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Anomalous magnetotransport in„Y1ÀxGdx…Co2 alloys:
Interplay of disorder and itinerant metamagnetism
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New mechanism of magnetoresistivity in itinerant metamagnets with a structural disorder is introduced
basing on analysis of experimental results on magnetoresistivity, susceptibility, and magnetization of structur-
ally disordered alloys (Y12xGdx)Co2. In this series, YCo2 is an enhanced Pauli paramagnet, whereas GdCo2

is a ferrimagnet (Tc5400 K) with Gd sublattice coupled antiferromagnetically to the itinerant Co-3d elec-
trons. The alloys are paramagnetic forx,0.12. Large positive magnetoresistivity has been observed in the
alloys with magnetic ground state at temperaturesT,Tc . We show that this unusual feature is linked to a
combination of structural disorder and metamagnetic instability of itinerant Co-3d electrons. This new mecha-
nism of the magnetoresistivity is common for a broad class of materials featuring a static magnetic disorder and
itinerant metamagnetism.

DOI: 10.1103/PhysRevB.69.144409 PACS number~s!: 75.30.Kz, 71.27.1a, 72.15.Gd, 75.10.Lp
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I. INTRODUCTION

Interplay of structural disorder and magnetic interactio
opens a rich field of new physical phenomena. Among th
are the actively discussed possibility of disorder-induc
non-Fermi liquid~NFL! behavior near a magnetic quantu
critical point ~QCP! as well as a broader scope of effects
disorder on magnetotransport.1–3 Structurally disordered al
loys Y12xGdxCo2 are quasibinary solid solutions of Lave
phase compounds YCo2 and GdCo2. The compounds belong
to a large family of isostructural composites RCo2 . YCo2 is
an enhanced Pauli paramagnet whose itinerant Co-3d elec-
tron system is close to magnetic instability. In external m
netic field of about 70 T this system undergoes a metam
netic transition into ferromagnetic~FM! ground state.4

GdCo2 is, on the other hand, a ferrimagnet with a Cu
temperature of 400 K in which the spontaneous magnet
tion of 4f moments is antiparallel to the induced magneti
tion of the Co-3d band. Compounds of this family and the
alloys provide a convenient ground for experimental stud
of magnetotransport phenomena. The electronic structur
the important for the transport vicinity of the Fermi energy
composed mainly of Co-3d states and is, to the first approx
mation, the same for all compounds ofRCo2 family. It has
been found that the main contribution to the resistivity
RCo2 comes from the scattering of conduction electrons
magnetic fluctuations due to strongs-d exchange coupling,5

therefore the transport properties are expected to be e
cially sensitive to the magnetic state of the sample. GdC2
occupies a special place inRCo2 family since Gd 4f mag-
netic moment has no orbital contribution and therefo
crystal-field effects are not important for this compound.

The experimental results on the transport properties
Y12xGdxCo2 alloys have been published partly in our prev
ous article.6 Here we analyze these and new experimen
results in order to reveal the physical mechanism of ano
0163-1829/2004/69~14!/144409~6!/$22.50 69 1444
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lous megnetotransport properties observed in the alloys
this paper we will discuss the magnetotransport propertie
the FM alloys. The properties of paramagnetic alloys will
published elsewhere.

II. EXPERIMENTAL

Samples of Y12xGdxCo2 were prepared from pure com
ponents by melting in an arc furnace under a protective
atmosphere and were subsequently annealed in vacuu
1100 K for about one week. An x-ray analysis showed
traces of impurity phases. A four-probe dc method was u
for electrical resistivity measurements. Magnetoresistiv
~MR! was measured with longitudinal orientation of elect
cal current with respect to the magnetic field. The size of
samples was typically about 131310 mm3. Magnetization
was measured by a superconducting quantum interfere
device ~SQUID! magnetometer for samples from the sam
ingot as that used for the resistivity and ac susceptibi
measurements.

III. EXPERIMENTAL RESULTS

The magnetic phase diagram of the Y12xGdxCo2 system
inferred from the transport and magnetic measurements6 is
shown in Fig. 1.

Curie temperatureTc decreases with increasing content
Y and eventually drops to zero. A precise determination
the critical concentrationxc which separates the magnetical
ordered ground state and the paramagnetic region is diffic
since on the onset of the long-range order its signature
the magnetic and transport properties are very weak. The
firm evidence of the long-range order are found for all
with x50.14 in ac susceptibility atT527 K, Fig. 2.

