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Magnetoresistance in canonical spin-glasses
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The transverse magnetoresistance (TMR) hp/p has been measured in AuFe, AuMn,
CuMn, and AgMn spin-glasses in the temperature range 1.5 to 77 K and magnetic fields up
to 18 kG. All the alloys exhibit a negative TMR at all temperatures and fields and changes
with field H as H", where n =2 at low fields and 1 & n & 2 at higher fields. Below the spin-
glass freezing temperature Tp and at higher fields, the TMR is nearly independent of tem-
perature. This behavior is very similar to that of the Hall resistivity. At low fields it varies
smoothly around To without showing any anomaly. However, below To the TMR shows a
somewhat stronger temperature dependence in a few alloys. Above To,

~
bp/p

~

decreases
with temperature and becomes undetectable beyond T, the temperature of the resistance
maximum of the alloy. Also,

~
hp/p

~

increases with the impurity concentration c in AaFe
while decreasing with it in AuMn, CuMn, and AgMu. However,

~

b,p ~

increases monotoni-
cally with c in all the systems. A recent theory of magnetoresistance, based on an
Edwards-Anderson-type model for a spin-glass, explains most of the above characteristic
features. This theory has been applied to compute the values of the s-d exchange parame-
ter "J." They are in reasonable agreement with those found by earlier authors. Effects of
field cooling, remanence, aging, and annealing on the TMR are discussed. A fresh anneal-

ing and quenching of AuFe alloys significantly reduces
~

b p/p
~

.

I. INTRODUCTION

In recent years dilute magnetic metallic systems,
crystalline as well as amorphous, have been the sub-

ject of renewed interest for the study of magnetic,
transport, and thermal properties. These studies
have been intended mainly to probe how the mag-
netic order sets in when the concentration of metal-
lic impurity, e.g., transition or rare earth, is in-
creased in a host metal which does not itself under-

go magnetic ordering at any temperature. The
study of the transport properties of these systems
was rather tempting because of the discovery of the
Kondo effect, giant thermoelectric power, etc., in
dilute metallic alloys. The two kinds of studies,
namely, the magnetic and transport properties,
started converging after it was established that the
anomalous transport properties are due to the for-
mation of local magnetic moments in dilute alloys.
Spin-glass is one of such systems and is of the type
No~, Tr, . Here c is the concentration of the 3d
transition-metal impurity Tr (e.g., Fe, Mn, Cr)
which is randomly distributed in the matrix of the
noble-metal host No (e.g., Au, Ag, Cu}. If c & 10
one is in the dilute Kondo region, while cp0. 1

gives the percolation limit. In the intermediate con-
centration range (say, 0.005&c &0.1), the distance
between the magnetic impurities is such that their

indirect exchange energy via the conduction elec-
trons dominates over all other contributions. The
canonical spin-glasses are AuFe, AuMn, CuMn,
AgMn, and AuCr, each of them satisfying the cri-
teria of a favorable solubility of the impurity in the
host and a sufficiently low (&0.1 K) Kondo tem-
perature.

The first experimental results containing the
spin-glass model were of Cannella and Mydosh, '

who observed a sharp transition in the low-field
(-5 G) ac magnetic susceptibility X(T}at a charac-
teristic spin-freezing temperature To (-c2/3) in
AuFe alloys. The cusplike peak was found to be-
come rounded even in a field as low as 100 G. Thus
the critical behavior of X(T) could only be observed
at low fields. Below To, X(T) falls off very much
like that of an antiferromagnet below its Weel tem-
perature. Above To, it followed a Curie-Weiss law
from which p,ff the effective Bohr magnetion num-

