measurements were performed i
flow cryostat on cuboid-shaped samples~length: about 1 cm,
cross section: about 2 mm2) that where kept cold by anchor
ing one end of the sample onto a thick copper panel moun
on the heat exchanger of the cryostat. The temperature
ference along the sample, established by electrical hea
was determined by means of a differential thermocouple~Au
1 0.07% Fe/chromel!. The measurement was carried out u
der high vacuum and three shields mounted around
sample reduced the heat losses due to radiation at finite
peratures. The innermost of these shields was kept at
temperature of the sample via an extra heater maintaine
a second temperature controller.

Thermopower measurements were carried out with a
ferential method. The absolute thermopowerSx(T) was cal-
culated using the following equation:Sx(T)5SPb(T)
2VPb/x /DT whereSPb is the absolute thermopower of lea
andVPb/x is the thermally induced voltage across the samp
depending on the temperature differenceDT.

A superconducting quantum intererence device magn
meter served to determine the magnetization from 2 up
300 K in fields up to 6 T. Specific-heat measurements
samples of about 1–2 g were performed at temperat
ranging from 1.5 up to 120 K by means of a quasiadiaba
step heating technique.

151Eu Mössbauer-effect~ME! measurements were pe
formed using a 100-mCi SmF3 Mössbauer source at 300 an
4.2 K. Source and absorber were kept during the meas
ments at the same temperature in a He cryostat.

III. RESULTS AND DISCUSSION

A. Structural chemistry

The obtained x-ray intensity pattern was indexed on
base of a body-centered cubic lattice prompting isotyp
with LaFe4P12.15 Some weak peaks could be identified
free antimony and were refined simultaneously with the m
phase. The refinements of the x-ray intensities in all ca
converged satisfactorily for a fully ordered atom arrang
ment EuyFe4Sb12 with respect to atom site distributio
among Eu, Fe, and Sb atoms@ Im3̄; Sb in 24 g; xSb50;
ySb50.1609(1); zSb50.3383(1); RI50.044]. Occupation
factors were refined and corresponded to a full occupanc
the Fe and Sb sublattice but revealed considerable voids
the Eu and La sites accounting for only 83% filling of th
rare-earth site@x50.83(2)#. The lattice parameter was foun
to be a59.1631(5) Å in the case of Eu0.83Fe4Sb12 and a
59.1486(4) Å in the case of La0.83Fe4Sb12.

B. Bulk properties

1. Magnetic properties

Shown in Fig. 1 is the inverse magnetic susceptibil
x21(T) of Eu0.83Fe4Sb12 as a function of temperature plotte
for m0H51 and 3 T. Above about 120 K,x(T) can be
22441
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described by a modified Curie-Weiss lawx(T)5x01C/(T
2up) with C the Curie constant,up the paramagnetic Curie
temperature, and a temperature-independent susceptib
contributionx0. A least-squares fit yields an effective mo
ment of 7.28mB/f.u. and a paramagnetic Curie temperature
19 K that indicates ferromagnetic interactions. In order
derive the effective magnetic moment of Eu, the magne
state of the polyanion@Fe4Sb12# has to be taken into consid
eration. Measurements of, e.g., isomorphous LaFe4Sb12 and
CaFe4Sb12 ~Ref. 6! exhibit effective momentsmeff53.0 and
3.7mB , respectively, which primarily have to be attributed
the magnetic behavior of Fe. As a consequence, the effec
moment assigned to Eu is smaller than the measured
Using the above results and assuming that both the rare-e
and the polyanion contribution tomeff is simply additive, i.e.,

meff
meas5A0.83~meff

Eu!21~meff
polyan!2,

this yields meff
Eu57.28 and 6.9mB when comparing with

LaFe4Sb12 and CaFe4Sb12, respectively. The former effec
tive magnetic moment would coincide with a valencyn
'2.15 of the Eu ion if a linear relationship is assumed
meff between Eu21 and Eu31. It is interesting to note that the
experimental valuemeff57.28mB would also be compatible
with an Eu21 state andy'0.84, a value slightly above th
observed 83% occupation of the rare-earth site.