Quantum critical scaling theory predicts that when Cu
temperature of a FM system continuously depends on
external parameterx, this dependence is expressed as2
©2004 The American Physical Society09-1
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Tc}ux2xcuz/d1z22,

with critical index z53 for a FM system of spatial dimen
siond53. The experimentalTc vs x dependency does follow
this relation, but with additional kink atx5xt . A possible
origin of this kink will be discussed later. Linear extrapol
tion of the phase separation line on the phase diagram, F
to Tc50 gives as the critical concentrationxc50.12. We do
not claim however that QCP exists in this alloy system. D

FIG. 1. The upper panel shows the ordering temperatureTc j

~right y axis!, and the MR% ~left axis! of the Y12xGdxCo2 system
~Ref. 6!. The MR was measured atT52 K in magnetic field of 15
T. The dotted vertical lines indicate phase boundaries at zero
perature. The lower panel displays normalized resistiv
r(2 K)/r(300 K).

FIG. 2. The ac susceptibility of the Y12xGdxCo2 alloys. Note,
the experimental data for YCo2 and for the alloy withx50.14 are
multiplied by factor 20.
14440
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rect experimental verification thatTc→0 asx approachesxc
from magnetically ordered state is difficult for a disorder
alloy system.

The very surprising result is the positive MR in the F
phase at low temperatures, see Figs. 1 and 3. The w
known theoretical result for MR of a localized moment fe
romagnet was derived long ago by Kasuya and De Genn7

As it follows from their theory, MR of a metallic ferromag
net should be negative, having a maximum absolute valu
Curie temperature and approaching zero asT→0, and in the
limit of high temperatures. Qualitatively this behavior h
been supported by experiment, as well as by later more
tailed theoretical calculations. The present experimental
sults are in a qualitative agreement with this theoretical
havior only for alloys with large Gd content (x>0.4) ~Fig.
3!. MR of the FM alloys with composition 0.3.x.0.14 fun-
damentally differs from this theoretical behavior. Let us no
that this composition range falls into the region of the pha
diagram between the paramagnetic phase and the addit
phase boundary indicated by the kink in theTc vs x depen-
dency, see Fig. 1. MR of these alloys is positive below Cu
temperature and is very large.

The known mechanisms of a positive MR cannot expl
the experimental data. A rough estimate of Lorenz for
driven MR one can get from a comparison with the MR
pure YCo2.8 In the most pure samples of YCo2 ~with re-
sidual resistivity of about 2mV cm) the Lorenz force-driven
positive contribution to the total MR does not exceed 5%.

-

FIG. 3. The upper panel shows the temperature dependenc
the MR of the Y12xGdxCo2 alloys, measured in field of 15 T. Larg
positive MR of FM alloys (x<0.3) is observed at low temperature
The field dependencies of MR, measured atT52 K, are presented
on the lower panel.
9-2
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the other hand the resistivity of the FM alloys at low tem
peratures falls into the region from 30 to 100mV cm, i.e., at
least one order of magnitude larger than the resistivity
pure YCo2. Therefore, according to Koehler’s rule, th
mechanism can give MR of only about 0.5%, this has to
compared with the experimental MR of almost 40%.

Weak localization effect is known to give positive MR
However our estimates show that this mechanism can gi
contribution which is at least two order of magnitude sma
than the observed MR.

IV. DISCUSSION

The key for understanding the mechanism of the posi
MR is a combination of strong dependence of the magn
susceptibilityx of metamagnetic Co-3d subsystem on the
effective magnetic field and of the structural disorder in theR
sublattice of the alloys. In case of GdCo2 as well as in the
case of other magneticRCo2 compounds with heavyR ele-
ments, the 4f -3d exchange interaction is described by intr
ducing an effective field which acts on 3d electrons as

Beff5nfdM f2B,

whereB is external field,M f is the uniform magnetization o
R sublattice, andnfd is the f -d coupling constant~in case of
GdCo2 nfd'50 T/f.u. mB ~Ref. 9!. In Y12xGdxCo2 alloys the
Gd moments are randomly distributed over theR sites of the
crystal lattice. Therefore, the effective field acting on 3d
electrons depends on the local distribution of Gd mome
and is therefore a random function of coordinate. This r
dom field can be characterized by a distribution funct
P$Beff(r )%. The spatially fluctuating effective field induce
an inhomogeneous magnetization of Co-3d electron system:

m~r !5x~Beff!Beff~r !.

