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Giant magnetoresistance in the disordered magnetic alloy„FeNi… 25Au 75

Anindita Ray and R. Ranganathan*
Low Temperature Physics Section, Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Calcutta 700 064, India

C. Bansal
School of Physics, Central University, Hyderabad 500 134, India

~Received 9 January 1997; revised mansuscript received 12 March 1997!

We present the results of detailed measurements of the field and temperature dependence of the magnetiza-
tion and the resistivity of the~FeNi!25Au75 alloy, belonging to the fcc~FeNi!1002xAu x (x525, 45, 60, 75!
system. Giant magnetoresistance~GMR! has been observed only in thex575 alloy, where the magnetic
relaxation, thermoremanent magnetization, and hysteresis data suggest reentrant spin-glass-like behavior at low
temperatures. The origin of GMR in~FeNi!25Au75 is attributed to the field-induced alignment of Fe moments.
The data suggest a subtle link between frustration and GMR in disordered magnetic materials.
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I. INTRODUCTION

Frustration due to competing interactions in disorde
systems~substitution, chemical! and due to crystallographi
structure in nondisordered compounds~Kagomé, pyrochlore
structure! leads to interesting macroscopic properties. It
worthwhile to investigate such systems for the possibility
spin-glass-like behavior. Reentrant behavior has been fo
in a variety of disordered magnetic materials in which th
is competition between spin-glass and long-range ferrom
netic ordering. When the temperature is lowered in such
terials they often exhibit a transition from the paramagne
~PM! to the ferromagnetic~FM! phase at the Curie tempera
ture TC , and on further lowering the temperature typic
spin-glass@commonly called reentrant-spin-glass~RSG!# be-
havior appears. It is clear that belowTC the spins become
locally cantedand in zero field a FM domain structure exis
at lower temperatures belowTC , so that ferromagnetic an
spin-glass order coexist. This interpretation is based o
model for magnetic structure based on the transverse
freezing approach.1 Reentrant behavior was explored in d
tail in the Au-Fe alloys. Recently we proposed the f
~FeNi! 25Au 75 alloy as a possible reentrant-spin-glass-li
system.2 We chose to study this alloy because only a limit
attempt has been made to investigate spin-glass systems
two ~or more! local moment species, each of which produc
a well-defined spin-glass transition (Tf) when present alone
In this case Au-Fe and Ni-Fe are well-studied systems.2 Re-
cent observations of giant magnetoresistance~GMR! in spin-
glass-like frustrated systems such as Cr-Fe bulk allo3

metamagnetic materials,4 and Au-rich Co-Au and Fe-Au
bulk alloys5 suggest that GMR can also be observed in c
ventional bulk materials. It may be mentioned that GMR h
also been observed in superparamagnetic systems, w
macroscopic properties like field-cooled, zero-field-coo
magnetisation irreversibility, etc., are similar to that
reentrant-spin-glass systems.6 It has also been shown that i
heterogeneous alloy systems consisting of single-dom
clusters,7–9 the resistance is high for a random alignment
magnetic cluster moments and decreases substantially w
560163-1829/97/56~10!/6073~6!/$10.00
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individual moments are aligned by an external field. Thus
GMR effect seems to be associated with the reorientation
magnetic cluster moments. The above results establish
GMR can be readily observed in magnetically inhomog
neous media with nonaligned ferromagnetic entities.

In order to understand GMR in bulk materials it will b
useful to look for an alloy system in multidomain bulk form
~not as a thin film or granular ribbon!, which shows a lack of
saturation due to nonaligned ferromagnetic entities. Suc
situation can be realized if one focuses onfrustrateddisor-
dered magnetic systems and their relevance to GMR. T
approach is useful as bulk materials can be easily prep
by conventional techniques. Also, from the theoretical po
of view, we need to understand the origin of GMR in the
system as interfacial regions are absent unlike as in the m
tilayered samples.