Well below 120 K,x21 vs T of Eu0.83Fe4Sb12 strongly
deviates from the Curie-Weiss behavior; the deriv
s-shaped curve is reminiscent of ferrimagnetic systems. M
netic ordering occurs atTmag'84 K, in agreement with the
work of Danebrock et al.6

In order to obtain more direct information on the valen
state of Eu in Eu0.83Fe4Sb12, we have performed151Eu ME
measurements on this sample at 300 and 4.2 K. The spe
collected at 300 and 4.2 K are displayed in Figs. 2~a! and~b!.
As evident from Fig. 2~a!, the position of the151Eu reso-
nance line corresponds to a value of the isomer shiftIS
5211.69(6) mm/s, which clearly indicates that the valen
state of Eu is nearly divalent. No resonance is observ
verifying the absence of a Eu31 component in the sample. A

FIG. 1. Temperature-dependent inverse magnetic susceptib
1/x of Eu0.83Fe4Sb12 measured atm0H50.5 T. The inset shows
isothermal magnetization data of Eu0.83Fe4Sb12.
4-2
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CRYSTAL STRUCTURE AND PHYSICAL PROPERTIES . . . PHYSICAL REVIEW B 63 224414
low temperature~4.2 K! one observes a magnetic hyperfi
split spectrum@hyperfine field,Beff523.8(2) T# due to the
ordering of the Eu21 (8S7/2) magnetic moments belowTmag
@compare Fig. 2~b!#. The value ofIS at 4.2 K remains almos
unchanged@ IS5211.52(5) mm/s# indicating a stable Eu21

valence state. The slight decrease inIS is caused by the
volume decrease due to the thermal expansion between
and 4.2 K.

Isothermal magnetization measurements on Eu0.83Fe4Sb12
~see inset of Fig. 1! reveal a spontaneous magnetization
3.55mB for T52 K. With increasing fields, the magnetiza
tion rises, reaching 4.26mB at 6 T. If all the Eu moments are
aligned, the saturation magnetization should reach a v
near that of Gd systems (jW5sW57/2, lW50), i.e., MW 5g jW
57mB . The significantly smaller experimental values wou
then be consistent with ferrimagnetic order or some can
type of ferromagnetic coupling.

Magnetization measurements performed atm0H50.02 T
evidence traces of an impurity phase that orders around
K. However, fields of the order of 0.1 T are sufficient
saturate this magnetic impurity contribution. Within th
paramagnetic temperature region, the magnetization sc
with the applied magnetic field.

2. Thermal properties

The temperature-dependent specific heatCp(T) of
Eu0.83Fe4Sb12 is plotted in Fig. 3 asCp /T vs T. For the
purpose of comparison, we have added the results of i
tructural La0.83Fe4Sb12, too. Magnetic ordering of
Eu0.83Fe4Sb12 aroundT584 K is derived from the distinc
anomaly in Cp(T). The impurity phase, as also observ
from the magnetization measurement, causes a s

FIG. 2. 151Eu Mössbauer spectra of Eu0.8Fe4Sb12 collected at
300 ~a! and 4.2 K~b!. Solid lines through the data points are lea
squares fits to the spectra.
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anomaly at 25 K. WhileCp /T(T→0)[g of Eu0.83Fe4Sb12

extrapolates to about 100 mJ/molK2, isomorphous
La0.83Fe4Sb12 exhibits a much larger value, 185 mJ/molK2.

The phonon contribution to the specific heat is analyz
considering a Debye spectrum together with two Einst
modes, and additionally by a single Einstein contribution
counting for the behavior of the weakly bound rare-earth i

Cph~T!512
3R

vD
3 E0

vD
v2 S v

2TD 2

sinh2S v

2TD dv1 (
i 51,2

ciR

S vEi

2T
D 2

sinh2S vEi

2T
D .

~1!

Equation~1! was successfully applied to binary RhSb3 and
IrSb3 ~Ref. 10! considering three acoustic and nine optic
branches of the phonon dispersion. For the polyan
@Fe4Sb12# in the filled skutterudite La0.83Fe4Sb12 the phonon
modes are represented by (123) one Debye and two Ein-
stein functions (273 f E1

193 f E2
). In order to account for

La in the filled skutterudite, simply one further Einste
function has to be added to Eq.~1! to describe the increase
number of phonon modes due to the additionalx50.83 at-
oms per f.u. of La0.83Fe4Sb12. The index of the second term
of Eq. ~1! is then i 51, 2, 3 with c35330.83. Usingc1
527 andc259, a reasonable parametrization ofCph(T) is
possible in a temperature range from 2–100 K~solid line,
Fig. 3!. The parameters obtained by least-squares fits
vD5156, vE1

