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Results on electrical resistivity and magnetization of Tmibtermetallic 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 fidtg,at Hmnax is found to be proportional t&*.
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 localizédagnetic moments of Tm, and a positive contribution
associated with the features of the Ca Band which are responsible for the itinerant metamagnetisRCab
compounds. The positive magnetoresistivity arises due to the spin polarization of thed Gan8 by the
exchange field and enhancement of the spin fluctuations within this pa@#63-18209)01425-3

. INTRODUCTION resistivity of RCo, comes from the spin fluctuation
scattering® At low temperatures the resistivity increases with
Electronic transport properties of highly enhanced metaltemperature ag,;=RT? and shows a pronounced saturation
lic materials have attracted considerable attention. Main feaat high temperatures. These features are common for systems
tures of resistivity and thermoelectric power in Kondo alloyswith strong electron-electron scattering and have been inter-
and heavy fermion compounds have been successfully exreted within self consistent renormalizati®CR) theory of
plained by the scattering of the conduction electrons on magspin fluctuations by Moriyd.However, other important fea-
netic impurities or on 4 moments of rare earth elements. tures of the electronic transport in these compounds have not
There is, however, another large class of enhanced materigigen understood. Among ther(l) Complicated low-
whose transport properties have not been well understood-temperature behavior of the thermopowe), dramatic sup-
these are nearly magnetic compounds with itinerant spipression of the temperature-dependent part of the resistivity
fluctuations. In terms of enhancement these materials occupy RCo, based alloysy(3) positive magnetoresistivity, re-
an intermediate position between the normal metals and thgently observed in YCo®’ The latter observation is espe-
heavy fermion compounds. The groupRE€o, Laves phase cially important, for the SCR theory unambiguously predicts
compoundswhereR stays for rare earth elements and Y) Sc that the spin-fluctuation contribution to the magnetoresistiv-
belongs to this clasgsee for a review for example Refs. ity of a nearly magnetic metal should be negafiiherefore
1-4). Compounds with nonmagnetic elements: Y, Lu, andthe discrepancy is of a qualitative character. Positive magne-
Sc, are enhanced Pauli paramagnets. They exhibit metamagresistivity has been found also in paramagnetic and even in
netic transition, i.e., a field-induced magnetic phase transiferromagnetic Y(Cg_,Al,), alloys®
tion from paramagnetic to ferromagnetic state under an ex- |n this paper we present detailed experimental results on
ternal magnetic field exceeding a critical valdg. Magnetic  the magnetoresistivity of TmGpwhich belongs to the fam-
RCo, have two magnetic subsystems with distinctly differentily of RCo, compounds. We will restrict our discussion to
properties. The first is thefdlocalized magnetic moments of the paramagnetic temperature range where the positive mag-
the rare earth elements. The second is formed of the emetoresistivity was observed. TmgLwas chosen because of
hanced itinerant Co@electrons. Collective spin excitations the following reasons.
in this d-electron system are the spin fluctuations. The 3 ~ Among the magnetiRCo, compounds TmCpoccupies
electron band and the spin fluctuations are also present in tte special place. Recently it was shown that the molecular
paramagnetid)RCo,. Long-range magnetic order in the itin- field acting on @ subsystem of TmCpis about 60 T, very
erantd-electron subsystem of magnefCo, compounds is  close toH.=67 T of YCo,.1° However, thermal expansion
induced by the exchange field of ordered localized magneticesult$! and neutron diffraction datarevealed that in con-
moments of the rare earth ions. Concerning the transpottast to other magnetiBCo, compounds, in TmCgpthere is
properties it has been shown that the main contribution to theo long-range magnetic order in the itinerant Co 8Sub-
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system belowl ;. since the intersublattice molecular field act- T TerTTT LELULRRLL

ing on this subsystem is less than the critical field for the 0.0 :
metamagnetic transition. The effective molecular magnetic )
field which acts on 8 electrons in a magnetiRCo, can be
expressed aB.s=nM+ B, wheren is the intersublattice ex-
change coefficientM, is the magnetization of thefdlocal-
ized moments, an8=M + ugH, ugH is the external field.
The exchange coefficiemt of TmCo, was estimated to be
about —13 Tf.u./ug (n~—50 in S| unit3,’° whereasM
~6 ug/f.u. at 4.2 K in field of about 4 T. Therefore, a
comparatively weak external magnetic field induces much
larger molecular effective magnetic field acting on Cd 3
subsystem. Moreover, since the exchange filg=nM is
not a real magnetic field, it does not induce classical,
Lorentz-force-driven magnetoresistivity which arises due to
an orbital motion of the conduction electrons in magnetic
field. This permits us to separate the contribution of the -0.8
Lorentz-force-driven magnetoresistivity to the total magne-
toresistivity. Important also is that the spin disorder contri- 10 100
bution to electrical resistivity coming from the scattering on T (K)
magnetic excitations within Tm moments, is comparatively
small in TmCg.*

Throughout this paper the sign & is not important,
therefore, to avoid a confusion, from now on we will assum
thatn is positive and expresB« asBqz=|nM—B|.
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FIG. 1. Temperature dependency of the resistivity of TjCo
A zero field, heatingst: in field of 15 T; solid line(insey: cooling
in zero field; @:magnetoresistivity,[ p(T,H)—p(T,0)]/p(T,0).
eVertical broken line indicates Curie temperature. The inset shows
the resistivity in a vicinity of the ordering temperature.

