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Positive magnetoresistivity in a localized-moment ferromagnet with itinerant
spin fluctuations: TmCo2
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Results on electrical resistivity and magnetization of TmCo2 intermetallic compound in magnetic fields up to
15 T and in temperature range from 1.5 K to 300 K are presented. In zero magnetic field two well-separated
phase transitions are observed at low temperatures: at 3.7 K and at 3.3 K. Magnetoresistivity at temperatures
below 3.3 K is negative. However at higher temperatures, magnetoresistivity is positive in a weak field,
showing a maximum in the dependence on the magnetic field atHmax. Hmax is found to be proportional toT1.5.
The maximum exists also in the temperature dependence of magnetoresistivity, measured at a constant external
field H* . The results are interpreted in the framework of a model with two different contributions to magne-
toresistivity: a negative one, related to the localized 4f magnetic moments of Tm, and a positive contribution
associated with the features of the Co 3d band which are responsible for the itinerant metamagnetism ofRCo2

compounds. The positive magnetoresistivity arises due to the spin polarization of the Co 3d band by the
exchange field and enhancement of the spin fluctuations within this band.@S0163-1829~99!01425-3#
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I. INTRODUCTION

Electronic transport properties of highly enhanced me
lic materials have attracted considerable attention. Main
tures of resistivity and thermoelectric power in Kondo allo
and heavy fermion compounds have been successfully
plained by the scattering of the conduction electrons on m
netic impurities or on 4f moments of rare earth element
There is, however, another large class of enhanced mate
whose transport properties have not been well understoo
these are nearly magnetic compounds with itinerant s
fluctuations. In terms of enhancement these materials occ
an intermediate position between the normal metals and
heavy fermion compounds. The group ofRCo2 Laves phase
compounds~whereR stays for rare earth elements and Y, S!
belongs to this class~see for a review for example Refs
1–4!. Compounds with nonmagnetic elements: Y, Lu, a
Sc, are enhanced Pauli paramagnets. They exhibit meta
netic transition, i.e., a field-induced magnetic phase tra
tion from paramagnetic to ferromagnetic state under an
ternal magnetic field exceeding a critical valueHc . Magnetic
RCo2 have two magnetic subsystems with distinctly differe
properties. The first is the 4f localized magnetic moments o
the rare earth elements. The second is formed of the
hanced itinerant Co 3d electrons. Collective spin excitation
in this d-electron system are the spin fluctuations. Thed
electron band and the spin fluctuations are also present in
paramagneticRCo2. Long-range magnetic order in the itin
erantd-electron subsystem of magneticRCo2 compounds is
induced by the exchange field of ordered localized magn
moments of the rare earth ions. Concerning the trans
properties it has been shown that the main contribution to
PRB 600163-1829/99/60~1!/511~12!/$15.00
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resistivity of RCo2 comes from the spin fluctuation
scattering.4 At low temperatures the resistivity increases w
temperature asrs f5RT2 and shows a pronounced saturati
at high temperatures. These features are common for sys
with strong electron-electron scattering and have been in
preted within self consistent renormalization~SCR! theory of
spin fluctuations by Moriya.5 However, other important fea
tures of the electronic transport in these compounds have
been understood. Among them:~1! Complicated low-
temperature behavior of the thermopower;~2! dramatic sup-
pression of the temperature-dependent part of the resist
in RCo2 based alloys;~3! positive magnetoresistivity, re
cently observed in YCo2.6,7 The latter observation is espe
cially important, for the SCR theory unambiguously predic
that the spin-fluctuation contribution to the magnetoresis
ity of a nearly magnetic metal should be negative.8 Therefore
the discrepancy is of a qualitative character. Positive mag
toresistivity has been found also in paramagnetic and eve
ferromagnetic Y(Co12xAl x)2 alloys.9

In this paper we present detailed experimental results
the magnetoresistivity of TmCo2, which belongs to the fam-
ily of RCo2 compounds. We will restrict our discussion
the paramagnetic temperature range where the positive m
netoresistivity was observed. TmCo2 was chosen because o
the following reasons.

Among the magneticRCo2 compounds TmCo2 occupies
a special place. Recently it was shown that the molecu
field acting on 3d subsystem of TmCo2 is about 60 T, very
close toHc567 T of YCo2.10 However, thermal expansion
results11 and neutron diffraction data12 revealed that in con-
trast to other magneticRCo2 compounds, in TmCo2 there is
no long-range magnetic order in the itinerant Co 3d sub-
511 ©1999 The American Physical Society
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512 PRB 60NAKAMA, SHINTANI, YAGASAKI, BURKOV, AND UWATOKO
system belowTc since the intersublattice molecular field ac
ing on this subsystem is less than the critical field for
metamagnetic transition. The effective molecular magn
field which acts on 3d electrons in a magneticRCo2 can be
expressed asBeff5nM1B, wheren is the intersublattice ex
change coefficient,M, is the magnetization of the 4f local-
ized moments, andB5M1m0H, m0H is the external field.
The exchange coefficientn of TmCo2 was estimated to be
about 213 T f.u./mB (n'250 in SI units!,10 whereasM
'6 mB /f.u. at 4.2 K in field of about 4 T. Therefore,
comparatively weak external magnetic field induces mu
larger molecular effective magnetic field acting on Cod
subsystem. Moreover, since the exchange fieldBex5nM is
not a real magnetic field, it does not induce classic
Lorentz-force-driven magnetoresistivity which arises due
an orbital motion of the conduction electrons in magne
field. This permits us to separate the contribution of
Lorentz-force-driven magnetoresistivity to the total magn
toresistivity. Important also is that the spin disorder con
bution to electrical resistivity coming from the scattering
magnetic excitations within Tm moments, is comparativ
small in TmCo2.4

Throughout this paper the sign ofBeff is not important,
therefore, to avoid a confusion, from now on we will assu
that n is positive and expressBeff asBeff5unM2Bu.

