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Proportional relation between magnetoresistance and entropy suppression due to magnetic field
in metallic ferromagnets
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A temperature-independent proportional relation was discovered between magnetoresistance and magnetoen-
tropy in metallic ferromagnets, La0.6Sr0.4CoO3 , SrRuO3, and CoPt3 up to 90 kOe above, at, and just below
Curie temperature. This concludes that the magnetoresistance due to suppression of spin-disorder scattering is
well scaled by the magnetic entropy rather than the magnetization. In contrast, no proportional relation was
observed in La0.825Sr0.175MnO3, which is understood by the characteristic magnetoresistance originating from
Jahn-Teller effect and electronic phase separation.
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Magnetoresistance effects, a change in electric resisti
by applying a magnetic field, are generally classified in
orbit and spin contributions. The orbit contribution is bas
on a change in electron orbit under electric and magn
fields due to Lorentz force.1 This is an useful physical quan
tity because it reflects the shape of Fermi surface.2 The spin
contribution is also useful, because this reflects the prop
of electron scattering due to spin fluctuation or spin disor
in magnetic metal.3 It is well known that the spin contribu
tion is correlated with magnetization.3,4 However, there is
inconsistency between theory and experiment on the rela
between spin contribution and magnetization as descr
below.

The following relation is well known for metallic ferro
magnets:

rsd~T,H !2rsd~T,0!

rsd~T,0!
52AH M ~T,H !

M sat
J 2

, ~1!

where rsd(T,H) and M (T,H) are resistivity due to spin
disorder scattering and magnetization, respectively, at a t
peratureT and under a magnetic fieldH and M sat is a satu-
ration magnetization at 0 K.4–6 The theoretical investigation
based on several models,s-d exchange model,5 double-
exchange model,6 and so on7 explain this proportional rela
tion and predict the temperature-independent proportio
constantA. Experimentally, Eq.~1! is, however, found only
above but not near the Curie temperatureTC. The
temperature-dependent nonlinearity has been observe
$r(T,H)2r(T,0)%/r(T,0) versus $M (T,H)/M sat%

2 curve
just aboveTC,9–13 which makes the analysis based on E
~1! ambiguous. This inconsistency just aboveTC between
theory and experiment is naturally understandable, beca
these theories are based on a mean-field approximation
thus does not include a contribution from short-range s
order,5,6 which is easily found from the fact that Eq.~1! is
expressed by only a long-range order parameterM. As
pointed out by Fisher and Langer,8 short-range spin correla
tions play an important role on the resistivity aroundTC. It
is, of course, difficult to estimate the short-range order
correlation experimentally, but a magnetic entropy is e
pected to be a candidate for a measurable quantity reflec
both long-range and short-range spin orders. In fact, Ra
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et al. have reported a similar dependence between magn
caloric and magnetoresistance effects in TmCu and TmA14

In the present study, a relation between magnetoresista
and magnetoentropy~defined as a change in entropy by a
plying a magnetic field! is studied. A simple proportiona
relation,

r~T,H !2r~T,0!5K$S~T,H !2S~T,0!% ~2!

is found in metallic ferromagnets, La0.6Sr0.4CoO3, SrRuO3,
and CoPt3, whereS(T,H) is an entropy atT and underH.
The important results are that the relation of Eq.~2! is ob-
served up to 90 kOe above, at, and just belowTC and that the
proportional constant,K, is independent of temperature. Th
indicates that the magnetoresistance is well scaled by
magnetoentropy rather than the magnetization. Contrar
these materials, such a proportional relation is not obser
in La0.825Sr0.175MnO3.

The electromagnetic properties of materials used for
present study are summarized as follows. La0.6Sr0.4CoO3 ex-
hibits a long-range ferromagnetic ordering atTC'245 K.15

The electrical conductivity is metallic above and belo
TC.10 It has been proposed that La12xSrxCoO3 is a double-
exchange ferromagnet witht2g

5 s* 12x configuration~local-
ized t2g and itinerants* electrons!.16 SrRuO3 also shows a
ferromagnetic phase transition atTC'160 K ~Ref. 17! and a
metallic conductivity above and belowTC.18 SrRuO3 has
been believed to be an itinerant ferromagnet withp* 4

configuration.19 TC of CoPt3 is about 290 K when Pt and C
atoms are ordered in Cu3Au type and increases with increa
ing the disordering.20 The ferromagnetic phase transition
TC'283 K in La0.825Sr0.175MnO3 is simultaneously accom
panied by a metal-insulator transition.9 The corresponding
colossal magnetoresistance has been understood by J
Teller distortion21 and electronic phase separation22 rather
than suppression of spin-disorder scattering.