Il EXPERIMENTAL PROCEDURES 1 It is known from speqific _heat, re;istivity, and susceptibil-
ity measurements that in high-quality TmCsamples there
A sample of TmCe was prepared from pure components exist two transitions: at 3.8 K and at 3.4*¢113In contrast,
by melting in an induction furnace under a protective Arin the less pure materidtharacterized by a larger residual
atmosphere and was subsequently annealed in vacuum msistivity), only one transition was found:'* The higher
1100 K for about one week. The x-ray analysis showed naemperature transition was associated with Curie temperature
traces of impurity phases. A four-probe dc method was usedf the Tm localized moments. Below the second transition
for electrical resistivity measurements. Resistivity was meatemperature a ferromagnetic spiral structure alond iHe]
sured with a longitudinal orientation of electrical currentdirection was observelf. In agreement with published
with respect to the magnetic field. The size of the sampleesults?!* we have found two well-separated phase transi-
was about X1x10 mn?. tions, marked a3, and Ty in the inset of Fig. 1. The pres-
The precision of the determination of the absolute valueence of two phase transitions indicates that the sample is of a
of resistivity in RCo, compounds is rather low, mainly due high quality. Transition temperatures, as determined from the
to an uncertainty in sample geometry which is closely relateanaxima ofdp/dT are T.=3.7 K, Tg=3.3 K (the latter was
to the mechanical quality of the sample. We have found thapbtained on heatingResistivity atTg shows a clear hyster-
the density of polycrystalline samples of the high purity esis with the width of about 0.2 K, whereasTatno hyster-
RCo, compounds, prepared by induction or arc melting, isesis (within the temperature resolution of our
generally lower than the density of less pure ones. Thereformeasurements—better than 0.05 Was detected. Magne-
the apparent resistivity of the higher purity samples is highetoresistivity [ p(T,H)—p(T,0)]/p(T,0) at ugH=15 T is
owing to a smaller effective cross-section. To a some extentegative below 20 K and amounts at its minimut& to
the uncertainty of the determination of the absolute resistivalmost 80%. Qualitatively, this negative magnetoresistivity
ity value can be reduced by introducing a correction on thds in agreement with theoretical results for ferromagnetic
density of the sample. The estimated error in the absolutmetals™ But details of the magnetic field and temperature
value of electrical resistivity with such corrections is aboutdependences of the magnetoresistivity are different from
+20%. However, reproducibility of the resistivity results for those predicted by theofy.The most striking result is that
the same sample is much better, and uncertainty is abotite magnetoresistivity measured at a temperalirabove
+0.5%. Tr is positive in an intermediate range of magnetic fields,
Magnetization was measured by a SQUID magnetometefiaving a maximum at a magnetic figtt,,, which increases
on a sample from the same ingot as that used for the resisvith T*, see Fig. 2,H,~K;-T*1®° The maximum is not

tivity measurements. The sample weight was 2.3 mg. observable belowWg, it appears just above this temperature
in a very small magnetic field. Note that the magnetoresis-
IIl. EXPERIMENTAL RESULTS AND DISCUSSION tivity is positive even in a very close vicinity to the Curie

temperature, where a small external field induces a long
Temperature dependences of the resistivity of TmiDo range order in the # local moment system, which should
zero magnetic field and in the field of 15 T are shown in Fig.result in a strong decrease of resistivity. The magnitude of
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FIG. 4. The resistivity of TmCpat low temperatures, against
FIG. 2. MagnetoresistivityA p=p(H,T*) — p(0,T*) of TmCo, T2, measured in zero magnetic field. The triangles represent the
against external magnetic field, measured at different temperaturé@xperimental points; the line is obtained by the least squares fit of
T* from 3.5 K to 30 K. The temperature is indicated by the numbersthe functionp=po+ ps,qt+ RT to the experimental resistivity.

near to every curve.
ternal magnetic field, decreases. Therefore both the exchange

the positive magnetoresistivity at its maximymp(H,)]  field acting on the @ itinerant subsysterB,,=nM and the
increases with increasing temperature and reaches the maxiragnetic field induced in the samie= ugH + M decrease.
mum value at around 5 K. At higher temperatutgs(H,,)  This variation of the internal effective magnetic fields should
slowly decreases. result in a temperature dependence of magnetoresistivity.
A maximum is also present in the temperature depenMoreover, magnetoresistivity may have an intrinsic tempera-
dence of magnetoresistivity, as it can be seen in Fig. 3. Iiiure dependence. The observed temperature variation of the
these measurements the external magnetic fidlt, was  magnetoresistivity is a result of a combination of these two
kept constant. However, as the temperature increases, magffects. The temperaturg,,4 at which the magnetoresistiv-
netization of the Tm subsystem, induced by the constant exty reaches a maximum increases Wil showing a similar
relation as that betweeH,,,, and T* in case of the field
' T dependenciesk,T>> ~H*. A strong resemblance between
the field dependence and the temperature dependence of
magnetoresistivitysee Figs. 2 and)dmplies that the varia-
tion of the magnetization of #4 subsystem plays the major
role in the magnetoresistivity behavior.
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A. Evaluation of different contributions to the resistivity