Therefore even at zero temperature in the ferromagn
ground state, there are two kinds of static magnetic fluct
tions in the system:~i! M f(r ); ~ii ! m(r ). These fluctuations
give an additional contribution to the resistivity. Since atT
50 K in ferromagnetic phase the 4f magnetic moments ar
saturated the corresponding contribution to the resisti
does not depend on external magnetic field. On the o
hand, the 3d magnetic moment, as we will see later, is n
saturated even in the ferromagnetic ground state. There
the 3d magnetization does depend on the external fie
However, as long as 3d susceptibility is field independen
and uniform, the external magnetic field will change only t
mean ~nonfluctuating part! value of the magnetization
whereas the magnitude of the fluctuations ofm and corre-
sponding contribution to the resistivity remain unchang
However actually, the 3d system is close to the metama
netic instability. Therefore the 3d susceptibilityx is field
dependent and gives rise to static magnetic fluctuati
which are dependent on magnetic field resulting in nonz
magnetoresistivity.

For a qualitative analysis of this new mechanism of M
we make the following assumptions.

~1! We consider the system only in its ground state.
14440
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~2! Correlations between potential and spin-depend
scattering are neglected.

~3! Only the contributions which may be strongly depe
dent on external magnetic field are retained, e.g., we do
include the effects related to a change ofd density of states
in magnetic field, and contributions due to potential scat
ing and scattering on 4f moments. In fact only the contribu
tion related to the scattering on fluctuations of Co-3d mag-
netization will be considered.

Figure 4 shows schematically the dependency of
Co-3d magnetization ofRCo2 compounds on effective mag
netic field9 and the distribution functionP$Beff(r )%. The
metamagnetic transition is indicated by the rapid increase
the magnetization around 70 T.

For further discussion it is important to have an estim
of the magnitude of the fluctuations of the effective field, i.
the width of the distribution functionP$Beff(r )%. We can get
a hint considering experimental data on field~0–7 T! depen-
dency of the magnetization, Fig. 5.

Two important points follow from these data:~i! there is a
nonsaturating para-process in these field dependencies a
about 2 T; ~ii ! the estimated susceptibility of this para
process ('0.016mB /T) is larger than the susceptibility o
3d system below and above metamagnetic transit
('0.002mB /T), however it is smaller than the susceptib

FIG. 4. Dependence of the magnetization of Co-subsystem
RCo2 compounds vs effective magnetic field~left axis! ~Ref. 9!
~shown schematically!. The dotted line is a schematic representati
of the distribution functionP(Beff) ~right axis!, the shaded area
indicates the position ofP(B) in external field of 15 T.

FIG. 5. The magnetization of the Y12xGdxCo2 alloys vs mag-
netic field.
9-3
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ity in the transition region ('0.04mB /T).9 This indicates,
that the scale of the fluctuations is larger than the width
the metamagnetic transition. Therefore we cannot treat
fluctuating part of the effective field as a perturbation a
have to resort to a phenomenological analysis.

The distribution functionP(Beff) describing the fluctuat-
ing effective field depends on the alloy composition. F
diluted alloys (x'0) the most probable valueBav of Beff is
close to zero. Asx increasesBav shifts to higher values and in
a certain range of the concentrations, the function will ha
essentially nonzero weight for bothBeff,B0 and Beff.B0,
see Fig. 4. In this case there shall be regions with low
with high 3d magnetization in the sample. The resistivi
resulting from this static disorder in 3d magnetization can be
expressed as

rm5rsdy~12y!,

wherey5*B0

` P(Beff)dB is the volume fraction of the high

magnetization component. Parametery depends on the alloy
compositionx and on external magnetic fieldB. In zero field,
point y50 corresponds tox50. As the content of Gd in-
creasesBav shifts to larger effective fields, and finally, a
some alloy compositionxt , it becomes larger thanB0, i.e., at
this composition almost whole volume is occupied by t
high magnetization component, i.e.,y'1. With a further in-
crease of Gd content the mean magnetization of Co sh
increase with a smaller rate, determined by the slope of
m(B) dependency aboveB0, howevery51 in this region.
According to this scenariorm will increase withx at first,
reach a maximum value atx which corresponds toy50.5,
and will decrease with further increase ofx approaching zero
at x'xt . We believe thatxt corresponds to the kink on th
phase diagram, Fig. 1. The expected variation ofrm with the
alloy composition is schematically shown in Fig. 6. The to
experimental resistivity includes additionally contributio
coming from potential scattering and from scattering onf
moments (r0), which both are proportional tox(12x) and