Polycrystalline La0.6Sr0.4CoO3 and SrRuO3 were prepared
by a solid-state reaction method. Polycrystalline CoPt3 was
prepared as follows. Fine particles of Pt-Co alloy and Co3O4
obtained by dissolving Co and Pt metals into aqua regia
then decomposed were reacted at 1773 K for 24 h in H2 flow.
The samples pressed into a pellet was sintered at 1773 K
then cooled from 1073 to 673 K at a rate of 2.5 Kh21 in
order to proceed the ordering of Pt and Co atoms.20 A
©2004 The American Physical Society01-1
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La0.825Sr0.175MnO3 single crystal was grown by a floating
zone method9 and confirmed by a Laue back reflectio
method. Powder x-ray diffraction with CuKa radiation using
MAC Science MXP 18-HF detected no impurity phase in
samples and confirmed nearly ordered CoPt3. Heat capacities
were measured by a relaxation method using phys
property measurement system~PPMS, quantum design!.
dc magnetizations were measured using a supercondu
quantum interference device magnetometer~MPMS5S,
quantum design; 0 Oe,H<50 kOe) and PPMS~50 kOe
,H<90 kOe). Resistivities were measured by an ac fo
probe method with a frequency of 47 Hz and an amplitude
10 mA using PPMS. The magnetic field was applied para
to the electrical current, because the orbit contribution is z
in this setup when Fermi surface is isotropic.23

In this paper, a difference in a physical quantity,A(T,H),
between under 0 Oe andH is denoted asDHA(T)
5A(T,H) –A(T,0). A magnetoentropy,DHS(T), was calcu-
lated by the following equations:

DHS~T!5DHS~T0!1E
T0

T DHC~T8!

T8
dT8, ~3!

or

DHS~T!5E
0

H H ]M ~T,H8!

]T J
H8

dH8, ~4!

whereC(T,H) is a heat capacity atT and underH. Because
the experimental error ofDHC is large in the temperatur
range far awayTC and under low field, the data under 9
kOe in the range;0.7TC,T,;1.2 TC shown in Figs. 1
~except for CoPt3) and 4 were calculated by Eq.~3!, and the
other data were calculated by Eq.~4!. In a ferromagnetic
phase, a magnetoentropy estimated by Eq.~4! is incorrect
because of irreversibility inM -H loop. However, the irre-
versibility of the present samples is not large and thus
deviation from the correct value is small at least under h
fields. DHS(T0) in Eq. ~3! was estimated from Eq.~4! at
T05;1.2 TC.

The open and solid circles in Figs. 1~a!–1~c! represent
D90 kOer and D90 kOeS, respectively, for La0.6Sr0.4CoO3,
SrRuO3, and CoPt3. It is clear that the temperature depe
dences ofD90 kOeS and D90 kOer are similar to each othe
above, at, and just belowTC. Such a similarity was no
observed below about 220, 120, and 200 K
La0.6Sr0.4CoO3, SrRuO3, and CoPt3, respectively. Particu-
larly, the magnetoresistance of SrRuO3 showed an extraordi
nary shoulder around 60 K, which has been reported in
epitaxial SrRuO3 thin film.24

The insets of Figs. 2~a!–2~c! showDHr –M2 curves at a
constant temperature for La0.6Sr0.4CoO3, SrRuO3, and
CoPt3, respectively. It is found that the curve is a downwa
convex one at least just aboveTC and thatDHr is a many-
valued function ofM2 (DHr at anyM2 decreases asTC is
approached!. On the other hand,DHr –DHS plots at a con-
stant temperature shown in Figs. 2~a!–2~c! exhibit an excel-
lent linearity above, at, and just belowTC and even up to the
high field of 90 kOe. Moreover, it is found that the propo
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tional constantK is independent of temperature. This ind
cates thatDHr is a single-valued function ofDHS. The pro-
portional constants estimated by least-square fitting are
82, and 3.5mV cm J21 K mol for La0.6Sr0.4CoO3, SrRuO3,
and CoPt3, respectively. This proportional relation was al
confirmed by the other plot of same data shown in Fig. 3
is found thatDHr/DHS is constant and independent of tem
perature within the experimental error, though the data in
low-field region are scattered due to the large experime
error originating from the small magnitude ofDHr andDHS.

The magnetoresistance effects of La0.6Sr0.4CoO3,
SrRuO3, and CoPt3 are complex far belowTC ~not shown!.
Steep decrease in resistivity was observed in the low-fi
region below about 50 and 200 K in La0.6Sr0.4CoO3 and
CoPt3, respectively, possibly due to tunneling magnetores
tance across grain boundary25 or domain-wall scattering.26 In
SrRuO3, positive magnetoresistance was observed be
about 10 K possibly due to the orbit contribution.1 These
behaviors far belowTC are discussed later again.