In this paper we present the results of an experime
investigation of GMR along with the low-field field-coole
~FC!, zero-field-cooled~ZFC! magnetizations, thermorema
nent magnetization~TRM!, magnetic relaxation, and field
cooled hysteresis, because the reentrant-spin-glass phe
enon is highly field dependent. An attempt has also b
made to show the subtle link between frustration and GM
in bulk materials.

II. EXPERIMENT

Details of the sample preparation have been giv
elsewhere.10 The same samples have been used here, as
in the work of Cable and Wollen. The sample is single pha
having fcc structure, and homogeneous to micrometer ra
as seen in x-ray-diffraction and electron micropro
analysis.10 Magnetic properties of the sample~FeNi! 25Au 75
( l 51.275 cm,b50.2 cm,w50.085 cm, andWt5320.6 mg!
have been investigated using our homemade
magnetometer.11 The ZFC magnetization in a zero-field
cooled state is the magnetization under a measuring fielH
after the sample has been cooled from aboveTC to the low-
est temperature in zero field. For field-cooled magnetizat
the sample was cooled in the presence of the field. We h
6073 © 1997 The American Physical Society
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measured FC and ZFC magnetization vs temperature in v
ous dc fields ranging from 2 Oe to 30 Oe. Temperature va
tion of thermoremanent magnetization has been investig
by measuring the magnetization of the sample after rem
ing the dc field in which the sample was cooled from a te
perature aboveTC to the lowest temperature for cooling fie
range 2–30 Oe. ZFC hysteresis experiments were don
different constant temperatures from 15 K to 100 K and
field was varied from233 Oe to1 33 Oe. Field-cooled
hysteresis curves were obtained in the following way: T
sample was cooled to the desired temperature under a
field in the range of 1–5 Oe (HFC) and magnetization wa
recorded with the field cycle 0→233 Oe→0→133 Oe.
The coercive fieldHC

FC in this case is the point at which th
curve intersects the negativeH axis during the first cycle.
This process was repeated for different temperatures in
range 15–100 K. Time decay of the thermoremanent mag
tization was measured in the following way: After th
sample was cooled in a 10-Oe field from a temperature ab
TC to the measurement temperature, the field was reduce
zero after a certain timetw ~called the waiting time! and the
magnetization was subsequently recorded with time ove
period of 103 s. This process was repeated for different te
peratures in the range 22–120 K. Magnetization vs dc fi
~0–20 kOe! at 100 K was measured in vibrating sample ma
netometer for different Au concentrations. Magnetores
tance was measured at different temperatures between 48
200 K by the conventional four-probe method with a fie
cycle of 0 to68 kOe.

III. SYSTEM

It has been found that for binary alloys such as Ni-C
Ni-Au, and Fe-Au, the Fe atom retains its characteristic m
ment of about 3mB even as a dilute impurity in Au wherea
the Ni moment decreases and vanishes at sufficiently h
dilution. ~FeNi! 1002xAu x (x50 –75! is an interesting sys
tem, where the magnetic behavior is largely determined
the Fe atoms.10 The ferromagnetic Curie temperatures d
crease from 745 K to 125 K with an increase of Au conte
from x50 to 75 at.%. Neutron measurements show thatmFe
(mB/Fe! is 3.03, 2.94, 2.04 andmNi (mB/Ni! is 0.53, 0.66,
0.12 forx545, 60, 75 at. % Au, respectively. It is interestin
to note that unlike as in the case of the progressive decr
of 3d moment observed in Ni or Co when Au or Cu is adde
here there is a rapid decrease of moment forx.60. It may be
recalled that when an Fe atom is present as an impurity in
it has a moment of 3mB , where as in the case of the~FeNi!
1002xAu x alloy, for x575% the Fe moment drops to 2mB .
This Fe moment drop does not indicate the disappearanc
the local Fe moment but rather the loss of an orderable
romagnetic Fe moment, suggesting a field-depend
behavior.10 In fact our earlier high-field data2 along with
low-field data to be reported here confirm this behavior.
other words we believe that by increasing the Au concen
tion the mean Fe-Fe distance becomes larger, reducing e
tive JFe -Feand thereby the ordering temperature. This is c
sistent with the observed lowerTC ; 130 K for the 75% Au
alloy. This suggests the existence of a degree of nonal
ment of the ferromagnetic Fe moments, an important cr
rion to search for, from a GMR point of view. Indeed spi
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odally decomposed 60% Cu–20% Fe–20% Ni shows
GMR effect of;6% in the field range 60 kOe.12 It may be
noted here that the GMR effect is due to an extremely-fi
scale microstructure made up of only ferromagnetic pha
in this ~FeNi!Cu alloy. Due to decomposition, no systema
magnetic study is possible for a higher content of coppe10