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

0.08

Ap (1L cm)
o

p(T)=po+ppnt pstt Pspds 1)

wherep, is the impurity resistivity,ppp, is the phonon con-
tribution, pg; is the spin fluctuation resistivity due to the
2 B M ‘ ! ! scattering of the conduction electrons on spin fluctuations
10 within the Co 31 band, angsqis spin disorder contribution
T (K) arising from the scattering on Tmf4nomentspg,4is inde-
pendent of temperature above Curie temperatiig
FIG. 3. MagnetoresistivityAp=p(H*, T)—p(0;T) of TmCo, ~ Whereasps,q=aT? belowT.. Phonon resistivity, at low
against temperature T, measured in magnetic fieltilom 0.08 T temperatures varies ag,=bT°. It has been shown, that in
to 15 T. The field strength is indicated by the numbers near to eacRC0, compoundsp,,<ps; at all temperatures in the range
curve. The magnetoresistivity of a less pure sample of Tn@ea-  from 0 K to 1000 K* Therefore in the further analysis we
sured atH*=1.9 T, is shown by the broken line. will disregard this contribution. With these assumptions we
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fore the well knowns-d scattering model of Mott has been
used for interpretation of the transport properfié$.it is
assumed within this model thatelectrons carry the bulk of
the current. Impurities, phonons, disordered local moments,
and spin fluctuations cause scattering of shedectrons into
vacants or d states, so thapg=pS; S+pS; ¢ and Pspd
=p§;§+p§;g. Since the scattering probability is propor-
tional to the density of states into which the electrons are
scattered? the s-d scattering occurs much more frequently
than thes-s scattering. As the result of thispspdzngé’
~Ngy(eg). The spin fluctuation scattering is in essence the
electron-electron scattering of the conduct®alectrons on
3d electrons. Since the number ofl 2lectrons available for
the scattering is proportional t84(eg), the spin fluctuation
resistivity psr=p3; "~ N3(e).
External magnetic field can affect the electrical resistivity
5 | [ [ | l in a number of ways.
First, the internal fieldB=M + uoH can give rise to the
0 5 10 15 20 25 30 classical, Lorentz-force-driven positive magnetoresistivity
T2 (K2) Ap, . Both the transversal and the longitudinal Lorentz-
force-driven magnetoresistivithp, ~B? in a weak field.
FIG. 5. Temperature dependency of the resistivity of Tmép | he transversal magnetoresistivity is saturated in the limit of
low temperatureibek)w Curie temperatu)‘e measured in zero h|gh fields in the case of a metal with closed Fermi Surface,
magnetic field and in the magnetic fields from 1 to 15 T. The lineslongitudinal magnetoresistivity is saturated always.
are obtained by the least squares fit of the funciicapy+aT? Secondly, the external field suppresses a disorder within
+RT? to the experimental resistivity. the localized magnetic moments, giving rise to an uniform
magnetization M and to a negative magnetoresistivity
estimate the sumy+ pspq by extrapolating the total resistiv-  Apg,4. It has been shown that for a system of localized spins
ity from the temperature regioh>T, whereps=RT? and S the spin disorder resistivitys,q can be expressed &5:2°
pspa=const(T) hold, toT=0; see Fig. 4. The extrapolation (92
yields 9.2 u{) cm for pg+ pspg. The resistivity above Curie Peod= pw( 1— 7
temperature shows purell? variation in a broad tempera- sp S(S+1)
ture range from abdb K to atleast 30 K with the gradient wherep., is a constant, proportional &S+ 1). In the para-

_ _2 . . .
E_O'Odll pod cm;(h. This !n_ollcf'atef]_that the temperature oonetic temperature range, if external field is zdi®),
ependent part of the resistivity in this temperature range iS. ang = p. . External magnetic field induces the uni-

p (W2 cm)

: )

dominated by the spin fluctuation scattering. _ form magnetizatiorM =(S) and the magnetoresistivity
Below T there are two temperature dependent contribu-

tions: ps andps,,q, both, according to theory should vary as B B (9% )

T2. The experimental resistivity does follow this law, see  2Pspd™PspdH) = pspd0)= “Pegsr1) —CM

Fig. 5. The extrapolation of thg(T)=RT?+aT?+p, to T (3)

=0, yields pg=2.2 w) cm, independent, within the limits
of the experimental uncertainty, of the magnetic field. As the(
result, for theps,q at temperatures above, we get about
7 pnQ cm. The spin fluctuation resistivityg; is very small
at T., however, sincepg; increases with the temperature,
already afT> 26 K it exceedsgpspq. Therefore in the para-

whereC is a temperature independent constant

And thirdly, the external field causes a spin polarization
of the 3d band via effective molecular fielB;=|nM—B|,
where intersublattice exchange constamtl. This polariza-
tion can change the totad3DOSNy(eg) and the magnitude
magnetic temperature range the main contributions to th@f the itinerant s_piq fluctuations. It hﬁ!s been p_roposed, that
total resistivity are pg; and pepg: p(T.H)=per(T,H) external magnetic field suppresses spin fluctuations anq leads
+ pend(H). to a deqre_ase of Ny(eg), and to a negative

Psp magnetoresistivity:>?* However there are strong arguments
that this conclusion is not valid for the itinerant metamag-
nets, like RCg compounds. It has been shown that the meta-

The existence of a maximum in the field dependence ofnagnetism of an itinerant electron system is intimately con-
magnetoresistivity implies that there are at least two competaected with specific features of DOS near the Fermi energy,
ing contributions of opposite sign and with different field namely, the DOS energy dependence should have a positive
dependencies. To understand an origin of these contributiorsurvature®?®26In this case the splitting of DOS in the effec-
one has to take into account the specific features of the eletive field results in an increase &fy(eg), as illustrated by
tronic band structure o0RCo, compounds. From the band Fig. 6. The increase of DOS under application of a magnetic
structure calculatiort§ it is known that the Co 8 states field is the necessary condition for the existence of the meta-
give a major contribution to the total density of statP©9 magnetic transition. Since the magnetic field brings the sys-
at the Fermi energil(eg), so thatNy4(eg)>Ng(eg). There-  tem closer to the ferromagnetic instability, the magnitude of