5270, vE2
5125, andvE3

5270 K. The cal-

culation of the low-temperature Debye temperatureQD
LT ac-

cording to QD
LT5A3 @19443(1610.83)/b, where b is the

slope ofC/T vs T2 at low temperatures yieldsQD5348 K.
In general the magnetic contribution to the specific h

Cmag of magnetic compounds is obtained from the differen

FIG. 3. Temperature-dependent specific heatCp of
Eu0.83Fe4Sb12. For the purpose of comparison,Cp of La0.83Fe4Sb12

is added. The solid line represents a least-squares fit accordin
Eq. ~1! and the dashed line is the magnetic entropySmag of
Eu0.83Fe4Sb12.
4-3
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of the heat capacities of the magnetic and a nonmagn
homologous isotypic compound. Among rare-earth syste
the most widely used nonmagnetic representatives are
structural La compounds. Although many cases are know
which the phonon spectrum of La compounds differs sign
cantly from that of isomorphous Y or Lu systems,16 we are
constrained by the fact that skutterudites form only with
large rare-earth members, excluding Y and Lu homolo
Despite such shortcomings, we attempted at least to estim
the order of magnitude ofCmag of Eu0.83Fe4Sb12 by compari-
son with La0.83Fe4Sb12 (DCp'Cmag). Additionally, for both
compounds the linear electronic contribution was subtrac
too. Plotted in Fig. 3~right axis! is the magnetic entropySmag
as derived from*Cmag/TdT. Smag continuously increase
and a kink atTmag reflects the ordering temperature. Th
release of entropy at this temperature is about 24 J/mo
larger than expected for Eu in a nearly 21 state @i.e., j
57/2, Stheor5R ln(2j11)517.28 J/molK#. The deduced sig-
nificant surplus of entropy release can be attributed eithe
the mentioned differences in the phonon spectra or to su
differences in the magnetic contribution of the@Fe4Sb12#
polyanions.

3. Transport properties and pressure effect

In order to evaluate the thermoelectric performance
Eu0.83Fe4Sb12, we have measured various transport coe
cients of this compound. Plotted in Fig. 4 is the temperatu
dependent resistivityr of Eu0.83Fe4Sb12 in comparison with
that of La0.83Fe4Sb12. The overall behavior of Eu0.83Fe4Sb12
reflects a metallic state with absoluter(T) values signifi-
cantly lower than those of most of the known antimon
based skutterudites. The pronounced kink around 84 K is
to the onset of magnetic order. The linear dependency
r(T) above the ordering temperature implies spin disor
scattering of the conduction electrons in the absence of
nounced crystal-field splitting, corroborating the essentia
divalent electronic configuration of the Eu ions~the ground
state then matches Gd with8S7/2).

FIG. 4. Temperature-dependent electrical resistivityr(T) of
Eu0.83Fe4Sb12 and La0.83Fe4Sb12.
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Although La0.83Fe4Sb12 is considered to be a nonmagnet
simple metallic compound, the strong curvature inr(T) pre-
vents a description in terms of the Bloch-Gru¨neisen law.
Even the addition of the Mott-Jones termkT3, accounting
for a narrow feature in the density of states near the Fe
energy, does not reveal a satisfying description. This m
likely indicates additional magnetic interactions of the co
duction electrons with the@Fe4Sb12# polyanion complex.

The field response of the electrical resistivity
Eu0.83Fe4Sb12 is presented in Figs. 5~a! and ~b! revealing a
positive magnetoresistance for the entire region measu
~0–12 T and 0.5–300 K!. The most interesting feature, how
ever, is the enormous size of the magnetoresistance ef
for 12 T andT51 K, Dr/r amounts to 130%, and even a
room temperatureDr/r is as large as 30%. At low tempera
tures, the field dependence ofDr/r is found to behave pro-
portional to (m0H)2/3 @compare Fig. 5~b!#. It is interesting to
note that isostructural CeRu4Sb12 is also characterized by
such unusual large values of the magnetoresistance for
peratures up to room temperature.17