whereas for~FeNi!Au a systematic investigation of the mag
netic properties is possible along with GMR data.

IV. RESULTS AND DISCUSSIONS

Our earlier reported low-field ac susceptibility data
~FeNi! 25Au 75 show a paramagnetic-ferromagnetic transiti
onset atT;150 K with a peak inx9 ~absorption term! and
nonlinear susceptibility atTC;130 K. We observed a stron
irreversibility at low temperatures of 5–15 K well belowTC
depending upon the field of 50 Oe to 1 kOe, as found
other typical reentrant-spin-glass system.1,2 No hysteresis
loop was observed at 5 K, even though there is a weak h
teresis loop atT,TC ~50–100 K! with apparent saturation a
55 kOe. Arrott plot ofM2 vs H/M in the temperature rang
2–180 K shows field-induced ferromagnetism for a field.1
kOe. For a field.1 kOe no irreversibility, i.e., drop, in ZFC
magnetization was observed, suggesting a highly-fie
dependent magnetization in this system. In order to und
stand the nature of the low-temperature transition, we p
formed a careful low-field ~2–30 Oe! magnetization
experiment under FC and ZFC conditions. The results
shown in Fig. 1. For low fields the irreversibility~branching
of FC and ZFC data! starts at theT<TC onset of;150 K
with a systematic drop in ZFC magnetization at temperatu
35–80 K for fields 30–2 Oe, respectively. A broad ma
mum has been observed in the ZFC data. This observatio
different as we already mentioned for the field.100 Oe
whereTirr starts at a much lower temperature well belowTC .
In other words, for fields 2–30 Oe, it is not clear wheth
true long-range order exists; i.e., the range of field is
sufficient to orient the Fe moments, but short-range fer
magnetic ordering may exist.

The TRM(T)5M irr (M irr can be defined as the differenc

FIG. 1. Field-cooled and zero-field-cooled magnetization
temperature for different dc fields.



of

t

in
ty

lin

rr

tio

t
i

p
te y

ug-
lus-

est-

this
ture
ave

n
re

me

the
tant

tio

e
r

nce

era-

56 6075GIANT MAGNETORESISTANCE IN THE DISORDERED . . .
of MFC and MZFC) has been attributed to a distribution
potential barriers in spin glasses.1 At Tf , TRM(T) is ex-
pected to go to zero. On the other hand, for cluster glass
TRM is higher at low fields and it starts atT<TC , indicating
the presence of short-range ferromagnetic ordering with
cluster.13 For a typical reentrant spin glass, irreversibili
starts at low temperatures well belowT,TC . Figure 2
shows TRM measured at different temperatures after coo
under various fields~2–30 Oe!. TRM(T) goes to zero at
T;130 K, suggesting the absence of true long-range fe
magnetic order. TRM increases rapidly with a decrease
temperature in the region where a drop in ZFC magnetiza
occurs. Figure 3 shows the coercive fieldHC ~obtained from
the ZFC hysteresis loop in the field range6 33 Oe! vs tem-
perature curve. The coercive fieldHC increases rapidly a
T;40 K, where ZFC magnetization data show a drop. It
expected that for the reentrant spin glassHC increases rap-
idly at T<Tf .1 However, hysteresis is not an essential pro
erty of spin glasses. In the same Fig. 3 we have plot
dHC

FC/dHFC with temperature. ThedHC
FC/dHFC is the slope

FIG. 2. Experimentally obtained thermoremanent magnetiza
with temperature at different cooling fields.