B. Field dependence of magnetoresistivity
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FIG. 6. DOS of TmCg near to Fermi energy and the effect of
magnetic field oMNy(eg) (schematically. The splitting of the 8
DOS due to a polarization in magnetic field results in an increse of FIG. 7. Magnetoresistivity in dependence on effective molecular
the total DOS ak=¢f. field Bez=nM—B. The dependence of the magnetoresistivity on

magnetic fieldAp(H,T*) is shown by the open symbols far

spin fluctuations should also increase. In agreement with thig 4-> K andT* =10 K. The filled symbols display the temperature

scenario of the increase fy(ef) and of the magnitude of dePendencies of the magnetoresistivity (H*,T), measured at

the spin fluctuations, it has been experimentally found that| =05 TandH*=2T.

the paramagnetic susceptibility of itinerant-electron meta-

magnets increases under external magnetic field. motion of the conduction electrons in magnetic fietd
Because of the increase Nf(¢g) due to the polarization = uoH+M, and therefore\p, =f, (B).

of the 3d band by a magnetic field acting on this system, the Summing up, we expect that in Tmgthree mechanisms

s—d scattering contributions to resistivity should also in- may give the most important contributions to magnetoresis-

crease, giving rise to a positive magnetoresistivity,_ . tivity: the negative magnetoresistivity due to the suppression
The previous discussion implies that this should be a comef disorder within the localized Tm-moment subsystem
mon feature of itinerant-electron metamagnets. Apspa= —CM?; the positive, Lorentz-force-driven magne-

Aps_q includes, in principle, contributions from all the toresistivity Ap, =f, (B); and, the positive magnetoresistiv-
scattering processes which can casisal transitions. In par- ity Ap._g4 arising due to the polarization of the Cal ®and
ticular, in the case of high-purity TmGdhese are the itin- and enhancement of the itinerant spin fluctuatidns,_4
erant spin fluctuation scattering and the localized spin disor=f(|nM—B|).
der scattering. As we discussed above, disorder in the Tm To estimate the relative importance®p, andA pg_q4 for
localized moment subsystem is suppressed by the externgde observed dependencies&p on magnetic field and on
field, therefores—d scattering, induced by the localized mo- temperature, we note, that the variation of the magnetic field
ments, also decreases. In contrast, we expect that the magm-is very different in the measurements of the magnetoresis-
tude of the itinerant spin fluctuations increases in the fieldtivity dependence on magnetic field at a constant temperature
Therefore, the increase dfy(eg) due to the polarization of as compared with the measurements of the temperature de-
the 3d band in the effective field. affects most strongly pendence of the magnetoresistivity at a fixed external mag-
the spin fluctuation contribution to the resistivity, giving rise netic field. In the former experiment the temperature is fixed
to a positiveA pg;. However, the impurity scattering and the and the internal magnetic field varies from zero to a maxi-
scattering on the disordered localized magnetic moments canum value B .= toHmaxt M(Hmax T)- In the latter, how-
give a substantial contribution tbps_4 too. Indeed, the ex- ever, the external magnetic field is fixed and the temperature
perimental magnetoresistivity of a TmCsample with a is varied from aT 5 t0 aT,;,. In this caseB varies at most
larger residual resistivitydy=20 w{) cm) exceeds consid- from B,,~ucH (high temperature limjtto B.,=uoH
erably the magnetoresistivity of the high purity TmCeee  +M(H,T,i), M being <uoH in the paramagnetic tempera-
Fig. 3. ture region, i.e., variation 0B is in this case much smaller

Both Ap_ andAps_4 are positive, but there is an impor- than in the field dependence measurements. However, the
tant difference between them: tlse-d scattering contribu- magnitude of the experimental magnetoresistivity variation
tion to the magnetoresistivity is a function of the effectiveis the same in these two experiments, as it can be seen in
molecular fieldBgs: Aps_q=f(|nM—B|); whereas the Lor- Figs. 2 and 3. Therefore, only the variation®in the tem-
entz force magnetoresistivityp, arises due to an orbital perature dependent measurements cannot cause the magne-
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toresistivity temperature dependence. This variation could be 12 I I I

explained by an intrinsic temperature variation of the mag-

netoresistivity, but this is in contradiction to the experimental

results for YCg, where the magnetoresistivity is nearly in- 10 ]
dependent of the temperature in the temperature range from

abou 2 K to atleast 30 K. On the other hand, the effective 8 |

molecular fieldB¢4=|nM—B| has in both these experiments
almost the same variatigmote,n~50, whenM is expressed

S~
in tesla. Magnetoresistivity, when plotted versBgy reveals e 6 —
nearly the same dependence in both the field dependent mea- =

surements and the temperature dependent measurements; see j? 4

Fig. 7. Therefore the driving force for the positive magne-
toresistivity is notB, butB., whose main contribution is the

exchange fielhM. Since the exchange field is actually not o) _
magnetic field, it cannot induce the Lorentz-force magne-
toresistivity and we conclude that the existence of maxima in

both the magnetic field and the temperature dependences of 0

the magnetoresistivity indicates that the effeciAgf, on the 5 10 15 20 25 30
nonmonotonic behavior of the magnetoresistivity should be

small. In the further analysis we will not takiep, into ac- T (K)

count.

ConcerningAp._4(Bey) there is no theory which can F_IG. 8. The plot of the position pf the _magnetoresistivity
give an actual form of the dependence. Therefore we sugge&axima and zeros on the H-T plane in the linear sclle.the
this dependence based only on the experimental facts. maxima of the depgndence@b on the magnetic field at a constant

(1) The magnetoresistivity of TmGds positive at small temperat_”rEHf‘ax(T ); @: the zeros ofAp(H) at a constant tem-
field and negative at larger fields. The negative contributiorf)erature'H0(T )-

Apspa™ B2 according to theory. Therefore the positive con-
tribution should have a weaker field dependence.

