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Proportional relation between magnetoresistance and entropy suppression due to magnetic field
in metallic ferromagnets
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Atemperature-independent proportional relation was discovered between magnetoresistance and magnetoen-
tropy in metallic ferromagnets, kaSr, .C00;, SrRuQ, and CoPf 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 LggosSh 17gVINO3, 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 resistivitgt al. have reported a similar dependence between magneto-
by applying a magnetic field, are generally classified intocaloric and magnetoresistance effects in TmCu and TntAg.
orbit and spin contributions. The orbit contribution is based In the present study, a relation between magnetoresistance
on a change in electron orbit under electric and magneti@nd magnetoentropfdefined as a change in entropy by ap-
fields due to Lorentz forckThis is an useful physical quan- Plying a magnetic fielflis studied. A simple proportional
tity because it reflects the shape of Fermi surfatae spin ~ relation,
contribution is alsq useful, becz?luse this r'eflects the property p(T,H)— p(T,0)=K{S(T,H)—S(T,0)} ©)
of electron scattering due to spin fluctuation or spin disorder i )
in magnetic metat.It is well known that the spin contribu- 1S found in metallic ferromagnets, g 4C00;, SrRuQ,
tion is correlated with magnetizatidf. However, there is and CoP4, whereS(T,H) is an entropy afl and underH.
inconsistency between theory and experiment on the relatioh® important results are that the relation of 2. is ob-
between spin contribution and magnetization as describegrved up to 90 kOe above, at, and just belgnand that the

below. proportional constang, is independent of temperature. This
The following relation is well known for metallic ferro- indicates that the magnetoresistance is_we}l scaled by the
magnets: magnetoentropy rather than the magnetization. Contrary to
these materials, such a proportional relation is not observed
psd T,H)— psd T,0) M(T,H))? in Lag go55l0.17MN0O3. . _
=AY T (s (1 The electromagnetic properties of materials used for the
psd T,0) Mat

present study are summarized as follows; ¢Sty ,C00; ex-
where ps(T,H) and M(T,H) are resistivity due to spin- hibits a long-range ferromagnetic orderingTai~245 K.1°
disorder scattering and magnetization, respectively, at a ten-he electrical conductivity is metallic above and below
.o . 10 i
peratureT and under a magnetic field andM, is a satu- Tc.™ It has been proposed that 1 3Sr,Co0; is a double-
ration magnetization at 0 K-° The theoretical investigations exchange ferromagnet wittg,o**~* configuration (local-
based on several models;d exchange modeél, double- izedt,q and itinerants™ electrons.'® SrRuG; also shows a
exchange modél,and so of explain this proportional rela- ferromagnetic phase transition Bt~ 160 K (Ref. 17 and a
tion and predict the temperature-independent proportionahetallic conductivity above and beloWc.'® SrRuQ, has
constantA. Experimentally, Eq(1) is, however, found only been believed to be an itinerant ferromagnet witt*
above but not near the Curie temperatufe.. The configurationt® T¢ of CoPy is about 290 K when Pt and Co
temperature-dependent nonlinearity has been observed aioms are ordered in GAu type and increases with increas-
{p(T,H)—p(T,0)}/p(T,0) versus{M(T,H)/M4? curve ing the disordering’ The ferromagnetic phase transition at
just aboveT¢,° 13 which makes the analysis based on Eq.Tc~283 K in Lay gysSh 17MNn0O;3 is simultaneously accom-
(1) ambiguous. This inconsistency just aboVg between panied by a metal-insulator transiti@riThe corresponding
theory and experiment is naturally understandable, becausmlossal magnetoresistance has been understood by Jahn-
these theories are based on a mean-field approximation af@ller distortio?* and electronic phase separafiomather
thus does not include a contribution from short-range spirthan suppression of spin-disorder scattering.
order>® which is easily found from the fact that E€l) is Polycrystalline Lg ¢Sty 4£C00; and SrRu@ were prepared
expressed by only a long-range order paraméierAs by a solid-state reaction method. Polycrystalline GoRas
pointed out by Fisher and Langshort-range spin correla- prepared as follows. Fine particles of Pt-Co alloy and@o
tions play an important role on the resistivity aroufig. It  obtained by dissolving Co and Pt metals into aqua regia and
is, of course, difficult to estimate the short-range order oithen decomposed were reacted at 1773 K for 24 h,ifiddv.
correlation experimentally, but a magnetic entropy is ex-The samples pressed into a pellet was sintered at 1773 K and
pected to be a candidate for a measurable quantity reflectinpen cooled from 1073 to 673 K at a rate of 2.5Khin
both long-range and short-range spin orders. In fact, Rawairder to proceed the ordering of Pt and Co atéfhé
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Lag go5Stp 172MN0O; single crystal was grown by a floating- ‘e 00;0
zone method and confirmed by a Laue back reflection :
method. Powder x-ray diffraction with CuKradiation using
MAC Science MXP 18-HF detected no impurity phase in all
samples and confirmed nearly ordered GoPteat capacities
were measured by a relaxation method using physical
property measurement syste(PPMS, quantum design & -0
dc magnetizations were measured using a superconducting 0
guantum interference device magnetomet@PMS5S,
qguantum design; 0 O€ H=<50 kOe) and PPM350 kOe
<H=90 kOe). Resistivities were measured by an ac four-
probe method with a frequency of 47 Hz and an amplitude of
10 mA using PPMS. The magnetic field was applied parallel
to the electrical current, because the orbit contribution is zero
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in this setup when Fermi surface is isotropic. < '0'?)' (b) ¥ 1o
In this paper, a difference in a physical quantay,T,H), ~ v 5’. R
between under 0 Oe andi is denoted asAjA(T) = _0‘2: e 3. T >
=A(T,H)-A(T,0). A magnetoentropyA,S(T), was calcu- F i ¢ 3. 11 fi
lated by the following equations: 2 4 s %5, S
e L CoPt, §§§§ & %
T ALC(T) § 0.6 B 2 g
AHS(T)ZAHS(TOHJ ————dT, (3) 2 (o) 5, g
To T < 08 ) . . . . i
100 200 300
or T (K)
HldM(T,H") . FIG. 1. Temperature dependences\gf oS (solid circles and
ArS(T)= fo —r 0 (4 Agg o (open circlel (a) LageSip4Co0s, (b) SrRUQ, and (0