FIG. 3. Coercive fieldHC vs temperature estimated from th
ZFC hysteresis curve. (dHC

FC)/(dHFC) estimated from the linea
plot of HC

FC with HFC vs temperature.
he
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g

o-
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of the linear plot ofHC

FC with HFC. HC
FC is the coercive field

under a field-cooled condition.13 It has been shown recentl
that for a typical cluster glass systemdHC

FC/dHFC increases
exponentially with a decrease of temperature, and this s
gests that with the increase of temperature blocking of c
ters decreases due to thermal activation.13 A similar analysis
for the present data shows no exponential behavior, sugg
ing no blocking of clusters.

Experimental results of TRM decay with timet at differ-
ent temperatures at a 10 Oe field are shown in Fig. 4. In
figure we see a gradual and systematic change in curva
from concave downwards at low temperatures to conc
upwards at high temperatures~from 100 K onwards! as
found in the reentrant-spin-glass CrFe and NiM
systems.14,15 FC and ZFC magnetization with temperatu
data at 10 Oe~Fig. 1! showsTC;150 K with a drop in
magnetization at 60 K. In the reentrant-spin-glass regi
TRM decay is age dependent~waiting time!. The relaxation
isotherm can be represented by a function consisting of
superposition of the stretched exponential and a cons
term16,17

MR5M01M1expF2S t

t D ~12n!G , ~1!

n

FIG. 4. ~a! Thermoremanent relaxation isotherms for a seque
of temperaturesT<90 K. The solid curves are fits to Eq.~1!. ~b!
Thermoremanent relaxation isotherms for a sequence of temp
turesT>100 K. The solid curves are fits to Eq.~2!.



,
e
l

ta
ee
ur

e
t
a
ra
e

a

ll
et

m
e

be
e
o

he
or
n
a
s

an
ly

Au

is-
ag-
of
etic
of

ndi-
al

the
ra-
g-
ag-
ss
d

ag-
mall

to
sh
rge
s in

n be
tic

ant

be-

t
for

-

rk
is-

d

a-

6076 56ANINDITA RAY, R. RANGANATHAN, AND C. BANSAL
whereMR is the thermoremanent magnetization.M0 andM1
are time-independent constants,t is the characteristic time
and n is the stretched exponential exponent. The tim
independent constant termM0 is consistent with a theoretica
model18 which predicts a longitudinal ferromagnetic spon
neous magnetization to exist with transverse spin-glass fr
ing. The relaxation isotherms in Fig. 4 in the temperat
rangeT<100 K are best fitted to Eq.~1! ~solid lines!. The
stretched exponential exponentn and the characteristic tim
t are plotted with temperature in Fig. 5. The exponenn
increases with an increase of temperature and tends tow
unity. This feature is typical of spin glasses. For the tempe
ture T>100 K, a weak power law decay function describ
the characteristic of thermal equilibrium relaxation16,17 as

MR5M01M1t2m, ~2!

whereMR is the thermoremanent magnetization.M0 andM1
are time-independent constants, andm is the power law ex-
ponent. This behavior is consistent with that observed in r
dom ferromagnets.19 Thus TRM decay with time atT<TC
clearly suggests two relaxation regimes. The therma
driven crossover from the high-temperature ferromagn
phaseT>100 K to a low-temperature,100 K possibly
glassy phase~which is related to the onset of nonequilibriu
effects! is clear. This observation is consistent with oth
reported work on the reentrant-spin-glass CrFe system,14 etc.