(2) The magnetoresistivity of the paramagnetic ¥Co
(where Co 3 subsystem is essentially the same as that in Ana
TmCao,, but in YCo, there are no localized momeptwas max— | 5~
found to be positivé.The best fit of the magnetoresistivity of

In the paramagnetic rangdM/dH+#0, therefore from Eq.
(5) follows

1(2- @)
) (6)

YCo, is given byAp=b;H+b,H?, both the linear andH? MagnetoresistivityAp=0 atH=0 and at

terms being positive. The result implies that tHé contri- An) Y(2-a)

bution is due to the classical, Lorentz-force-driven magne- 0:(_ (7)
toresistivity. The positiveH? term cannot result in the non- C

monotonic variation ofAp(H) in TmCo,, furthermore, in  Note that bothM ., andM depend neither on the magnetic
YCo,, it is about 5 times smaller than the linear term. There+ie|d nor on the temperature if we assume that bd#ndC

fore, we assume for the time being, theps 4 is a nearly  are temperature independent constants. This assumption
linear function ofBe;i: Aps—g~Begr, and represent the total seems to be well justified in case &g, (the constanC).

magnetoresistivity as The negative magnetoresistivilyp,4 arises due to suppres-
sion of a disorder within the localized Tm moments. Since in
Ap(T,H)=p(T,H)—p(T,0) the paramagnetic temperature regjay) is independent of
temperature, its decrease in an external field depends only on
=Aps_qtApspg=ABgr— CM?. (4 the induced magnetizatidv. However the coefficient can

be in general temperature dependent. Our guess on its tem-

WhenB<nM andn(dM/dH)>1, we can use a simplified Perature independence is based on the experimentatifatt
expression foBey: Begr=nNM. These conditions are not sat- the magnetoresistivity of YGois almost independent of the
isfied in high magnetic field wheh approaches to satura- temperature in the range fro2 K to about 40 K.
tion magnetizationM¢; or at high temperatures. We will ~ To compare theoretical result§) and(7) with the experi-
consider such a case later. mental data we need to know the dependence of the magne-
There are two special points in the dependenca ofH) tization on magnetic field and on temperature. In the para-
on the field: the fieldH ., at which the magnetoresistivity Magnetic temperature range, whes T, the susceptibility
reaches a maximum valup(Hma,)=Apmay: and the field x of RCo, compounds was found to follow, in a first ap-
H,o, whereAp crosses the zero linéyp(Hy)=0. The posi- Proximation, to Curie-Weiss law?’~2°Therefore, when the
tion of the maximum ofA p(H) can be found from the con- MagnetizatiorM is considerably smaller than the saturation
dition magnetizatiorM¢ so thatM« y-H, it can be approximately
expressed aM =DH/(T—T,). This results in

Ana) 12— a)

dAp 3 dM
2C

P D HT*—To), ®

(AnaM*~1—2CM)=0. ) Hmax:(
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FIG. 9. The dependence of magnetization on the external mag- g, 11. The dependence of magnetization off#/at different
netic field.®@: experimental results at temperatures from 3.8 K t0 30gytarnal magnetic fields from 0.08 T to 4 T. Small points with the

K. The temperatures are indicated by numbers near to each curvgrgken lines as the guides for the eye represent the experimental
Solid triangles show the position M .. The lines are guides for  (aqits. Solid lines show the functidv = 36 (HO9YT*3). Big solid

the eye. circles: M .
An 1/(2—a) . . .
Ho=| — D YT*=T 9 mental value oK is about 2.2. The nearest integer solution
0 C ( c)1 ( ) . . ..
of the equation (2f)Y(>~ =22 isa=1 (this is the exact

olution for K=2) in agreement with the experimental re-
ults for YCaq, as it was discussed above. The difference
between the experimentil~2.2 and theK =2 correspond-

whereT* is the temperature at which the field dependence oi
the magnetoresistivity is measured. Equatid8s and (9)
o oo e i1 0 01 orgiates fom th fact hat n th regon cf
agreement with the experimental results, however the exper|\-/I max and Mo, the magne_tlzanon s not preC|ser_ a Il_near
mental temperature dependenciel,.(T*) and Ho(T*), function of the ext_erngl field as |t_ can be seen in Fig. 9,
shown in Fig. 8 are not linear. where the magnet_|zat|on of ngcns dlsplayed in depen-
The theoretical ratio of the gradients of tHe,,(T*) and  dence on the applied magnetic field. Knowing tg,, at a
Ho(T*) dependenciek =K, /K, is equal(in the approxi- 9iven temperature, it is easy to find also the experimental
mation of the linear relation betweeM and H) K  values ofVy,, from theM(H) dependence, measured at the
:(2/(1,)1/(27 a). It depends on|y on value of. The experi_ same temperature. Thekﬁi‘max are shown in that figure too.
As it can be seen from Fig. & . falls in the region where
M(H) has an appreciable curvature. Somewhat better ap-
proximation for that region would béM~H' with i<1.
Evaluation ofi from relation 2/=2.2, gives li/~1.1 (i
=0.9). This also accounts for, in a part, the nonlinearity of
the H,.{(T") andHy(T*) dependencies. Another, and more
important contribution to the nonlinearity of the,,(T%)
andH(T*) dependencies relates to the observation that, al-
though at low magnetic fieldg closely follows to Curie-
Weiss dependence, see Fig. 10; there are considerable devia-
tions from this dependence at higher magnetic fields in the
temperature range, in which the maximum of the magnetore-
sistivity is observed. Therefore, in the case of the present
problem, the Curie-Weiss law is not a sufficiently good ap-
proximation fory. As it is well known, a more precise the-
oretical result for the susceptibility of a ferromagnetic metal
is?® x=D/T**—T#3, In Fig. 11 we show the magnetization
of TmCo, in dependence ot ~*2. At low magnetic fields
T (K) the experimental data display almost*? dependence on
the temperature, however again there is a noticeable devia-
FIG. 10. Temperature dependence of the inverse susceptibilition at high fields. But, what is important for the present
1/y=H/M at different external magnetic fields from 0.08 T to 4 T. consideration, the expressitm=DH%%T*3 accurately pre-
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that A is almost independent of temperature. In our later
discussion we will show that the present results indicate that
A does have a temperature dependence, slowly decreasing
with the increasing temperature. However the temperature
dependence oA is too weak, moreover, it has the wrong
sign, to explain the variation oM .. We think that the
explanation of the strong dependenceMy,,, on tempera-