ber, and 8, the Curie-gneiss temperature could be
obtained. The same type of behavior was found in
the other canonical spin-glasses with
0.005 &c &0.1. Borg et al. and %indow observed
in AuFe (Ref. 3), CuMn, and AuMn (Ref. 4) that
the magnetic hyperfine field splitting occurred in
Mossbauer spectra at Ttvt (which is close to To), in-
dicating a magnetic phase transition. However, the
neutron scattering measurements of Sato et al. in
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CuMn revealed the absence of any long-range anti-
ferromagnetic ordering. The muon depolarization
experiments of Murnick et al. indicated at Tp an
abrupt appearance of local fields in CuMn and
Au Fe spin-glasses. An external magnetic field
smeared the transition due to the creation of larger
local fields. McAlister and Hurd found a peak,
very similar to that of X(T), in the total Hall resis-
tivity ptt at To, but up to a much higher field of
about 1.5 kG. At still higher fields the peak disap-
peared and pH was relatively independent of tem-
perature around Tp. Ford and Mydosh found that
the impurity resistivity in spin-glasses varied rough-

ly linearly w'ith temperature around Tp and then
showed a broad maximum at a temperature T
which was much larger than Tp. No anomaly was
observed around To in magnetic specific heat, ther-

moelectric power, ' or ultrasonic velocity. '

The Edwards-Anderson" (EA) model, in the
mean-field approximation, yielded a cusp in X(T) at
To. The physical picture of a spin-glass in this

I

theory is the following: Below Tp, the spins associ-
ated with the solute atoms are frozen in random
orientations. Even a small magnetic field disrupts
this short-range order and unlocks the spins. In the
spin-glass regime, the magnetization M=($;) is
zero for all temperatures and hence, it could not be
an order parameter. Edwards and Anderson intro-
duced an order parameter Q, defined as

Q = »m (S;(ti )S;(t2)),
I&&

—&2I~~

which shows a time-dependent correlation of indivi-
dual spins at a particular site. Q is zero for T & To
while it is nonzero for T & Tp. This model, howev-
er, overemphasized an anomaly which was not ob-
served in the magnetic specific heat at Tp.

From the experimental survey given earlier it is
clear that the experiments on spin-glasses could be
broadly divided into two classes, one of which exhi-
bits a sharp anomaly at Tp while the other shows a
smeared behavior around Tp. These experiments
can be categorized as follows:

Sharp anomaly at Tp Smeared behavior

Magnetic susceptibility
Remanence
Mossbauer effect
Muon-spin depolarization
Anomalous Hall effect

Resistivity
Specific heat
Thermop ower
Nuclear magnetic resonance (NMR)
Ultrasonic velcoity

It is interesting to find that among the transport
properties, only the anomalous Hall effect provides
a sharp anomaly at Tp, while the resistivity and
thermopower do not. The experiments listed in the
second column are, indeed, the indirect ones having
large nonmagnetic contributions; hence, it is diffi-
cult to separate out, correctly, the magnetic contri-
bution. This perhaps might be the cause for not
observing a critical behavior around Tp in the ex-
periments of the second column.

On the basis of the experimental evidence of a
magnetic phase transition at Tp and the fact that
the spin correlations are seriously affected by even
a small external magnetic field, one might antici-
pate an anomaly also in the magnetoresistance of
spin-glasses as one passes through Tp.

II. MAGNETORESISTANCE
IN No~, Tr, ALLOYS

A. Earlier experiments

Usually, the resistance of a metallic system in-

creases in a magnetic field. This is referred to as

I

normal magnetoresistance and is due to the
Lorentz force acting on the conduction electrons.
It varies quadratically in small magnetic fields.

A negative magnetoresistance was observed, for
the first time, by Gerritsen et al. ' in some of the
dilute noble-metal-transition-metal alloys, as, for
example, AgMn, AuMn, CuMn, etc. where the no-
ble metal is the host. The negative magnetoresis-
tance was found to be the same for both the longi-
tudinal and the transverse magnetic fields. Later,
Schmitt and Jacobs' and Muto et al. '" established
that the negative magnetoresistance in CuMn and
CuFe alloys varied as the square of magnetization.

Rohrer' had measured the transverse magne-
toresistance (TMR) in dilute AuFe and AuMn al-
loys having the transition-metal impurity concen-
tration in the range of 0.1 to 1.0 at. %. These al-
loys exhibit a negative TMR up to the highest
measuring field of 200 kG. The negative TMR in
AuFe alloys had been found to show a strong con-
centration dependence as against a weak one in
AuMn alloys.