A typical ferromagnet would exhibit, in general, a neg
tive magnetoresistance.18 Thus, in combination with the non
linear reciprocal susceptibility of Eu0.83Fe4Sb12, the ob-
served positive magnetoresistance points either to a ca
ferromagnet or a ferrimagnetic ground state. In such a c
sufficiently high external magnetic fields would cause
field-induced ferromagnetic alignment and above a cer
critical field the magnetoresistance is expected to cross o
to negative values. A corresponding high-field study is
progress. However, a behaviorDr/r}(m0H)2/3 over a sig-
nificant field range and the large values, even in the pa
magnetic temperature range, do not entirely exclude the c
sical magnetoresistance.19

As is already obvious from the isothermal field measu
ments, the field increase causes the resistivity to increase
more than double its value at low temperatures@see Fig.
6~a!#. In order to analyze the temperature dependence
r(T,H), least-squares fits according tor5r01ATn were
performed, leading to a value ofn close to 2 for the whole
field range. This is also seen from Fig. 6~b!, where the data
are plotted on aT2 temperature scale. AT2 behavior of the
electrical resistivity well below the ordering temperature

FIG. 5. ~a! Isothermal magnetoresistanceDr/r of
Eu0.83Fe4Sb12. ~b! Dr/r of Eu0.83Fe4Sb12 vs (m0H)(2/3).
4-4
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Eu0.83Fe4Sb12 would be in line with ferromagneticlike spin
waves, thus not in contradiction to the supposed ground s
of this compound.

The response of Eu0.83Fe4Sb12 to pressure yields both
slight increase in the overall resistivity and an increase in
magnetic phase-transition temperature at a rate of abou
K/kbar ~see Fig. 7 and its inset!. The positive change o
dTmag/dp can be considered as a hint to a localized mom
behavior of the Eu ion. Pressure drives the magnetic i
closer together, thus Ruderman-Kittel-Kasuya-Yosida in
actions enhance and so does the phase-transition tem
ture. Systems that are dominated by itinerant magnetic
ments, on the contrary, are expected to exhibit the oppo
pressure response.20

The Grüneisen parameter related to the phase transi
GTmag

follows from

GTmag
52

] ln Tmag

] ln V
5B0

] ln Tmag

]p
5

B0

Tmag

]Tmag

]p
, ~2!

where B0 is the bulk modulus of the system.21 With Tmag
584 K, ]Tmag/]p50.5 K/kbar and, as a first approximatio

FIG. 6. ~a! Temperature-dependent electrical resistivityr(T) of
Eu0.83Fe4Sb12 for various values of external magnetic fields.~b!
r(T,H) of Eu0.83Fe4Sb12 vs T2.

FIG. 7. Temperature- and pressure-dependent resistivityr(T,p)
of Eu0.83Fe4Sb12. The inset shows the pressure response of
magnetic phase transition.
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assumingB051000 kbar,GTmag
'6. Such an order of mag

nitude can be considered as typical for stable magnetic
tems, very frequently found in rare-earth intermetallic co
pounds.

Measurements of the thermal conductivityl of
Eu0.83Fe4Sb12 are summarized in Fig. 8. In general, the o
served thermal conductivity is small, but the overall value
substantially larger than values reported for several ot
filled skutterudites.22 This fact results from the extreme low
resistivity of the compound, together with a large residu
resistivity ratio value of about 15. Good electrical conduct
ity causes the electronic contribution to the total thermal c
ductivity to be a significant portion of the measured quant

The total thermal conductivityl is usually given byl
5le1l l wherele represents the electronic part andl l the
lattice contribution. In the case of simple metals, t
Wiedemann-Franz law is expected to be valid, thus,le
5L0T/r. L052.4531028 WV K22 is the Lorenz number
~derived in the scope of the free-electron model! andr is the
electrical resistivity of the sample.

Applying the Wiedemann-Franz law to systems other th
simple metals in order to separatele andl l results in crude
approximations only; nevertheless this law is widely used
the field of thermoelectric materials~compare Ref. 22! to
define the lattice thermal conductivity. The latter contrib
tion l l follows then simply froml l5l2L0T/r. Results of
such an analysis are shown in Fig. 8 as dashed and d
dotted lines. Although this analysis should not be ov
stressed, one can conclude thatle is large, and even exceed
at elevated temperatures the lattice contribution to the t
measured effect.