II. EXPERIMENTAL PROCEDURES

A sample of TmCo2 was prepared from pure componen
by melting in an induction furnace under a protective
atmosphere and was subsequently annealed in vacuu
1100 K for about one week. The x-ray analysis showed
traces of impurity phases. A four-probe dc method was u
for electrical resistivity measurements. Resistivity was m
sured with a longitudinal orientation of electrical curre
with respect to the magnetic field. The size of the sam
was about 131310 mm3.

The precision of the determination of the absolute va
of resistivity in RCo2 compounds is rather low, mainly du
to an uncertainty in sample geometry which is closely rela
to the mechanical quality of the sample. We have found t
the density of polycrystalline samples of the high pur
RCo2 compounds, prepared by induction or arc melting,
generally lower than the density of less pure ones. There
the apparent resistivity of the higher purity samples is hig
owing to a smaller effective cross-section. To a some ex
the uncertainty of the determination of the absolute resis
ity value can be reduced by introducing a correction on
density of the sample. The estimated error in the abso
value of electrical resistivity with such corrections is abo
620%. However, reproducibility of the resistivity results f
the same sample is much better, and uncertainty is a
60.5%.

Magnetization was measured by a SQUID magnetom
on a sample from the same ingot as that used for the re
tivity measurements. The sample weight was 2.3 mg.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Temperature dependences of the resistivity of TmCo2 in
zero magnetic field and in the field of 15 T are shown in F
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1. It is known from specific heat, resistivity, and susceptib
ity measurements that in high-quality TmCo2 samples there
exist two transitions: at 3.8 K and at 3.4 K.4,11,13In contrast,
in the less pure material~characterized by a larger residu
resistivity!, only one transition was found.11,14 The higher
temperature transition was associated with Curie tempera
of the Tm localized moments. Below the second transit
temperature a ferromagnetic spiral structure along the@111#
direction was observed.12 In agreement with published
results,4,11 we have found two well-separated phase tran
tions, marked asTc andTR in the inset of Fig. 1. The pres
ence of two phase transitions indicates that the sample is
high quality. Transition temperatures, as determined from
maxima ofdr/dT are Tc53.7 K, TR53.3 K ~the latter was
obtained on heating!. Resistivity atTR shows a clear hyster
esis with the width of about 0.2 K, whereas atTc no hyster-
esis ~within the temperature resolution of ou
measurements—better than 0.05 K! was detected. Magne
toresistivity @r(T,H)2r(T,0)#/r(T,0) at m0H515 T is
negative below 20 K and amounts at its minimum at 4 K to
almost 80%. Qualitatively, this negative magnetoresistiv
is in agreement with theoretical results for ferromagne
metals.15 But details of the magnetic field and temperatu
dependences of the magnetoresistivity are different fr
those predicted by theory.15 The most striking result is tha
the magnetoresistivity measured at a temperatureT! above
TR is positive in an intermediate range of magnetic field
having a maximum at a magnetic fieldHm , which increases
with T!, see Fig. 2,Hm'Kh•T!1.5. The maximum is not
observable belowTR , it appears just above this temperatu
in a very small magnetic field. Note that the magnetores
tivity is positive even in a very close vicinity to the Curi
temperature, where a small external field induces a lo
range order in the 4f local moment system, which shoul
result in a strong decrease of resistivity. The magnitude

FIG. 1. Temperature dependency of the resistivity of TmCo2 .
n: zero field, heating;1: in field of 15 T; solid line~inset!: cooling
in zero field; d:magnetoresistivity,@r(T,H)2r(T,0)#/r(T,0).
Vertical broken line indicates Curie temperature. The inset sho
the resistivity in a vicinity of the ordering temperature.
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PRB 60 513POSITIVE MAGNETORESISTIVITY IN A LOCALIZED- . . .
the positive magnetoresistivity at its maximum@Dr(Hm)#
increases with increasing temperature and reaches the m
mum value at around 5 K. At higher temperaturesDr(Hm)
slowly decreases.

A maximum is also present in the temperature dep
dence of magnetoresistivity, as it can be seen in Fig. 3
these measurements the external magnetic field,H!, was
kept constant. However, as the temperature increases,
netization of the Tm subsystem, induced by the constant

FIG. 2. MagnetoresistivityDr5r(H,T!)2r(0,T!) of TmCo2

against external magnetic field, measured at different tempera
T! from 3.5 K to 30 K. The temperature is indicated by the numb
near to every curve.

FIG. 3. MagnetoresistivityDr5r(H!,T)2r(0,T) of TmCo2

against temperature T, measured in magnetic fieldsH! from 0.08 T
to 15 T. The field strength is indicated by the numbers near to e
curve. The magnetoresistivity of a less pure sample of TmCo2, mea-
sured atH!51.9 T, is shown by the broken line.
xi-

-
In

ag-
x-

ternal magnetic field, decreases. Therefore both the exch
field acting on the 3d itinerant subsystemBex5nM and the
magnetic field induced in the sampleB5m0H1M decrease.
This variation of the internal effective magnetic fields shou
result in a temperature dependence of magnetoresisti
Moreover, magnetoresistivity may have an intrinsic tempe
ture dependence. The observed temperature variation o
magnetoresistivity is a result of a combination of these t
effects. The temperatureTmax at which the magnetoresistiv
ity reaches a maximum increases withH! showing a similar
relation as that betweenHmax and T! in case of the field
dependencies:KtTmax

1.5 'H!. A strong resemblance betwee
the field dependence and the temperature dependenc
magnetoresistivity~see Figs. 2 and 3! implies that the varia-
tion of the magnetization of 4f subsystem plays the majo
role in the magnetoresistivity behavior.