In Fig. 6 as an example the magnetization data atT;100
K for the series of~FeNi! 1002xAu x (x525, 45, 60, 75! are
shown. All concentrations except 75% show saturation
havior for field .5 kOe for the temperature rang
100–300K.2 This clearly suggests that the absence of an
derable ferromagnetic moment~2.0mB) plays a significant
role in the 75% Au system. Therefore the 75% Au, in t
~FeNi! 1002xAu x alloy system, may be considered as dis
dered magnet. We wish to stress that such a compariso
not possible with other noble-metal-doped alloys such
~FeNi!Cu at a higher concentration of Cu due to decompo
tion.

GMR is not a property restricted to multilayers but it c
also be found in granular thin films, ribbons, and rapid
quenched alloys such as Co-Cu, Co-Ag, Ag-Fe, Cu-Fe,

FIG. 5. Stretched exponential exponentn and the characteristic
time t vs temperature.
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Fe, Cr-Fe, and NiFe-Ag. These alloys comprise two imm
cible metallic components, one magnetic, the other nonm
netic, which tend to segregate, resulting in the formation
magnetic single-domain clusters embedded in a nonmagn
matrix. The resistance is high for a random alignment
magnetic cluster moments and it is decreased when i
vidual moments are aligned parallel by an extern
field.3,5,7–9,20As a consequence of the granular nature of
films, systems such as Co-Ag show GMR with superpa
magnetic behavior.6 Also GMR effects are seen in metama
netic materials undergoing ferromagnetic to antiferrom
netic transitions4 and in spin-glass and reentrant-spin-gla
Cr-Fe bulk granular alloys3 and spinodally decompose
Cu-Ni-Fe alloys.12 However, spin-glass alloys20 ~AgMn,
AuFe! at a low temperature also exhibit large negative m
netoresistance. In spin glasses and alloys containing s
magnetic clusters, a relatively large field is necessary
overcome the anisotropy energy. It is difficult to accompli
ferromagnetic alignment of all the moments, and so the la
magnetoresistance cannot be readily saturated, wherea
multilayers and granular systems magnetoresistance ca
saturated under a sufficiently large field; i.e., ferromagne
alignment is achieved.

Figure 7 shows the resistivityr(T)/r(300) as a function
of temperature for the~FeNi! 1002xAu x (x525, 45, 60, 75!
alloys. We observed a higherr0 for the x575 sample in
comparison with other concentrations and a signific
change inr~T! is observed nearTC;130 K. For other con-
centrationsr(T) has been measured at temperatures well
low TC which varies from 700 K (x525), 530 K (x545),
and 333 K (x560),10 respectively. Since a significan
change in magnetoresistance has been observed only
x575 in the68 kOe field in comparison with other concen
trations whereDR/R is small ~for x560, DR/R is ;0.75%
at 79 K and 8 kOe!, we focus our magnetoresistance wo
only on thex575 sample. Figure 8 shows the magnetores
tance DR/R ~%! defined as @R(H)2R(H
50)#/R(H50)3100 as a function of parallel applied fiel
at different temperatures. At 8 kOe,DR/R is ;4.5% at 48 K
to 0.3% at 200 K. This magnitude ofDR/R is comparable

FIG. 6. Magnetization vs dc field for different Au concentr
tions.
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with the case of GMR in the bulk granular alloy CoA
Au-Fe,5 and ~NiFe!Ag alloys.21

In Fig. 9 we have plotted magnetoresistance vs temp
ture for different fields in the range 1–8 kOe.DR/R in-
creases with the increase of magnetic field to about 4.5%
;8 kOe. Figure 10 shows that no appreciable change
DR/R is observed under FC and ZFC conditions at 98
Here the cooling field is;7 kOe. The present data also sho
no asymmetry behavior unlike that shown by GMR in sup
paramagnetic Co10Cu90 granular alloys.8 This means that for
the present sample GMR does not depend upon the m
stable states that develop when the sample is cooled.
interesting to note that magnetization data under FC and Z
conditions does not show any change at these tempera
except that the irreversibility occurs at very low temperatu
;5 K at 1 kOe. Figure 11 shows GMR measured at 98
T,TC , 170 K ~close toTC), for Hi I andH'I ~whereI is
the in-plane sample current! which is negative. Hysteresis i
also not observed and the anisotropy (Dr i2Dr')/r0 is less
than 0.5%. GMR in granular solids is isotropic.7 In the case

FIG. 7. r(T)/r(300) with temperature for different Au concen
trations.