The above studies were carried out before the
idea of spin-glasses came into existence, and hence
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there was no intention to look for a phase transi-
tion at To, called the spin-freezing temperature in
the present nomenclature of spin-glasses. These
experiments were meant essentially to probe into
the mechanism of the Kondo resistance anomaly
and hence were directed to very dilute alloys hav-

ing magnetic impurity concentration of less than
0.1 at. %%uo.

B. Theory of magnetoresistance

The resistance of an electrical conductor has
been found to either increase (normal or positive
magnetoresistance) or decrease (negative magne-
toresistance) in a magnetic field. The theoretical
modds of the positive and the negative magne-
toresistances relevant to the present work are brief-
ly described below.

(i) Normal magnetoresistance The n. ormal (posi-
tive) magnetoresistance is inherent in all systems
having free electrons. A theory based on a free-
electron model led to a zero magnetoresistance. A
two-band model' consisting of two overlapping
bands of s and d electrons was therefore proposed.
In this model the transverse magnetoresistance, in
small magnetic fields, H, is given by

hp
(1)

p 27le p

where (bplp)„ is called the "normal magnetoresis-
tance, " p being the electrical resistivity in zero

magnetic field, n is the number of electrons per
unit volume, and e is the electronic charge. The
above expression is in fairly good agreement with
the experimental results.

(ii) Negati Ue magnetoresistance B. eal-Monod
and Weiner' calculated the negative magnetoresis-

tivity of dilute alloys containing transition-metal
impurities and exhibiting Kondo resistance anoma-

ly. Their calculations were based on a third-order
perturbation expansion of the s-d exchange Hamil-

tonian. The calculations of the conduction-
electron scattering amplitude, in the zero-field lim-

it, yielded the famous Kondo logarithmic series in

temperature T. The theory of Beal-Monod and
Weiner is restricted to alloy systems in which the
spins are isolated and hence the spin correlations
of' the magnetic impurities were ignored.

Recently, Mookerjee' has calculated the magne-
toresistivity in spin-glasses on the basis of
Edwards-Anderson-type model. Here the local
spins interact through the conduction electrons via
the s-d exchange coupling. Under the following

simplified assumptions that
(a) the impurity and the s-d couplings are isotro-

pic~

(b) the magnetic impurity concentration is such

that the clustering of magnetic atoms does not take
place, and

(c) the effects of spin dynamics have been ig-
nored, the expression obtained for the resistivity

p(H) in a magnetic field H for Noi, Tr, alloy
could be written in the Born approximation as

p(H)=cRe V +J S(S+1)—M(H)tanh
2k~ T

—2J Q(H) 1—,S(S+1)—M(H)tanh
J gpgH
p'2 2k' T (2)

where V and J are the Coulomb and the s-d exchange potentials, respectively, M(H) and Q (H) are the order
parameters as introduced in the EA model, ' S is the impurity spin, g=2 for conduction electrons, and pz is
the Bohr magneton. The quantity Ro is defined as

37TPl

4'
1

nEp

where n is the number of electrons per unit volume, and the quantities m, A, e, k~, and E~ have their usual
meaning.

The order parameters M(H) and Q(H) have been found to satisfy the simultaneous equations'

1 ",2~2 8M(H) ~OQM(H)= e ' ~ tanh a+ + zdz,
217 ~ T T
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Q(H)
1 y",2gg h2 SM(H) OQ '"(H)

where 8 is the Curie-Weiss temperature, and a=pH/k&T where p is the magnetic moment of the impurity
atom as seen in the noble-metal host, and is given by p=p, ffp~, p,ff being the Bohr magneton number.

From Eq. (2), the change in resistivity bp due to a magnetic field H could be written as

gpgH J2
b p =p(H) p(O) =——cROJ M (H)tanh +2[Q(H) —Q(O)] 1—,S(5+1)

2k~ T V2

J2 gpgH+ 2 Q(H)M(H)tanh
V2 2 gT

Thus hp can be calculated from Eq. (6) using Eqs.
(4) and (5) for M(H) and Q(H), respectively.