A. Evaluation of different contributions to the resistivity

The total resistivity of TmCo2 includes several contribu
tions. For further analysis of the experimental results it
useful to have an estimate of the magnitude of different c
tributions. Assuming that the Matthiessen rule is valid w
write the resistivity of TmCo2 as

r~T!5r01rph1rs f1rspd, ~1!

wherer0 is the impurity resistivity,rph is the phonon con-
tribution, rs f is the spin fluctuation resistivity due to th
scattering of the conduction electrons on spin fluctuatio
within the Co 3d band, andrspd is spin disorder contribution
arising from the scattering on Tm 4f moments.rspd is inde-
pendent of temperature above Curie temperatureTc ,
whereasrspd5aT2 below Tc . Phonon resistivityrph at low
temperatures varies asrph5bT5. It has been shown, that in
RCo2 compoundsrph,rs f at all temperatures in the rang
from 0 K to 1000 K.4 Therefore in the further analysis w
will disregard this contribution. With these assumptions

res
s

ch

FIG. 4. The resistivity of TmCo2 at low temperatures, agains
T2, measured in zero magnetic field. The triangles represent
experimental points; the line is obtained by the least squares fi
the functionr5r01rspd1RT2 to the experimental resistivity.
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514 PRB 60NAKAMA, SHINTANI, YAGASAKI, BURKOV, AND UWATOKO
estimate the sumr01rspd by extrapolating the total resistiv
ity from the temperature regionT.Tc wherers f5RT2 and
rspd5const(T) hold, to T50; see Fig. 4. The extrapolatio
yields 9.2 mV cm for r01rspd. The resistivity above Curie
temperature shows purelyT2 variation in a broad tempera
ture range from about 5 K to at least 30 K with the gradien
R50.011 mV cm K22. This indicates that the temperatu
dependent part of the resistivity in this temperature rang
dominated by the spin fluctuation scattering.

Below Tc there are two temperature dependent contri
tions:rs f andrspd, both, according to theory should vary a
T2. The experimental resistivity does follow this law, s
Fig. 5. The extrapolation of ther(T)5RT21aT21r0 to T
50, yields r0>2.2 mV cm, independent, within the limits
of the experimental uncertainty, of the magnetic field. As
result, for therspd at temperatures aboveTc we get about
7 mV cm. The spin fluctuation resistivityrs f is very small
at Tc , however, sincers f increases with the temperatur
already atT. 26 K it exceedsrspd. Therefore in the para
magnetic temperature range the main contributions to
total resistivity are rs f and rspd: r(T,H)5rs f(T,H)
1rspd(H).

B. Field dependence of magnetoresistivity

The existence of a maximum in the field dependence
magnetoresistivity implies that there are at least two com
ing contributions of opposite sign and with different fie
dependencies. To understand an origin of these contribut
one has to take into account the specific features of the e
tronic band structure ofRCo2 compounds. From the ban
structure calculations16,17 it is known that the Co 3d states
give a major contribution to the total density of states~DOS!
at the Fermi energyN(«F), so thatNd(«F)@Ns(«F). There-

FIG. 5. Temperature dependency of the resistivity of TmCo2 at
low temperatures~below Curie temperature!, measured in zero
magnetic field and in the magnetic fields from 1 to 15 T. The lin
are obtained by the least squares fit of the functionr5r01aT2

1RT2 to the experimental resistivity.
is

-

e

e

f
t-

ns
c-

fore the well knowns-d scattering model of Mott has bee
used for interpretation of the transport properties.4,18 It is
assumed within this model thats electrons carry the bulk o
the current. Impurities, phonons, disordered local mome
and spin fluctuations cause scattering of thes electrons into
vacant s or d states, so thatrs f5rs f

s2s1rs f
s2d and rspd

5rspd
s2s1rspd

s2d . Since the scattering probability is propo
tional to the density of states into which the electrons
scattered,19 the s-d scattering occurs much more frequent
than thes-s scattering. As the result of this,rspd>rspd

s2d

;Nd(«F). The spin fluctuation scattering is in essence
electron-electron scattering of the conductions electrons on
3d electrons. Since the number of 3d electrons available for
the scattering is proportional toNd(«F), the spin fluctuation
resistivity rs f>rs f

s2d;Nd
2(«F).

External magnetic field can affect the electrical resistiv
in a number of ways.

First, the internal fieldB5M1m0H can give rise to the
classical, Lorentz-force-driven positive magnetoresistiv
DrL . Both the transversal and the longitudinal Loren
force-driven magnetoresistivityDrL;B2 in a weak field.
The transversal magnetoresistivity is saturated in the limi
high fields in the case of a metal with closed Fermi surfa
longitudinal magnetoresistivity is saturated always.20

Secondly, the external field suppresses a disorder wi
the localized magnetic moments, giving rise to an unifo
magnetization M and to a negative magnetoresistivi
Drspd. It has been shown that for a system of localized sp
S, the spin disorder resistivityrspd can be expressed as:21–23

rspd5r`S 12
^S&2

S~S11! D , ~2!

wherer` is a constant, proportional toS(S11). In the para-
magnetic temperature range, if external field is zero,^S&
50, andrspd5r` . External magnetic field induces the un
form magnetizationM5^S& and the magnetoresistivity

Drspd5rspd~H !2rspd~0!52r`

^S&2

S~S11!
52CM2

~3!

~whereC is a temperature independent constant!.
And thirdly, the external field causes a spin polarizati

of the 3d band via effective molecular fieldBeff5unM2Bu,
where intersublattice exchange constantn@1. This polariza-
tion can change the total 3d-DOSNd(«F) and the magnitude
of the itinerant spin fluctuations. It has been proposed,
external magnetic field suppresses spin fluctuations and l
to a decrease of Nd(«F), and to a negative
magnetoresistivity.8,5,24 However there are strong argumen
that this conclusion is not valid for the itinerant metama
nets, like RCo2 compounds. It has been shown that the me
magnetism of an itinerant electron system is intimately c
nected with specific features of DOS near the Fermi ene
namely, the DOS energy dependence should have a pos
curvature.2,25,26In this case the splitting of DOS in the effec
tive field results in an increase ofNd(«F), as illustrated by
Fig. 6. The increase of DOS under application of a magn
field is the necessary condition for the existence of the m
magnetic transition. Since the magnetic field brings the s
tem closer to the ferromagnetic instability, the magnitude

s
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PRB 60 515POSITIVE MAGNETORESISTIVITY IN A LOCALIZED- . . .
spin fluctuations should also increase. In agreement with
scenario of the increase ofNd(«F) and of the magnitude o
the spin fluctuations, it has been experimentally found t
the paramagnetic susceptibility of itinerant-electron me
magnets increases under external magnetic field.2

Because of the increase ofNd(«F) due to the polarization
of the 3d band by a magnetic field acting on this system,
s2d scattering contributions to resistivity should also i
crease, giving rise to a positive magnetoresistivityDrs2d .
The previous discussion implies that this should be a co
mon feature of itinerant-electron metamagnets.