FIG. 6. Schematic of contributions to the low-temperature re
tivity of Y 12xGdxCo2 alloys.d—experimental normalized resistiv
ity measured atT52 K in field of 15 T. Solid line represents sche
matically rm , broken line—r0.
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also are depicted in Fig. 6. For comparison the experime
resistivity is shown in this picture too. We present here
resistivity measured atT52 K in the field of 15 T to exclude
the contributions related to spin-flip scattering.

The experimental low-temperature resistivity shows
expected variation withx ~one needs to keep in mind that th
relation betweenx and y is in general nonlinear, especiall
around magnetic phase boundaryxc). The resistivity attains
the maximum value of about 100mV cm in the region,
which corresponds to maximum static magnetic disorde
y'0.5 ~room-temperature resistivity of the alloys weakly d
pends onx and is about 150mV cm). About the same value
was obtained for the high-temperature limit~maximum mag-
netic disorder! of magnetic part of the resistivity, arisin
from scattering on 3d temperature-induced magnetic fluctu
tions in YCo2.5 This suggests that the main part of the e
perimental low-temperature resistivity atx,xt originates
from the scattering on the magnetic fluctuations of 3d mag-
netization, i.e., is identical torm.

Let us show thatrm is of order of the spin-fluctuation
contribution to resistivity at large temperatures, i.e., is
order of 100mV cm. In case of YCo2 the spin-fluctuation
contribution is the most important and is nearly independ
of temperature above about 200 K. Hamiltonian ofs-d ex-
change interaction is given by

Hsd5GE drs~r !Sd~r !,

heres(r ) and Sd(r ) are spin density of s- and d- electron
correspondingly.17

Spin fluctuation contribution to resistivity has form:10

r5
3m

4ne2
G2Ns

1

TE0

1

dqq3E
2`

` dvv

sinh2~v/2T!
ImxS q

2kF

kF*
,v D

~1!

whereNs is density of states of s-electrons,kF /kF* is ratio
of Fermi momentum of s- and d- electrons. Dynamic susc
tibility x(q,v) is given by the equation:

x21~q,v!5x21~q!~12 iv/Gq!.

Here Gq is damping of the spin-fluctuations, whereas sta
nonlocal susceptibilityx21(q) is given by

x21~q!5x211Aq2/Nd

with x5Nd /z(T) , where z(T) is inverse Stoner factor
renormalized by spin fluctuations,Nd is density of states of
d-electrons, andA,1 is a dimensionless constant.

At large temperaturesT.Gq the expression~1! reduces
to:

r5
3pm

ne2
G2NsTE

0

1

dqq3xS q
2kF

kF*
D .

3pm

4ne2
G2NsTx.

~2!

The last equality is valid when 2AkF /kF* ,z(T),1
which must be the case for YCo2. Note that neglecting mo-

-
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mentum dependence of susceptibility means that s-elect
see the d-spin fluctuations as point scatterers.

Scattering of conductings electrons by the static random
distribution of spin density ofd electrons we can estimate i
the following way.

Due to random distribution of magnetic moments of G
s-electrons experience scattering by

G

2
^Sd~r !&5

G

2 E xm~r2r 8!dBe f f~r 8!

random potential. Herexm(r2r 8) is nonlocal susceptibility
near metamagnetic transition. We estimate correlation fu
tion of fluctuating effective field as

^dBe f f~r !dBe f f~r 8!&5~2SGdnfd!2d~r2r 8!x~12x!a3.

Herea3 is volume of the formula unit. In Born approxima
tion the corresponding contribution to the resistivity is giv
by the expression

rm5
m

ne2
G2Ns~2SGdnfd!2x~12x!a3E

0

1

dqq3xm
2 S q

2kF

kF*
D .

~3!

Both expressions~1! and~3! give the contributions to the
resistivity due to scattering on spin fluctuations, however
the first case they are of thermal origin, whereas in the s
ond case the fluctuations are due to randomness of the e
tive field.

Assuming that nonlocality of the susceptibility is not im
portant we obtain from Eqs.~2! and ~3!

rm

r
5

~2SGdnfd!2x~12x!a3xm
2

3pTx
.