CoPt polycrystals. Error bars are less than the mark size except for
whereC(T,H) is a heat capacity af and undeH. Because CoPt.
the experimental error oA, C is large in the temperature o o
range far awayT. and under low field, the data under 90 tional constan is |_ndependent of temperature. This indi-
kOe in the range~0.7Tc<T<~1.2 T¢ shown in Figs. 1 ~cates that,p is a single-valued function ak,S. The pro-
(except for CoRy) and 4 were calculated by E(B), and the portional constants elstlmated by least-square fitting are 27,
other data were calculated by E@). In a ferromagnetic 82, and 3.5u0 cmJ *Kmol for Lag 651.4C00;, SrRuQ,
phase, a magnetoentropy estimated by @&.is incorrect and _CoP;, respectively. This proportional relatlon_ was also
because of irreversibility itM-H loop. However, the irre- ~ confirmed by the other plot of same data shown in Fig. 3. It
versibility of the present samples is not large and thus thdS found thatA,p/AyS is constant and independent of tem-
deviation from the correct value is small at least under higHPerature within the experimental error, though the data in the
fields. A,S(To) in Eq. (3) was estimated from Eq4) at Iow-flelq region are scattered due to the large experimental
To=~1.2Tc. error originating from the small magnitude &f,p andA,S.

The open and solid circles in Figs(al-1(c) represent The magnetoresistance effects of (k8 ,Co0s;,
Agoro and Agp oS, respectively, for LgeSr 4C00;, SrRuQ,, and CoFg are po_m_plex far below (not shown. _
SrRuQ;, and CoP{. It is clear that the temperature depen- Ste_ep decrease in resistivity was ob_served in the low-field
dences 0fAgy oS and Agg o are similar to each other r€gion below about 50 and 200 K in ¢45r/Co0; and
above, at, and just beloW.. Such a similarity was not COP%, respectively, possibly due to tunneling magnetoresis-
observed below about 220, 120, and 200 K intance across grain bound&tpr domain-wall scattering In
Lag 631 4C00;, SrRuQ, and CoPy, respectively. Particu- SrRugG,, positive_magnetoresistance. was Qbsgrved below
larly, the magnetoresistance of SrRughowed an extraordi- aPout 10 K possibly due to the orbit contrlb_utlbrT.hese
nary shoulder around 60 K, which has been reported in aRehaviors far belowc are discussed later again.
epitaxial SrRuQ thin film.2* The proportional relation of Eq(2) naturally suggests

The insets of Figs. @)—2(c) showA, p—M2 curves at a that,
constant temperature for }gSrp,Co0;, SrRu@, and _
CoP%, respectively. It is found that the curve is a downward Aupsd T)=KAuSmad T), ®)
convex one at least just aboWfe and thatAyp is a many-  whereS;,4is a magnetic entropy. The reliability of E() is
valued function ofM? (A,p at anyM? decreases a§c is ~ supported by the following three fact§)—(iii). (i) Eq. (1)
approached On the other handA,p—A4S plots at a con-  can be derived from Ed5) when the mean-field approxima-
stant temperature shown in FiggaR-2(c) exhibit an excel- tion is valid (far aboveT¢) and the magnetic field is rela-
lent linearity above, at, and just beldlix and even up to the tively small. Namely, the relations gf=Ccy/(T—6), M
high field of 90 kOe. Moreover, it is found that the propor- = yH, and Eq.(5) result inA= KMga{ZCCWpsd(T,O), where
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FIG. 2. Ayp vs AyS plot in the range of 0 OesH=90 kOe at
some temperature$a) Lag ¢Sty 4C00;, (b) SrRuQ;, and(c) CoPg
polycrystals. Solid lines represent results of fitting by &. Insets
showAp vs M? plot. Dotted lines in the insets are guides for the
eyes. Error bars are less than the mark size except for;CoPt
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FIG. 4. Temperature dependences\af oS (solid circles and
Ago ko (Open circles for Lag g,:51 174MIN0O5 single crystal. Inset
showsAp vs A,S plot in the range of 0 OeH<90 kOe.