Drs2d includes, in principle, contributions from all th
scattering processes which can causes2d transitions. In par-
ticular, in the case of high-purity TmCo2 these are the itin-
erant spin fluctuation scattering and the localized spin dis
der scattering. As we discussed above, disorder in the
localized moment subsystem is suppressed by the exte
field, therefores2d scattering, induced by the localized m
ments, also decreases. In contrast, we expect that the m
tude of the itinerant spin fluctuations increases in the fie
Therefore, the increase ofNd(«F) due to the polarization o
the 3d band in the effective fieldBeff affects most strongly
the spin fluctuation contribution to the resistivity, giving ris
to a positiveDrs f . However, the impurity scattering and th
scattering on the disordered localized magnetic moments
give a substantial contribution toDrs2d too. Indeed, the ex-
perimental magnetoresistivity of a TmCo2 sample with a
larger residual resistivity (r0520 mV cm) exceeds consid
erably the magnetoresistivity of the high purity TmCo2; see
Fig. 3.

Both DrL andDrs2d are positive, but there is an impo
tant difference between them: thes2d scattering contribu-
tion to the magnetoresistivity is a function of the effecti
molecular fieldBeff : Drs2d5 f (unM2Bu); whereas the Lor-
entz force magnetoresistivityDrL arises due to an orbita

FIG. 6. DOS of TmCo2 near to Fermi energy and the effect
magnetic field onNd(«F) ~schematically!. The splitting of the 3d
DOS due to a polarization in magnetic field results in an incres
the total DOS at«5«F .
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e
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r-
m
al

ni-
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motion of the conduction electrons in magnetic fieldB
5m0H1M , and thereforeDrL5 f L(B).

Summing up, we expect that in TmCo2 three mechanisms
may give the most important contributions to magnetore
tivity: the negative magnetoresistivity due to the suppress
of disorder within the localized Tm-moment subsyste
Drspd52CM2; the positive, Lorentz-force-driven magne
toresistivityDrL5 f L(B); and, the positive magnetoresistiv
ity Drs2d arising due to the polarization of the Co 3d band
and enhancement of the itinerant spin fluctuationsDrs2d
5 f (unM2Bu).

To estimate the relative importance ofDrL andDrs2d for
the observed dependencies ofDr on magnetic field and on
temperature, we note, that the variation of the magnetic fi
B is very different in the measurements of the magnetore
tivity dependence on magnetic field at a constant tempera
as compared with the measurements of the temperature
pendence of the magnetoresistivity at a fixed external m
netic field. In the former experiment the temperature is fix
and the internal magnetic field varies from zero to a ma
mum valueBmax5m0Hmax1M(Hmax,T). In the latter, how-
ever, the external magnetic field is fixed and the tempera
is varied from aTmax to aTmin . In this caseB varies at most
from Bmin'm0H ~high temperature limit! to Bmax5m0H
1M(H,Tmin), M being!m0H in the paramagnetic tempera
ture region, i.e., variation ofB is in this case much smalle
than in the field dependence measurements. However,
magnitude of the experimental magnetoresistivity variat
is the same in these two experiments, as it can be see
Figs. 2 and 3. Therefore, only the variation ofB in the tem-
perature dependent measurements cannot cause the m

f FIG. 7. Magnetoresistivity in dependence on effective molecu
field Beff5nM2B. The dependence of the magnetoresistivity
magnetic fieldDr(H,T* ) is shown by the open symbols forT*
54.5 K andT* 510 K. The filled symbols display the temperatu
dependencies of the magnetoresistivityDr(H* ,T), measured at
H* 50.5 T andH* 52 T.
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516 PRB 60NAKAMA, SHINTANI, YAGASAKI, BURKOV, AND UWATOKO
toresistivity temperature dependence. This variation could
explained by an intrinsic temperature variation of the m
netoresistivity, but this is in contradiction to the experimen
results for YCo2, where the magnetoresistivity is nearly in
dependent of the temperature in the temperature range
about 2 K to at least 30 K. On the other hand, the effecti
molecular fieldBeff5unM2Bu has in both these experimen
almost the same variation~note,n'50, whenM is expressed
in tesla!. Magnetoresistivity, when plotted versusBeff reveals
nearly the same dependence in both the field dependent
surements and the temperature dependent measuremen
Fig. 7. Therefore the driving force for the positive magn
toresistivity is notB, butBeff , whose main contribution is the
exchange fieldnM. Since the exchange field is actually n
magnetic field, it cannot induce the Lorentz-force mag
toresistivity and we conclude that the existence of maxima
both the magnetic field and the temperature dependence
the magnetoresistivity indicates that the effect ofDrL on the
nonmonotonic behavior of the magnetoresistivity should
small. In the further analysis we will not takeDrL into ac-
count.

ConcerningDrs2d(Beff) there is no theory which can
give an actual form of the dependence. Therefore we sug
this dependence based only on the experimental facts.

~1! The magnetoresistivity of TmCo2 is positive at small
field and negative at larger fields. The negative contribut
Drspd;B2 according to theory. Therefore the positive co
tribution should have a weaker field dependence.