ture lies in the different time scales and the symmetry of
resistivity and magnetization experiments. The resistivity is a
very “fast” experiment with the characteristic time scale of
order of 101°-10 1% sec. Therefore even comparatively
high-frequency fluctuations of the magnetization of the 4f
Tm moments are seen by the conduction electrons as regions
of a static magnetization. We understand here as the fluctu-
ating magnetization the long-range magnetic correlations of
Tm moments. Where “long-range” means that the spatial
extension of the ordered regigoorrelation lengthis much

uGH (T)

0 40 80 120 160 200 larger than the mean free path of conduction electrons. The
fluctuating magnetization of thef4Tm moments induces the
(T4/3)1-1 (KI-S) fluctuating molecular field, acting on the Cal 2lectrons.

On the other hand, the magnetization was measured in the
FIG. 12. The plot of the position of the magnetoresistivity €ssentially static experiment. Additionally, the magnetoresis-
maxima and zeros on the— (T#31 plane.M: the maxima of the tivity, in contrast to magnetization, is an even function of the
dependence of p on the magnetic field at a constant temperature,magnetic field in the sense that it does not change the sign if
Hax{(T); O: the maxima of the dependence®p on the tempera- the direction of the magnetic field is reversed. The time- and
ture at a constant magnetic fieli,(H*); A: the magnetic field the space-average of the fluctuating part of the magnetization
Ho(T*) at whichAp(H,T*)=0; and@®: the temperatur&,(H*) at  in the magnetization measurement is equal to zero and gives
which Ap(H*,T)=0. no contribution to the measured magnetization. In the resis-
tivity analysis however, one has to take into account the total
dicts the values oM ,,,, with a single value of parametér, magnetization, which is a sum of the static magnetizalisn
equal to 3Gug /f.u.T OK*3 Therefore a more accurate em- and of the fluctuating magnetizatiod”: M=M3+M. The

pirical expression foH 4 iS magnitude and spatial extension of the fluctuating compo-
nent of the magnetization should increase as temperature ap-
B (ﬂ) TR (10 proaches to the Curie temperature. Now the sulh® (
max—1\2C) D + M) nax Should be constant, therefore, the static pat,,

decreases near to the Curie temperature. The fluctuating
In agreement with this formula, the experimenttgl,, and  magnetization exists also when no external magnetic field is
H, reveal a linear variation when plotted againt{*)*%,  applied. We suppose that the sharp increase of the zero field
see Fig. 12(note, the product 4/81.1=1.47~1.5). We resistivity of TmCg near the Curie point arises due to the
would like to emphasize, that we do not claim that the magpositive magnetoresistivity in this fluctuating molecular
netization of the paramagnetic Tmgoan be expressed as magnetic field. Similar mechanism should be effective also
M=DH%9T*3in a broad range of temperatures and mag-or otherRCo, compounds. We will turn to this subject later,

netic fields. As we mentioned, the experimentaklosely in discussion of the temperature dependence of the magne-
follows to Curie-Weiss dependence at low magnetic fieldtoresistivity.

see Fig. 10, it however deviates from this dependence at

h|gher. magnetic fields. We have found that, becau;e (_)f these Temperature dependences of the magnetoresistivity
deviations, the dependence bf, On the magnetic field o
and on temperature cannot be described by the Curie-like The temperature dependence of the magnetoresistivity,

law: M o= DHmax/ T, rather it is well approximated by the meallsurled at a constant external magc\(;:'tic ',ilfwﬁp“ rr]e- H
modified expressionMl,..=DHZS /T* #3from which the re- V€als also a nonmonotonic variation. We will show that the

; mechanism of this nonmonotonic behavior is essentially the
lation (10) follows.

Another discrepancy between the theory and the experf?ame as in the case of the field dependencies of the magne-

) : : . “toresistivity,Ap, , measured at a constant temperature.
ment relates t . According to th_e previous d'SCU.SS'O.n' The magnetoresistivity is defined as follows:
M nax Should be a constant, which, in a first approximation

depends neither on magnetic field nor on temperature. Figure Ap=pspdM(H,T))—pspd 0)
9 however clearly shows thM ., depends strongly on tem-
perature. This result has important implications. The simplest +ps—o(M(H,T),T)—ps_4(0,T). (11)

explanation of this strong dependence would be a temperasrom Eq.(11) the conditions for the maximum follow:
ture dependence of coefficieAtin the expression for mag-

netoresistivity. However, as we already discussed, the ex- dApy _dM A =0 (12
perimental results on the magnetoresistivity of yGaggest dH dH =M™
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T (K) FIG. 14. The temperature dependence of the fluctuating magne-

tization M (solid line) and of the “zero field magnetoresistivity”
FIG. 13. The temperature dependence of magnetization in dif(dots. The inset shows the “zero field magnetoresistivity” against
ferent external magnetic fields. The big solid circles indiddfg,,. the fluctuating effective molecular field. The solid line in the inset is
At high temperaturesM;,., saturates and approaches a constanta linear fit to the experimental data.
value, shown by the horizontal broken line.