aboveT (see the insets of Fig.) 2s explained by Eq(5). In
the critical regiony=C'/(T—T¢)?, wherev is the critical
exponent. This andM=yH relations result in A
=KMZ(T—T)? 12C' pe(T,0). This explains the ex-
perimental result that the slope af;p—M? curve atM?
=0 decreases ab¢ is approached, because>1. In addi-
tion, the downward convexr,p—M? curve is consistent
with the upward conveM -H curve generally observed just
above T and in the high-field region(iii) Fisher-Langer
relation (found only in the critical region

&Psd:
JT
can be derived from Ed5), whereC,,4is a magnetic heat

capacity andk is a constanf. Equation(5) is equivalent to
the relation

kaaga (6)

psd T,H)=KSmad T,H) + po )

at least in the measuremehtandH ranges(relatively large
entropy regiol, wherep, is a constant. This results in

Ccw and 0 are Curie-Weiss constant and parametric Curie

temperature, respectively. In this cagejs independent of
temperature, becaugg(T,0) is a constant abové; in the
mean-field theory?® (i) The deviation from Eq.(1) just
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Magnetic field dependence of,p/AyS for
Lag ¢Shy 4C00; (open symbols; left ax)s SIRuQ (solid symbols;
left axis), and CoPj (open symbols; right axjs Horizontal lines
represent that,p/A,S=27, 82, and 3.5 cm J K mol, re-

IPpsd Cmag~ K

aT T Te
in the vicinity of T¢. It should be noted that Eq7) does
not hold for the spin-wave scattering, because the corre-
sponding resistivity and magnetic entropy are proportional to
T? and T2, respectively’ This implies that the magnetore-
sistance due to suppression of spin-wave excitation does
not obey Eq.(2) or that Eq.(5) does not hold in the small
entropy region.

The origin of metallic ferromagnetism has been believed

to be different for Lg ¢Sr 4C00s,%® SrRuG;,*® and CoP4.28
In spite of this, the proportional relation betweanp and
A4S was observed in these materials. It is difficult to con-
sider that the proportional relation holds accidentally only
for the three materials. It is thus natural to suggest that the
proportional relation is universal for the magnetoresistance
due to suppression of spin disorder. Of course, it is taken for
granted that the resistivity due to spin-disorder scattering de-
creases with decreasing the magnetic entropy. However, the
simple proportional relation is quite surprising, because the
resistivity due to spin-disorder scattering is a complex func-

Crmag ®
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tional of spin-correlation functiofishat is not simply con-
nected with a magnetic entropy.
As described below, the quantitative relation of E%).is

PHYSICAL REVIEW B9, 092401 (2004

domain wall, spin wave, orbit contribution, and so on. Equa-
tions (7) or (8) predicts thatdpsy/dT should be positive,
becauseC,4 is always positive. However, negatiagp/dT

found to be useful to detect a presence of other contributionBas been observed abO"V'eliln some metallic ferromagnets,
to the magnetoresistance except for the suppression of spftich as Gt and ThMn,O,,”" which also implies a presence
disorder. Figure 4 and the inset show the temperature depeff other contributions.

dence ofAgg ko @andAgg koS andAp—AyS plot, respec-
tively, for Lag go551h.174VINO3. In this material, the propor-
tional relation was not observed betweapp and A4S in
the whole temperature regio(Bimilar results were also ob-
tained for the polycrystalline samplgghis is easily under-

stood, because the magnetoresistance of perovskite-ty
manganese oxides is well known to originate mainly from

Jahn-Teller distortioft and electronic phase separafibn

rather than suppression of spin-disorder scattering. The d

viation from Eg.(2) observed in LggSr 4C00;, SrRuQ,
and CoPj far below T would be also explained by other

The present study concludes théain Eqg. (5) is the most
useful physical quantity reflecting the spin-disorder scatter-
ing. The theoretical derivation of Ed5) and systematic
study on the material dependencelofwill proceed to un-
derstand the transport and thermodynamic properties of me-
FB%IIic ferromagnets. However, using a single crystal is indis-
pénsable in order to estimate the intrinsic valu&pbecause
the magnitude of resistivity is different between polycrystal-
éine and single crystalline sampl&s.
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