~2! The magnetoresistivity of the paramagnetic YC2
~where Co 3d subsystem is essentially the same as tha
TmCo2, but in YCo2 there are no localized moments! was
found to be positive.7 The best fit of the magnetoresistivity o
YCo2 is given byDr5b1H1b2H2, both the linear andH2

terms being positive. The result implies that theH2 contri-
bution is due to the classical, Lorentz-force-driven mag
toresistivity. The positiveH2 term cannot result in the non
monotonic variation ofDr(H) in TmCo2, furthermore, in
YCo2, it is about 5 times smaller than the linear term. The
fore, we assume for the time being, thatDrs2d is a nearly
linear function ofBeff : Drs2d;Beff

a , and represent the tota
magnetoresistivity as

Dr~T,H !5r~T,H !2r~T,0!

5Drs2d1Drspd5ABeff
a 2CM2. ~4!

WhenB!nM andn(dM/dH)@1, we can use a simplified
expression forBeff : Beff5nM. These conditions are not sa
isfied in high magnetic field whenM approaches to satura
tion magnetizationMs ; or at high temperatures. We wi
consider such a case later.

There are two special points in the dependence ofDr(H)
on the field: the fieldHmax at which the magnetoresistivit
reaches a maximum valueDr(Hmax)[Drmax; and the field
H0, whereDr crosses the zero line,Dr(H0)50. The posi-
tion of the maximum ofDr(H) can be found from the con
dition

dDr

dH
5

dM

dH
~AnaMa2122CM!50. ~5!
e
-
l

m

ea-
see

-

-
n
of

e

st

n
-

n

-

-

In the paramagnetic range,dM/dHÞ0, therefore from Eq.
~5! follows

Mmax5S Ana

2C D 1/(22a)

. ~6!

MagnetoresistivityDr50 at H50 and at

M05S An

C D 1/(22a)

. ~7!

Note that bothMmax andM0 depend neither on the magnet
field nor on the temperature if we assume that bothA andC
are temperature independent constants. This assump
seems to be well justified in case ofDrspd ~the constantC).
The negative magnetoresistivityDrspd arises due to suppres
sion of a disorder within the localized Tm moments. Since
the paramagnetic temperature regionrspd is independent of
temperature, its decrease in an external field depends on
the induced magnetizationM. However the coefficientA can
be in general temperature dependent. Our guess on its
perature independence is based on the experimental fact7 that
the magnetoresistivity of YCo2 is almost independent of th
temperature in the range from 2 K to about 40 K.

To compare theoretical results~6! and~7! with the experi-
mental data we need to know the dependence of the ma
tization on magnetic field and on temperature. In the pa
magnetic temperature range, whenT@Tc , the susceptibility
x of RCo2 compounds was found to follow, in a first ap
proximation, to Curie-Weiss law.5,27–29Therefore, when the
magnetizationM is considerably smaller than the saturati
magnetizationMs so thatM}x•H, it can be approximately
expressed asM5DH/(T2Tc). This results in

Hmax5S Ana

2C D 1/(22a)

D21~T!2Tc!, ~8!

FIG. 8. The plot of the position of the magnetoresistivi
maxima and zeros on the H-T plane in the linear scale.j: the
maxima of the dependence ofDr on the magnetic field at a constan
temperature:Hmax(T

!); d: the zeros ofDr(H) at a constant tem-
perature:H0(T!).
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H05S An

C D 1/(22a)

D21~T!2Tc!, ~9!

whereT! is the temperature at which the field dependence
the magnetoresistivity is measured. Equations~8! and ~9!
show that bothHmax andH0 linearly increase with tempera
ture, however with different gradients. This is in roug
agreement with the experimental results, however the exp
mental temperature dependenciesHmax(T

!) and H0(T!),
shown in Fig. 8 are not linear.

The theoretical ratio of the gradients of theHmax(T
!) and

H0(T!) dependencies,K5K0 /Km , is equal~in the approxi-
mation of the linear relation betweenM and H) K
5(2/a)1/(22a). It depends only on value ofa. The experi-

FIG. 9. The dependence of magnetization on the external m
netic field.d: experimental results at temperatures from 3.8 K to
K. The temperatures are indicated by numbers near to each c
Solid triangles show the position ofMmax. The lines are guides fo
the eye.

FIG. 10. Temperature dependence of the inverse susceptib
1/x5H/M at different external magnetic fields from 0.08 T to 4
f

ri-

mental value ofK is about 2.2. The nearest integer soluti
of the equation (2/a)1/(22a)52.2 is a51 ~this is the exact
solution for K52) in agreement with the experimental r
sults for YCo2, as it was discussed above. The differen
between the experimentalK'2.2 and theK52 correspond-
ing to a51 originates from the fact that in the region o
Mmax and M0, the magnetization is not precisely a line
function of the external field as it can be seen in Fig.
where the magnetization of TmCo2 is displayed in depen-
dence on the applied magnetic field. Knowing theHmax at a
given temperature, it is easy to find also the experimen
values ofMmax from theM (H) dependence, measured at t
same temperature. TheseMmax are shown in that figure too
As it can be seen from Fig. 9,Mmax falls in the region where
M (H) has an appreciable curvature. Somewhat better
proximation for that region would beM;Hi with i ,1.
Evaluation of i from relation 21/i52.2, gives 1/i'1.1 (i
50.9). This also accounts for, in a part, the nonlinearity
the Hmax(T

!) andH0(T!) dependencies. Another, and mo
important contribution to the nonlinearity of theHmax(T

!)
andH0(T!) dependencies relates to the observation that,
though at low magnetic fieldsx closely follows to Curie-
Weiss dependence, see Fig. 10; there are considerable d
tions from this dependence at higher magnetic fields in
temperature range, in which the maximum of the magneto
sistivity is observed. Therefore, in the case of the pres
problem, the Curie-Weiss law is not a sufficiently good a
proximation forx. As it is well known, a more precise the
oretical result for the susceptibility of a ferromagnetic me
is29 x5D/T4/32Tc