The proportional relation of Eq.~2! naturally suggests
that,

DHrsd~T!5KDHSmag~T!, ~5!

whereSmag is a magnetic entropy. The reliability of Eq.~5! is
supported by the following three facts,~i!–~iii !. ~i! Eq. ~1!
can be derived from Eq.~5! when the mean-field approxima
tion is valid ~far aboveTC) and the magnetic field is rela
tively small. Namely, the relations ofx5CCW/(T2u), M
5xH, and Eq.~5! result inA5KM sat

2 /2CCWrsd(T,0), where

FIG. 1. Temperature dependences ofD90 kOeS ~solid circles! and
D90 kOer ~open circles!: ~a! La0.6Sr0.4CoO3, ~b! SrRuO3, and ~c!
CoPt3 polycrystals. Error bars are less than the mark size excep
CoPt3.
1-2
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CCW and u are Curie-Weiss constant and parametric Cu
temperature, respectively. In this case,A is independent of
temperature, becausersd(T,0) is a constant aboveTC in the
mean-field theory.5,6 ~ii ! The deviation from Eq.~1! just

FIG. 2. DHr vs DHS plot in the range of 0 Oe<H<90 kOe at
some temperatures:~a! La0.6Sr0.4CoO3, ~b! SrRuO3, and~c! CoPt3
polycrystals. Solid lines represent results of fitting by Eq.~2!. Insets
showDHr vs M2 plot. Dotted lines in the insets are guides for t
eyes. Error bars are less than the mark size except for CoPt3.

FIG. 3. Magnetic field dependence ofDHr/DHS for
La0.6Sr0.4CoO3 ~open symbols; left axis!, SrRuO3 ~solid symbols;
left axis!, and CoPt3 ~open symbols; right axis!. Horizontal lines
represent thatDHr/DHS527, 82, and 3.5mV cm J21 K mol, re-
spectively.
09240
e

aboveTC ~see the insets of Fig. 2! is explained by Eq.~5!. In
the critical region,x5C8/(T2TC)g, whereg is the critical
exponent. This and M5xH relations result in A
5KM sat

2 g(T2TC)g21/2C8rsd(T,0). This explains the ex-
perimental result that the slope ofDHr2M2 curve atM2

50 decreases asTC is approached, becauseg.1. In addi-
tion, the downward convexDHr2M2 curve is consistent
with the upward convexM -H curve generally observed jus
above TC and in the high-field region.~iii ! Fisher-Langer
relation ~found only in the critical region!,

]rsd

]T
5kCmag, ~6!

can be derived from Eq.~5!, whereCmag is a magnetic hea
capacity andk is a constant.7 Equation~5! is equivalent to
the relation

rsd~T,H !5KSmag~T,H !1r0 ~7!

at least in the measurementT andH ranges~relatively large
entropy region!, wherer0 is a constant. This results in

]rsd

]T
5K

Cmag

T
'

K

TC
Cmag ~8!

in the vicinity of TC. It should be noted that Eq.~7! does
not hold for the spin-wave scattering, because the co
sponding resistivity and magnetic entropy are proportiona
T2 andT3/2, respectively.27 This implies that the magnetore
sistance due to suppression of spin-wave excitation d
not obey Eq.~2! or that Eq.~5! does not hold in the smal
entropy region.

The origin of metallic ferromagnetism has been believ
to be different for La0.6Sr0.4CoO3,16 SrRuO3,19 and CoPt3.28

In spite of this, the proportional relation betweenDHr and
DHS was observed in these materials. It is difficult to co
sider that the proportional relation holds accidentally on
for the three materials. It is thus natural to suggest that
proportional relation is universal for the magnetoresista
due to suppression of spin disorder. Of course, it is taken
granted that the resistivity due to spin-disorder scattering
creases with decreasing the magnetic entropy. However
simple proportional relation is quite surprising, because
resistivity due to spin-disorder scattering is a complex fu

FIG. 4. Temperature dependences ofD90 kOeS ~solid circles! and
D90 kOer ~open circles! for La0.825Sr0.175MnO3 single crystal. Inset
showsDHr vs DHS plot in the range of 0 Oe<H<90 kOe.
1-3
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tional of spin-correlation functions8 that is not simply con-
nected with a magnetic entropy.

As described below, the quantitative relation of Eq.~5! is
found to be useful to detect a presence of other contribut
to the magnetoresistance except for the suppression of
disorder. Figure 4 and the inset show the temperature de
dence ofD90 kOer andD90 kOeS andDHr –DHS plot, respec-
tively, for La0.825Sr0.175MnO3. In this material, the propor
tional relation was not observed betweenDHr and DHS in
the whole temperature region.~Similar results were also ob
tained for the polycrystalline samples.! This is easily under-
stood, because the magnetoresistance of perovskite-
manganese oxides is well known to originate mainly fro
Jahn-Teller distortion21 and electronic phase separation22

rather than suppression of spin-disorder scattering. The
viation from Eq. ~2! observed in La0.6Sr0.4CoO3, SrRuO3,
and CoPt3 far below TC would be also explained by othe
contributions as mentioned before, namely, grain bound
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