Mookerjee therefore concluded that the change
in resistivity due to a magnetic field H is

(a) negative at all temperatures and fields, vary-

ing as H in low fields and at temperatures near

To and
(b) proportional to the magnetic impurity con-

centration c.

It should be pointed out here that M (H) and Q (H)
are also dependent on To and 8, which in turn, de-

pend on concentration. Thus the dependence of
hp on c could not be a simple one, as concluded by
Mookerjee.

III. EXPERIMENTAL METHGDS

A. Preparation of alloys

Four binary systems were studied in the present
investigations. They were AuFe, AuMn, CuMn
and AgMn alloys in the magnetic impurity concen-
tration range of 0.5 to 10.0 at. %. Some of these

alloys, viz. , CuMn and AgMn, were prepared here

by induction melting in argon atmosphere. The
constituent metals were of 99.999/o purity ob-

tained from M/S Johnson-Mathey Inc. , England.
Each alloy was homogenized at a temperature
about 100'C below its melting point for 24 h in ar-

gon atmosphere. Then they were swaged, cold-
rolled, and cut into thin rectangular strips
(40)&1&(0.1 mm ) for magnetoresistance measure-
ments. The alloys of AuFe and AuMn, obtained
from Mydosh and Coles, were already in the
homogenized state. Some of the alloys were chem-

ically analyzed and found to be within 2% of the
nominal composition of the magnetic impurity.

In order to remove mechanical strains, as well as

to provide a random substitutional character to the
magnetic impurity, each alloy was finally annealed

for 24 h at 900 C in argon atmosphere. Then they
were quenched in water and kept in liquid nitrogen
until measurments were made.

B. Experimental setup

A cryostat was designed and fabricated for the
measurement of transverse magnetoresistance in

the temperature range of 1.5 to 77 K and up to
magnetic fields of 18 kG. The resistivity was mea-
sured using a four-probe dc method where the
current and the voltage leads were spot-welded to
the sample. Extreme care was taken to minimize
thermoelectric, ground loop, and pickup voltages.
A current of about 300 mA was passed through
the sample in series with a 1-0 Leeds and North-
rup (LN) standard resistance.

The zero-field voltage across the sample was
measured by using a voltage compensation tech-
nique in the following manner. An LN K-3 poten-
tiometer, which has a sensitivity of 0.5 pV, was
used as a standard voltage source. The specimen
voltage due to current I was compensated by ad-

justing the K-3 potentiometer, connected in series
opposition, and using a model 148 Keithley nano-
voltmeter as a null detector. In this situation the
voltage read on the K-3 potentiometer had been
precisely the voltage drop V across the sam. pie. In
the same way the voltage drop across the 1-0 LN
resistance gave l. The change in the sample volt-

age hV due to incremental magnetic field was of
the order of a few microvolts and hence, it had
been read directly on the nanovoltmeter. The ratio
AV/V was calculated, which is the same as the
magnetoresistance hp/p of the alloy. By knowing
I, V, and the geometrical factor, the resistivity of
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the alloy at zero field was obtained.
A Varian 15-in. electromagnet fed by a VFR-

2703 power supply provided a highly stable mag-
netic field. A Honeywell germanium thermometer
was used to measure the temperature of the speci-
men. The temperatures above 4.2 K were achieved
by using a Manganin wire heater, while those
below 4.2 K were achieved by pumping over the
liquid-helium bath with a Kinney pump.

In a few spin-glass alloys the magnetization was
measured at 77 K and up to magnetic fields of 16
kG. In these experiments a Princeton Applied
Research (PAR) model 155 vibrating sample mag-
netometer and a PAR model 153 cryostat were
used along with the Varian 15-in electromagnet.
The details of the complete experimental method
are described elsewhere.

IV. RESULTS

The present study is comprised of measurements
of transverse magnetoresistance (TMR) in AuFe
(2.9, 6.6, and 10.0 at. %), AuMn (1.8 and 4.6
at. %%uo ), CuM n(0.7an d4.4at. %), an dAgM n(1.1

and 5.4 at. %) spin-glass alloys in the temperature
region of 1.5 to 77 K and up to magnetic fields of
18 kG. The measurements have relative accuracy
of about 40 ppm of the resistivity. Each sample
had been measured twice under the same sample
condition. The data were qualitatively identical in
the two runs. However, the reproducibility of
hp/p was within +5%.