4/3. In Fig. 11 we show the magnetizatio
of TmCo2 in dependence onT24/3. At low magnetic fields
the experimental data display almostT24/3 dependence on
the temperature, however again there is a noticeable de
tion at high fields. But, what is important for the prese
consideration, the expressionM5DH0.9/T4/3 accurately pre-

g-

ve.

ity

FIG. 11. The dependence of magnetization on 1/T4/3 at different
external magnetic fields from 0.08 T to 4 T. Small points with t
broken lines as the guides for the eye represent the experim
results. Solid lines show the functionM536 (H0.9/T4/3). Big solid
circles:Mmax.
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dicts the values ofMmax with a single value of parameterD,
equal to 36mB /f.u.T20.9K4/3. Therefore a more accurate em
pirical expression forHmax is

Hmax5F S An

2CD T!4/3

D G1.1

. ~10!

In agreement with this formula, the experimentalHmax and
H0 reveal a linear variation when plotted against (T!4/3)1.1;
see Fig. 12~note, the product 4/331.151.47'1.5). We
would like to emphasize, that we do not claim that the m
netization of the paramagnetic TmCo2 can be expressed a
M5DH0.9/T4/3 in a broad range of temperatures and ma
netic fields. As we mentioned, the experimentalx closely
follows to Curie-Weiss dependence at low magnetic fie
see Fig. 10, it however deviates from this dependence
higher magnetic fields. We have found that, because of th
deviations, the dependence ofMmax on the magnetic field
and on temperature cannot be described by the Curie
law: Mmax5DHmax/T* , rather it is well approximated by th
modified expression:Mmax5DHmax

0.9 /T* 4/3, from which the re-
lation ~10! follows.

Another discrepancy between the theory and the exp
ment relates toMmax. According to the previous discussio
Mmax should be a constant, which, in a first approximati
depends neither on magnetic field nor on temperature. Fig
9 however clearly shows thatMmax depends strongly on tem
perature. This result has important implications. The simp
explanation of this strong dependence would be a temp
ture dependence of coefficientA in the expression for mag
netoresistivity. However, as we already discussed, the
perimental results on the magnetoresistivity of YCo2 suggest

FIG. 12. The plot of the position of the magnetoresistiv
maxima and zeros on theH2(T4/3)1.1 plane.j: the maxima of the
dependence ofDr on the magnetic field at a constant temperatu
Hmax(T

!); s: the maxima of the dependence ofDr on the tempera-
ture at a constant magnetic field,Tmax(H

!); m: the magnetic field
H0(T!) at whichDr(H,T!)50; andd: the temperatureT0(H!) at
which Dr(H!,T)50.
-

-
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at
se

e

ri-
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st
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that A is almost independent of temperature. In our la
discussion we will show that the present results indicate
A does have a temperature dependence, slowly decrea
with the increasing temperature. However the tempera
dependence ofA is too weak, moreover, it has the wron
sign, to explain the variation ofMmax. We think that the
explanation of the strong dependence ofMmax on tempera-
ture lies in the different time scales and the symmetry
resistivity and magnetization experiments. The resistivity i
very ‘‘fast’’ experiment with the characteristic time scale
order of 10210210214 sec. Therefore even comparative
high-frequency fluctuations of the magnetization of the
Tm moments are seen by the conduction electrons as reg
of a static magnetization. We understand here as the flu
ating magnetization the long-range magnetic correlations
Tm moments. Where ‘‘long-range’’ means that the spa
extension of the ordered region~correlation length! is much
larger than the mean free path of conduction electrons.
fluctuating magnetization of the 4f Tm moments induces the
fluctuating molecular field, acting on the Co 3d electrons.
On the other hand, the magnetization was measured in
essentially static experiment. Additionally, the magnetore
tivity, in contrast to magnetization, is an even function of t
magnetic field in the sense that it does not change the sig
the direction of the magnetic field is reversed. The time- a
the space-average of the fluctuating part of the magnetiza
in the magnetization measurement is equal to zero and g
no contribution to the measured magnetization. In the re
tivity analysis however, one has to take into account the to
magnetization, which is a sum of the static magnetizationMs

and of the fluctuating magnetizationM f : M5Ms1M f . The
magnitude and spatial extension of the fluctuating com
nent of the magnetization should increase as temperature
proaches to the Curie temperature. Now the sum (Ms

1M f)max should be constant, therefore, the static partMmax
s

decreases near to the Curie temperature. The fluctua
magnetization exists also when no external magnetic fiel
applied. We suppose that the sharp increase of the zero
resistivity of TmCo2 near the Curie point arises due to th
positive magnetoresistivity in this fluctuating molecul
magnetic field. Similar mechanism should be effective a
for otherRCo2 compounds. We will turn to this subject late
in discussion of the temperature dependence of the ma
toresistivity.

C. Temperature dependences of the magnetoresistivity

The temperature dependence of the magnetoresisti
measured at a constant external magnetic fieldH!,DrT , re-
veals also a nonmonotonic variation. We will show that t
mechanism of this nonmonotonic behavior is essentially
same as in the case of the field dependencies of the ma
toresistivity,DrH , measured at a constant temperature.

The magnetoresistivity is defined as follows:

Dr5rspd„M ~H,T!…2rspd~0!

1rs2d„M ~H,T!,T…2rs2d~0,T!. ~11!

From Eq.~11! the conditions for the maximum follow:

dDrH

dH
5

dM

dH
DM50, ~12!

,
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with

DM[
]rspd„M ~H,T* !…

]M
1

]rs2d„M ~H,T!!,T* …
]M

,

and

dDrT

dT
5

dM

dT
DM1DT50, ~13!

where

DT[
]rs2d„M ~H!,T!,T…

]T
2

]rs2d~0,T!

]T
5

]Drs2d

]T
.