FIG. 8. Parallel magnetoresistance@R(H)2R(0)#/R(0) as a
function of external field at different temperatures.
a-

or
in
.

-

ta-
is
C
res
s
,

of multilayers GMR is negative, but the magnitudes are d
ferent due to the demagnetization factor.20

According to the two-current model GMR can be e
pressed as

r~H !2r~0!

r~0!
52AS M

MS
D 2

,

where the coefficientA is related to the magnitude of GMR
M is the global magnetization, andMS is the saturation mag
netization. The magnitude depends on the spin-depen
scattering, as well as the number and the size of ferrom
netic entities with mean free path (l). Attempts to fit the
above equation to our data and even (M /MS)4 as in
Cu-Mn-Al ~Ref. 22! have not been successful. This behav
is probably due to the fact that large fields are required
align the Fe moments. In fact even up to 55 kOe at 98 K f
magnetic saturation could not be obtained.2 For example, the
magnetization value at 8 kOe is;6.8 emu/g compared to 7.
emu/g at 20 kOe and 14 emu/g at 55 kOe. For other
concentrations saturation can be easily obtained for field;

FIG. 9. Parallel magnetoresistance@R(H)2R(0)#/R(0) as a
function of temperature for different fields.

FIG. 10. FC and ZFC parallel magnetoresistance@R(H)
2R(0)#/R(0) as a function of external field at 98 K.
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5 kOe ~Fig. 6! for which magnetoresistance is 5 time
smaller than that observed in the spin-glass-like sam
(x575). Forx575 sample GMR may be due to scatteri
from nonaligned ferromagnetic entities as in the granu
magnetic systems.7 Absence of GMR saturation in 8 kO
data ~Fig. 8! is due to this nonalignment of ferromagnet
entities. In fact, depending upon the field strength the ali
ment of the Fe moment is possible, as shown by our hi
field data~1–55 kOe!.2 The present magnetization data su
gest the frustration in the system. Therefore we believe
there exists a subtle link between frustration and GMR

FIG. 11. Parallel (s, n) and perpendicular (d, L) magnetore-
sistance@R(H)2R(0)#/R(0) as a function of external field at 98 K
and 170 K.
o

y

g

le

r

-
-

at
t

may be mentioned here that for the present study interfac
scattering as in thin films, ribbons, etc., does not arise as
system is a bulk sample. It has been emphasized that G
occurs in magnetically inhomogeneous media or disorde
systems containing nonaligned ferromagnetic entities on
microscopic length scale, roughly equal to the electron me
free path.20 However, a detailed microstructure parameter
required to further clarify the origin of GMR in the presen
~FeNi! 25Au 75 bulk alloys.

V. CONCLUSIONS

The present results demonstrate the observation of GM
in ~FeNi! 25Au 75 in the series of fcc~FeNi! 1002xAu x (x525,
45, 60, 75! alloys. The origin of GMR in thex575% alloy is
attributed to the field-induced alignment of Fe moments, f
which saturation could not be obtained for fields.20 kOe.
The field-cooled and zero-field-cooled magnetization, F
ZFC hysteresis, thermoremanent magnetization, and m
netic relaxation data show the characteristic features o
typical reentrant-spin-glass-like behavior at low temper
tures. For other Au concentrations magnetic saturation c
be easily obtained for fields;5 kOe for which no GMR is
observed. Thus the present study on~FeNi! 25Au 75 can be
considered as an example to investigate GMR in disorde
magnetic systems.
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