The decrease df p,,, With temperature or with magnetic

with field is also partly a consequence of the negative sigh-af
* T But this is not the only mechanism which can cause the
Ay= 9pspdM(H,T") | dps—o(M(H,T"),T ), decreaseé\ p,.« at high temperatures and it certainly cannot
oM IM explain the sharp decrease ., at low temperatures. At
and low temperatures we need to take into account the fluctuating
part of the magnetization, as it was discussed above. The
dApy _ d_MA L A-=0 (13) total magnetoresistivitA p includes two contributions: first,
dT ~ dT" M 7T the “zero field magnetoresistivity’A p° due to the fluctuat-
ing magnetization in absence of an external field; and sec-
where ondly, the static magnetoresistivityp™ which relates to the
_dps—q(M(H*,T),T)  dps_o(0,T)  JAps g static magnetization, induced by the external magnetic field.
Ar= aT - aT T It is Ap™ that we measure experimentally. According to the

present model, we have for the magnetoresistivityp
It is clear from Eqs(12) and(13) that, if At#0, the positon =An(MS+M")—C(MS+M"2. The experimentally mea-
of the maximum H,,.,,T*) of the Apy(H) is not coincide suredAp™ is equal:
with the position of the maximumH*, T, of Ap.(T). _ 0_ .
Experimental results reveal that there is a small but system- ApM=Ap—Ap"=M*An—CM*-2CM"), (14

atic difference between the line ofi(, Tray and the line of  \yhereA p0=AnM —C(M")2. It follows from Eq. (14) that

(Hmax,T%). The points H*,Tyay) sit in the region where A ,m(H) has the maximum avi+M’=An/2C. The mag-
AM<O. SlncedM/dT<O, AT<O around the line of the nitude Oprm at the maximum is equa':

maxima onH —T plane, Fig. 12. In other words, the positive

magnetoresistivityAps_4 decreases with the temperature. ApT _A2n2
The magnitude ofA; can be estimated from th&p;. The Pmax™"4c”
estimation yieldsAt~—0.01 uQ cmK ! at T=34 K; and ] ) ) )
Ar~—0.02 xQ cmK ! -atT=10K. The total decrease of We assume here that in a first approximathdn is depen—_
Aps_4(Beg=const) in the temperature rangefic K to 30 dent only on the ter_np_eraturfe but not on _the external field.
K does not exceed 0.4.Q cm, this is about 30% af p . The temperature variation ™ ., can be estimated from the
Therefore the coefficier& in Eq. (4) is not actually tempera- temperature variation dfl;,,; see Fig. 13. The static mag-
ture independent, however, because of comparatively smalfletizationMy, ., rapidly vanishes, as temperature nears the
value of At, the temperature dependence dfcannot ac- Curie temperature, and approaches to the constant value
count for the observed variation &fp(H*,T). This varia- An/2C at high temperatures, wheM' should vanish. The
tion is mainly the result of the temperature dependence ofluctuating part of the magnetization can be obtained as
magnetizatiorM of Tm localized moments and of the effec- M/ ,=AnW2C—MS, .. The result is depicted in Fig. 14 by
tive field Bgg=|nM—B]. the solid line.

. 2C\?
1-Maas| - (15)
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FIG. 15. The magnitude of the magnetoresistivity at its maxi-
mum. The solid line shows the fitted functi¢h?7). The data points
on this plot are the experimentalp,.x, corrected on the decrease
of the positive contribution of the magnetoresistivity with increas-
ing temperature due to the negativdps_4/JdT. The correction
was done by addition ofdAps_4/dT)(T—5) to the experimental
Apmay values. Thg dAps_4/dT) is the mean value ofApg_4/dT
in the temperature interval fno 5 K to T. T stays forT,,, or T*
depending on whetheXp,,,, was obtained in the measurement at a
constant magnetic field or at a constant temperature.

Figure 14 shows also the positive “zero field magnetore-

sistivity” Apg. It was obtained by the following procedure:

(1) The RT? dependence was fitted to the experimental zero

field resistivity of TmCg in temperature range from 15 K to
about 40 K and extrapolated to the low-temperature regio

see Fig.(4). (2). This dependence was subtracted from the

experimental zero field resistivity of TmGoln the inset to
Fig. 14, Ap, is plotted against the effective molecular field
Bes=nNM' . The resistivity increases almost linearly with the
effective magnetic field with the rate of 0.QA2 cm/T. The
value is comparable with 0.09Q2 cm/T found for the mag-
netoresistivity of paramagnetic YG6 We therefore con-
clude that the upturn of the zero-field resistivity of TmCo
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FIG. 16. Temperature dependence of the magnetoresistivity at
magnetic fields of 1 T, 2 T, and 15 T. The solid lines show the
magnetoresistivity calculated according to expressi@). The tri-
angles with the error bars represent the experimental data for

uoH=15T.
2
It

Since An/2C=M,,.x, Which can be estimated to be 3.7
wug/f.u. (see Fig. 13 we represenA?n?/4C=C(An/2C)?
=C3.7%. Further, we use foM' _, an analytical expression:
M!_=An2C[1—(T—T)/(me+T—T.)] which fits well to

the experimentally obtained values, as explained above. This
leaves us with three free parameters in the func(ioh: C,

mg, andDn. The experimentah p/n...., and the functior(17)
fitted to these data, are shown in Fig. 15.