It is clear from Eqs.~12! and~13! that, if DTÞ0, the position
of the maximum (Hmax,T

!) of the DrH(H) is not coincide
with the position of the maximum (H!,Tmax) of DrT(T).
Experimental results reveal that there is a small but syst
atic difference between the line of (H!,Tmax) and the line of
(Hmax,T

!). The points (H!,Tmax) sit in the region where
DM,0. Since dM/dT,0, DT,0 around the line of the
maxima onH2T plane, Fig. 12. In other words, the positiv
magnetoresistivityDrs2d decreases with the temperatur
The magnitude ofDT can be estimated from theDrT . The
estimation yieldsDT'20.01 mV cm K21 at T534 K; and
DT'20.02 mV cm K21 - at T510 K. The total decrease o
Drs2d(Beff5const) in the temperature range from 5 K to 30
K does not exceed 0.4mV cm, this is about 30% ofDrmax.
Therefore the coefficientA in Eq. ~4! is not actually tempera
ture independent, however, because of comparatively s
value of DT , the temperature dependence ofA cannot ac-
count for the observed variation ofDr(H* ,T). This varia-
tion is mainly the result of the temperature dependence
magnetizationM of Tm localized moments and of the effe
tive field Beff5unM2Bu.

FIG. 13. The temperature dependence of magnetization in
ferent external magnetic fields. The big solid circles indicateMmax

s .
At high temperaturesMmax

s saturates and approaches a const
value, shown by the horizontal broken line.
-

.

all

of

The decrease ofDrmax with temperature or with magneti
field is also partly a consequence of the negative sign ofDT .
But this is not the only mechanism which can cause
decreaseDrmax at high temperatures and it certainly cann
explain the sharp decrease ofDrmax at low temperatures. At
low temperatures we need to take into account the fluctua
part of the magnetization, as it was discussed above.
total magnetoresistivityDr includes two contributions: first
the ‘‘zero field magnetoresistivity’’Dr0 due to the fluctuat-
ing magnetization in absence of an external field; and s
ondly, the static magnetoresistivityDrm which relates to the
static magnetization, induced by the external magnetic fi
It is Drm that we measure experimentally. According to t
present model, we have for the magnetoresistivity:Dr
5An(Ms1M f)2C(Ms1M f)2. The experimentally mea
suredDrm is equal:

Drm5Dr2Dr05Ms~An2CMs22CMf !, ~14!

whereDr05AnMf2C(M f)2. It follows from Eq. ~14! that
Drm(H) has the maximum atMs1M f5An/2C. The mag-
nitude ofDrm at the maximum is equal:

Drmax
m 5

A2n2

4C S 12Mmax
f 2C

AnD 2

. ~15!

We assume here that in a first approximationM f is depen-
dent only on the temperature but not on the external fie
The temperature variation ofMmax

f can be estimated from th
temperature variation ofMmax

s ; see Fig. 13. The static mag
netizationMmax

s rapidly vanishes, as temperature nears
Curie temperature, and approaches to the constant v
An/2C at high temperatures, whereM f should vanish. The
fluctuating part of the magnetization can be obtained
Mmax

f 5An/2C2Mmax
s . The result is depicted in Fig. 14 b

the solid line.

if-

t

FIG. 14. The temperature dependence of the fluctuating ma
tization M f ~solid line! and of the ‘‘zero field magnetoresistivity’
~dots!. The inset shows the ‘‘zero field magnetoresistivity’’ again
the fluctuating effective molecular field. The solid line in the inse
a linear fit to the experimental data.
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Figure 14 shows also the positive ‘‘zero field magneto
sistivity’’ Dr0. It was obtained by the following procedure
~1! The RT2 dependence was fitted to the experimental z
field resistivity of TmCo2 in temperature range from 15 K t
about 40 K and extrapolated to the low-temperature reg
see Fig.~4!. ~2!. This dependence was subtracted from
experimental zero field resistivity of TmCo2. In the inset to
Fig. 14,Dr0 is plotted against the effective molecular fie
Beff5nMf . The resistivity increases almost linearly with th
effective magnetic field with the rate of 0.07mV cm/T. The
value is comparable with 0.09mV cm/T found for the mag-
netoresistivity of paramagnetic YCo2.7 We therefore con-
clude that the upturn of the zero-field resistivity of TmC2
near to Curie temperature is in essence the positive ma
toresistivity, which arises due to the polarization of thed
band by the fluctuating molecular magnetic field. Similar b
havior of the resistivity of ErCo2 and an enhancement of th
resistivity of HoCo2 and, probably of DyCo2,4 can be ex-
plained by this mechanism.

At high temperatures, or at high magnetic fields the c
dition Mn@H cannot be satisfied and for the effective fie
which acts on Co 3d subsystem we should useunM2Bu
instead ofnM. In this temperature region we disregardM f

since it decreases with increasing temperature rapidly. T
Drm5A(nMs2B)2C(Ms)2. Using again for the magneti
zation, Ms5DH0.9/T4/3, we can obtain as the approxima
solution

Drmax
m '

A2n2

4C S 12
Tmax

4/3

Dn D 2

. ~16!

Combining the results of Eqs.~15! and~16!, the overall tem-
perature variation ofDrmax

m can be represented as

FIG. 15. The magnitude of the magnetoresistivity at its ma
mum. The solid line shows the fitted function~17!. The data points
on this plot are the experimentalDrmax, corrected on the decreas
of the positive contribution of the magnetoresistivity with increa
ing temperature due to the negative]Drs2d /]T. The correction
was done by addition of̂]Drs2d /]T&(T25) to the experimenta
Drmax values. Thê ]Drs2d /]T& is the mean value of]Drs2d /]T
in the temperature interval from 5 K to T. T stays forTmax or T!

depending on whetherDrmax was obtained in the measurement a
constant magnetic field or at a constant temperature.
-

o

n;
e

e-

-

-
,

en

Drmax
m ~T!'

A2n2

4C S 12Mmax
f 2C

AnD 2S 12
Tmax

4/3

Dn D 2

. ~17!