In Fig. 9, the thermoelectric powerS(T) is displayed for
Eu0.83Fe4Sb12 and La0.83Fe4Sb12. In the magnetically or-
dered range,S(T) is predominantly negative and small, how
ever, the paramagnetic temperature range is characterize
an almost linear behavior, reaching about 50mV/K near 300
K. A kink in S(T) in the proximity of 84 K traces also the
phase-transition temperature. For the purpose of compari

e

FIG. 8. Temperature-dependent thermal-conductivity datal(T)
of Eu0.83Fe4Sb12. The latticel l and the electronic contributionl l

to the thermal conductivity are shown as dashed and dash-do
lines, respectively.
4-5
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S(T) of the isomorphous compound La0.83Fe4Sb12 is added.
Besides a smooth minimum with negative values,S(T) of
the latter grows continuously up to about 70mV/K. Well
above the magnetic ordering temperature of the Eu co
pound,S(T) of La0.83Fe4Sb12 is much larger thanS(T) of
Eu0.83Fe4Sb12. In terms of a simple count of carriers
@Fe4Sb12# exhibits four holes. The filling of the binary
skutterudite—which, in the mentioned case, is not stabl
by electropositive elements like La or Eu then compensa
partially the holes and thus reduces the number of carri
Since Eu exhibits an almost 21 state 4f 7 electronic configu-
ration!, less holes are compensated by electrons in comp
son to the case of La0.83Fe4Sb12. Hence, the lower number o
carriers in La0.83Fe4Sb12 causes the experimentally observ
larger thermopower values and the positive sign matc
with a holelike transport.

IV. CONCLUSION

The study of bulk properties performed on Eu0.83Fe4Sb12
revealed magnetic ordering below 84 K. The appearance
spontaneous magnetization excludes then an antiferrom
netic ground state.

Transport processes observed in Eu0.83Fe4Sb12 as well as
in La0.83Fe4Sb12 are dominated byp type conductivity. This
is understood from just a partial compensation of the elect
deficient @Fe4Sb12# polyanion by the electropositive ele
ments, i.e., Eu and La. A recently performed Ha
measurement23 at room temperature allowed us to estima
the carrier concentration of Eu0.83Fe4Sb12, which was 2.1
holes per formula unit. This is in excellent agreement with

FIG. 9. Temperature-dependent Seebeck coefficientS(T) of
Eu0.83Fe4Sb12 and La0.83Fe4Sb12.
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simple carrier count assuming an almost 21 state of the Eu
ion. This number evidences a high carrier concentration, t
the Seebeck coefficient is restricted while both the electr
as well as the thermal conductivity should be large. In fa
these predictions are verified from the experimental resu
The comparison of Eu0.83Fe4Sb12 with isomorphous
La0.83Fe4Sb12, where scattering processes on the rare-e
magnetic moments are absent, shows that the number of
carriers is the essential parameter in these compounds. S
La, in general, exhibits the 31 state, the compensation of th
electron deficient@Fe4Sb12# is much more efficient than with
divalent Eu. Thus, the carrier concentration is much m
decreased and consequently, the Seebeck coefficient
comes larger. Even quantities liker(T) andl(T) seem to be
influenced by the change in the hole concentration when p
ceeding from Eu0.83Fe4Sb12 to La0.83Fe4Sb12 as derived from
a significantly larger resistivity, while the thermal conducti
ity of La-based skutterudites22 has a room-temperature valu
of roughly 15 mW/cmK, i.e., about four times smaller tha
that of Eu0.83Fe4Sb12.

In order to significantly enhance the figure of meritZ of
this Eu-based skutterudite (ZT'0.08 at room temperature!,
the number of carriers has to be reduced. This can be d
by a substitution of Fe/Co. In fact, preliminary measu
ments on Euy(Fe42xCox)Sb12 show that a lowering of the
carrier number by increasing the Co content doubles the S
beck coefficient at room temperature, and moreover, the
tem crosses over to electron-type transport beyond a cri
Co concentration (x.3).24

The observation of an unexpected large magnetore
tance over the entire temperature range covered is the m
outstanding property observed. The physical origin of t
behavior is yet unknown. However, a sample with a can
magnetic structure~possessing a net magnetization! can in-
crease its resistivity values when the field strength rises
ing to a rotation of the moments. Once the field-induc
order becomes perfect, the magnetoresistance should
crease. Such an explanation, of course, does not hold fo
paramagnetic temperature range.
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