212

4C

4/3
Tmax

. 2c 2
. @

maxﬁ

Apmad T)=

(1—|v| T

n:

near to Curie temperature is in essence the positive magne- The following values were obtained for the free param-

toresistivity, which arises due to the polarization of thé 3

eters from the fitt my=0.2 K, C€=0.12

band by the fluctuating molecular magnetic field. Similar be-*0.01 #Q cm(f.u./ug)?, Dn=700=380 K*°. In fact,

havior of the resistivity of ErCpand an enhancement of the
resistivity of HoCg and, probably of DyCg* can be ex-
plained by this mechanism.

from these three parameters truly free is omly, the other
two can be obtained from independent experimental data.
The intersublattice exchange coefficiantvas found to be

At high temperatures, or at high magnetic fields the con=~13 T f.u./ug", whereasD was estimated from the slope

dition Mn>H cannot be satisfied and for the effective field,
which acts on Co 8 subsystem we should usaM—B|
instead ofnM. In this temperature region we disregavtf

of M(T~*3) dependencéFig. 11): D~36 ug/f.u.K*3T.
This yieldsDn~470 K*3in good agreement with the value
obtained from the fitting. Coefficien® can be found from

since it decreases with increasing temperature rapidly. Thethe relationAn/2C=3.7 ug/f.u., if Ais known.A can be

Ap™=A(nMS—B)—C(MS)2. Using again for the magneti-
zation, M3=DH%*YT#3 we can obtain as the approximate

solution
2
max
(1 _Dn) |

Combining the results of Eq$l5) and(16), the overall tem-
perature variation oA py.. can be represented as

A?n?

Apmac & (16)

estimated from the field dependence of the magnetoresistiv-
ity of YCo, (estimation yields about 0.0%Q cm/T), or
from the “zero field magnetoresistivity"Apy, of TmCo,
(Fig. 14 (about 0.07 u€) cm/T). With these values oA, C
is equal 0.16 wQ cm(f.u./ug)?; or 0.13 O cm(f.u./ug)?,
respectively. The agreement with the value
0.12 uQ cm(f.u./jug)? is rather reasonable.
Summarizing the results of the discussion and making
somewhat problematic assumption tMt(T,H) andMf(T)

of
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can be expressed similar Mﬁ’lax and Mrf'naX' we can write and for Spin fluctuation materials, the magnetoresistivity is

down the temperature and the field dependencies of the magositive in weak magnetic fields, having a maximum in de-
netoresistivityAp™ as pendence on magnetic field ldt,,,(T*) or, in dependence on

m s s s temperature af,,,(H*). There is an universal relation be-
Ap"=A[nM*~B| - (CM*+2CM)M tweenH,,, and T* or betweenT ,,, andH*: H~T° This
or behavior of the magnetoresistivity is explained on the basis
of a model which assumes that there are two different con-
tributions to the magnetoresistivity: the positive magnetore-
T43 sistivity, Aps_4~H; and the negativepspd~H2. The latter
(18) originates from the suppression by the magnetic field of a
disorder in the system of localized magnetic moments of Tm.
Figure 16 presents the calculated magnetoresistivity a$he positive contribution to the magnetoresistivity is found
given by formula(18) with the parameters defined above. to be proportional to the exchange field acting on tkeC
The theoreticalA p™(T,H) dependencies demonstrate goodelectrons. This excludes the possibility that this contribution
agreement with the experimental results giving further conis due to the orbital motion of conduction electrons in the
firmation that the present model of the magnetoresistivity isnagnetic field. The positive magnetoresistivity arises due to
basically correct. A feature emerges: on thése"(T,H*) spin-polarization of the Co@band by the exchange field, an
dependencies there is a minimum at high temperatures-increase of DOS magnitude at the Fermi level, and enhance-
about 100 K. The minimum appears at the temperaturenent of spin fluctuations within this band. This mechanism
where internal magnetic fiel@ just compensates the ex- of positive magnetoresistivity should be common for
change fieldhM: nM—B=0. The existence of this feature itinerant-electron metamagnets.
in the magnetoresistivity opens a new method to determine A method to determine the intersublattice exchange coef-
the intersublattice exchange coefficiemt(for the systems ficient for the two magnetic sublattice systems with antifer-
with the antiferromagnetic coupling between sublatlices romagnetic intersublattice coupling is proposed. The method
from the measurements of magnetoresistivity and magnetizas based on the existence of the tip-like peculiarity in the
tion. If the position of the minimumT,m,H*) is deter- magnetoresistivity temperature dependences at the tempera-
mined from the magnetoresistivity results, the intersublatticdure at which compensation between the internal magnetic
exchange coefficient can be found msB/M(T.,m,H*).  field and the exchange field takes place.
Our experimentalA p™ measured at highest available in the  The fluctuating magnetization of thef 4moment sub-
present measurements magnetic field of 15 T, confirms theystem and the corresponding fluctuating exchange field,
existence of the minimum. Unfortunately, the resolution ofwhich acts on the Co @ subsystem, give important contri-
the resistivity measurements at high temperatures is not godaltion to the magnetoresistivity, as well as to zero field re-
enough to allow a detailed comparison between theoreticaistivity of TmCq,. Particularly, the positive magnetoresis-
and experimental results at these temperatures for lowsivity in the fluctuating molecular field is responsible for the
magnetic fields. upturn of the zero field resistivity near to Curie temperature
(in the paramagnetic temperature rangé&/e suppose that
IV. CONCLUSION similar mechanism accounts for the resistivity upturn in

. L L . ErCo, and for an enhancement of the resistivity near to Curie
The electrical resistivity and the magnetization of h'ghtemperature in HoGoand DyCa.

quality sample of TmCpcompound were measured from 2
K to 300 K in longitudinal magnetic field fra 0 T to 15 T.
Nonmonotonic variation of the magnetoresistivity with ACKNOWLEDGMENT
magnetic field and with temperature has been observed at
temperatures front; to about 50 K. Contrary to theoretical This work was supported in part by Russian Fundamental
predictions for systems with localized magnetic momentsScience Foundation under Grant No. 96-02-16902-a.
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