Using experimental results forxm andx ~Refs. 4,9,11! we
find rm /r in the range from 0.5 to 3, i.e., the resistivi
caused by the static magnetic fluctuations is of the sa
order as the temperature-induced spin-fluctuation resisti
The uncertainty is mainly due to determination ofxm near
the metamagnetic transition. Takingxm as the susceptibility
of YCo2 at B570 T ~at the field of metamagnetic transition!
~Ref. 4! gives the upper bound forrm /r. Whereasxm for the
disordered alloy ofx50.18, estimated from our results o
M (B), Fig. 5 gives the lower bound.

In external magnetic field, the effective fieldBeff
decreases,18 thereforey also decreases. Depending on t
value ofy0—the volume fraction in zero fieldrm will either
increase or decrease, resulting in positive or negative m
netoresistivity: for 0.5,y0,1 it will be positive, whereas
for 0,y0,0.5 we will have a negative MR. In agreeme
with the model, the experimental MR is positive at 0.15,x
,xt and quickly decreases atx.xt50.3 wherey'1. Nearly
linear field dependencies of MR, observed forx,0.3, see
Fig. 3, implies that the width ofP(Beff) in this composition
range is larger than our experimental field limit of 15 T. T
regiony,0.5 almost coincides with the paramagnetic reg
of the phase diagram. The model predicts negative MR
this region, and this prediction agrees with the experime
14440
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result. The model also gives a satisfactory description of
residual resistivity behavior in this region, see Fig. 6. Th
agreement suggests that atx,xc the system is actually in
spin-glass state. In this region additional essential contri
tions to MR are present. First, in the paramagnetic reg
there is a negative MR due to suppression of magnetic
order in 4f magnetic-moment system by external magne
field. This negative contribution may be the reason why
cross over point from the positive to negative magnetore
tivity does not coincide with the maximum of resistivity, se
Fig. 1. Second, there can be additional contributions, b
positive and negative, near to zero-temperature magn
phase boundary due to closeness to QCP.

An independent test of the model is based on the ob
vation that the critical magnetic fieldB0 of the metamagnetic
transition in 3d subsystem increases under external hyd
static pressure (P).12,13 Therefore, basing on the model, w
expect that the resistivity of the alloys with the compositi
left of the resistivity maximum~see Fig. 1! will decrease
with pressure, whereas for the alloys right of the maximum
will increase with the increasing pressure. The experime
results for three alloy compositions are shown in Fig. 7.

The sign of the pressure effect is in agreement with
model prediction: the resistivity decreases with pressure
x50.1, whereas it increases withP for x50.18 and x
50.3. Moreover, there is a good scaling of pressure a
magnetic-field dependencies of the resistivity, Figs. 3 an
(P→aB) with scaling parametera which is close to litera-
ture data on the pressure dependence ofB0 : dB0 /dP
'1.5 T/kBar.12,13

V. CONCLUSION

It has been found that at low temperatures there is a la
contribution to the resistivity related to scattering on ma
netic fluctuations in metamagnetic itinerant 3d system, in-
duced by fluctuating effective field of 4f moments. Large
positive MR, found in the FM Y12xGdxCo2 alloys and
strong pressure dependence of the resistivity are explaine
arising from a combination of static magnetic disorder a
strong magnetic-field dependence of magnetic susceptib

We want to emphasize that this mechanism of resistiv

FIG. 7. The resistivity of the Y12xGdxCo2 alloys vs external
hydrostatic pressure atT52 K.
9-5



-
ne
ti
s
a
bu
r

.

nd
We

BURKOV, ZYUZIN, NAKAMA, AND YAGASAKI PHYSICAL REVIEW B 69, 144409 ~2004!
~and of MR! is not material specific, rather it should be com
mon for a broad class of disordered itinerant metamag
with strong coupling of conduction electrons to the magne
fluctuations. In Y12xGdxCo2 the relevant disorder originate
from random distribution ofd-f exchange fields, however
similar effect should arise when there is a random distri
tion of local susceptibilities~a corresponding treatment fo
Kondo systems was recently developed in Ref. 14!. Positive
s,

lid
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MR observed in FM alloys Y(Co12xAl x)2 ~Ref. 15! and in
ErxY12xCo2 ~Ref. 16! may be explained by this mechanism
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