Since An/2C5Mmax, which can be estimated to be 3
mB /f.u. ~see Fig. 13!, we representA2n2/4C5C(An/2C)2

5C3.72. Further, we use forMmax
f an analytical expression

Mmax
f 5An/2C@12(T2Tc)/(m01T2Tc)# which fits well to

the experimentally obtained values, as explained above.
leaves us with three free parameters in the function~17!: C,
m0, andDn. The experimentalDrmax

m , and the function~17!
fitted to these data, are shown in Fig. 15.

The following values were obtained for the free para
eters from the fit: m050.2 K, C50.12
60.01 mV cm(f.u./mB)2, Dn57006380 K4/3. In fact,
from these three parameters truly free is onlym0, the other
two can be obtained from independent experimental d
The intersublattice exchange coefficientn was found to be
'13 T f.u./mB

10, whereasD was estimated from the slop
of M (T24/3) dependence~Fig. 11!: D'36 mB /f.u.K4/3/T.
This yieldsDn'470 K4/3 in good agreement with the valu
obtained from the fitting. CoefficientC can be found from
the relationAn/2C53.7 mB /f.u., if A is known. A can be
estimated from the field dependence of the magnetoresi
ity of YCo2 ~estimation yields about 0.09mV cm/T), or
from the ‘‘zero field magnetoresistivity’’Dr0 of TmCo2
~Fig. 14! ~about 0.07mV cm/T). With these values ofA, C
is equal 0.16 mV cm(f.u./mB)2; or 0.13 mV cm(f.u./mB)2,
respectively. The agreement with the value
0.12 mV cm(f.u./mB)2 is rather reasonable.

Summarizing the results of the discussion and mak
somewhat problematic assumption thatMs(T,H) andM f(T)

-

-

FIG. 16. Temperature dependence of the magnetoresistivit
magnetic fields of 1 T, 2 T, and 15 T. The solid lines show t
magnetoresistivity calculated according to expression~18!. The tri-
angles with the error bars represent the experimental data
m0H515 T.
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can be expressed similar toMmax
s and Mmax

f , we can write
down the temperature and the field dependencies of the m
netoresistivityDrm as

Drm5AunMs2Bu2~CMs12CMf !Ms

or

Drm5AUn DH0.9

T4/3
2BU2S C

DH0.9

T4/3
12CMf D DH0.9

T4/3
.

~18!

Figure 16 presents the calculated magnetoresistivity
given by formula~18! with the parameters defined abov
The theoreticalDrm(T,H) dependencies demonstrate go
agreement with the experimental results giving further c
firmation that the present model of the magnetoresistivity
basically correct. A feature emerges: on theseDrm(T,H* )
dependencies there is a minimum at high temperature
about 100 K. The minimum appears at the temperat
where internal magnetic fieldB just compensates the ex
change fieldnM: nM2B50. The existence of this featur
in the magnetoresistivity opens a new method to determ
the intersublattice exchange coefficientn ~for the systems
with the antiferromagnetic coupling between sublattic!
from the measurements of magnetoresistivity and magne
tion. If the position of the minimum (Tcom,H* ) is deter-
mined from the magnetoresistivity results, the intersublat
exchange coefficient can be found asn5B/M (Tcom,H* ).
Our experimentalDrm measured at highest available in th
present measurements magnetic field of 15 T, confirms
existence of the minimum. Unfortunately, the resolution
the resistivity measurements at high temperatures is not g
enough to allow a detailed comparison between theore
and experimental results at these temperatures for lo
magnetic fields.

IV. CONCLUSION

The electrical resistivity and the magnetization of hi
quality sample of TmCo2 compound were measured from
K to 300 K in longitudinal magnetic field from 0 T to 15 T.

Nonmonotonic variation of the magnetoresistivity wi
magnetic field and with temperature has been observe
temperatures fromTc to about 50 K. Contrary to theoretica
predictions for systems with localized magnetic mome
n

d
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and for spin fluctuation materials, the magnetoresistivity
positive in weak magnetic fields, having a maximum in d
pendence on magnetic field atHmax(T

!) or, in dependence on
temperature atTmax(H

!). There is an universal relation be
tweenHmax andT! or betweenTmax andH!: H;T1.5. This
behavior of the magnetoresistivity is explained on the ba
of a model which assumes that there are two different c
tributions to the magnetoresistivity: the positive magneto
sistivity, Drs2d;H; and the negativeDrspd;H2. The latter
originates from the suppression by the magnetic field o
disorder in the system of localized magnetic moments of T
The positive contribution to the magnetoresistivity is fou
to be proportional to the exchange field acting on the 3d Co
electrons. This excludes the possibility that this contribut
is due to the orbital motion of conduction electrons in t
magnetic field. The positive magnetoresistivity arises due
spin-polarization of the Co 3d band by the exchange field, a
increase of DOS magnitude at the Fermi level, and enhan
ment of spin fluctuations within this band. This mechanis
of positive magnetoresistivity should be common f
itinerant-electron metamagnets.

A method to determine the intersublattice exchange co
ficient for the two magnetic sublattice systems with antif
romagnetic intersublattice coupling is proposed. The met
is based on the existence of the tip-like peculiarity in t
magnetoresistivity temperature dependences at the temp
ture at which compensation between the internal magn
field and the exchange field takes place.

The fluctuating magnetization of the 4f moment sub-
system and the corresponding fluctuating exchange fi
which acts on the Co 3d subsystem, give important contr
bution to the magnetoresistivity, as well as to zero field
sistivity of TmCo2. Particularly, the positive magnetoresi
tivity in the fluctuating molecular field is responsible for th
upturn of the zero field resistivity near to Curie temperatu
~in the paramagnetic temperature range!. We suppose tha
similar mechanism accounts for the resistivity upturn
ErCo2 and for an enhancement of the resistivity near to Cu
temperature in HoCo2 and DyCo2.
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