The measured TMR hp/p is plotted as a func-
tion of magnetic field H at different temperatures
in Figs. 1(a)—1(i} for various spin-glass alloys. It
should be noted here that not too many low-field
points are shown to enhance readability. All the
alloys exhibit a negative TMR in the temperature
range of measurement. With the exception of
AuFe (2.9 at. %) the alloys had been measured
after fresh annealing and quenching as mentioned
in Sec. IIIA. The AuFe (2.9 at. %}alloy had been
measured only in the as-received aged condition.
It is observed that the magnitude of the negative
TMR in AuFe alloys increases with increasing con-
centration at all temperatures and fields [Figs.
l(a) —1(c)]. In AuMn [Figs. 1(d), 1(e)], the negative
TMR slightly decreases by increasing the Mn con-
centration from 1.8 to 4.6 at. %, e.g., at 4.2 K and
at 18 kG, it is 7.5% for AuMn (1.8 at. %) and
6.5% for AuMn (4.6 at. %). In the case of CuMn
and AgMn alloys, the negative TMR has been
found to decrease significantly by increasing the

concentration of Mn impurity [Figs. 1(f)—1(i)].
It is observed that at a fixed temperature the

negative TMR varies faster than H, i.e.,

Ap/p = b'(—T,c)H",

where n & I and b'(T, c) is a coefficient that de-
pends on the temperature T and the magnetic im-
purity concentration c of the alloy. To find the
value of n, log-log plots of hp/p vs H were tried
for all the alloys, and it has been found that at low
fields n=2.0+0.1 at all temperatures for all the al-
loys. The maximum field (Hq) up to which the
quadratic nature of bp/p persists at all tempera-
tures is different for different alloys. To show the
quadratic dependence of the negative TMR up to
Hq, Ap/p have been plotted against H for AgMn
(1.1 at. %) in Fig. 2. In this figure, one can see
that Hq is only 3 kG. The slope of these plots
gives b(T,c)=b'(T, c) of Eq. (7) when n=2 Simi-.
lar plots have been tried for all the other alloys,
and the values of Hq and those of b (T,c) are given
in Table I. It is found in all the alloys that at tem-
peratures well above To, bp/p is quadratic in H up
to the highest field, i.e., 18 kG. On the other
hand, for T & To and for higher fields Ap/p is al-
most linear in H for many of them [especially
Figs. 1(c), 1(d), 1(e), and 1(h)]. Nevertheless, hp/p
is quadratic in H up to Hq at all temperatures.

In the temperature region of T g To, and at low
fields, Ap/p is found to be weakly dependent on
temperature. However, in AuMn (1.8 and 4.6
at. %), AgMn (5.4 at. %), and AuFe (10.0 at. %%uo )al-
loys, the coefficient b(T,c) exhibits a pronounced
maximum below To, as can be seen from Table I.
In other alloys b(T, c) is almost independent of
temperature below To. Above To, b ( T,c) de-

creases fast with increasing temperature and be-
comes vanishingly small around T, the tempera-
ture of the resistance maximum of the alloy. As
an example, in the CuMn (0.7 at. %) alloy which
has To ——8 K and T =17 K (Ref. 8), b(T,c) de-
creases from 10.7 to 8.8)&10 T between 1.5
and 8 K while it decreases from 8.8 to 5.0X10
T between 8 and 15.5 K [Fig. 1(f)]. In this al-
loy, at a temperature of 20 K, which is 3 K above
T, no TMR could be observed.

At higher fields and in relatively concentrated
alloys, hp/p seems to be almost independent of
temperature below To. In Fig. 1(g) one could see
for CuMn (4.4 at. %) that at 10 kG bplp is almost
independent of temperature below 20 K, whereas

To is around 16 K for this alloy. The same type
of behavior is encountered in AuMn (1.8 and 4.6
at. %), AgMn (5.4 at. %), and AuFe (2.9, 6.6, and
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00

-2

20 30

AgMn (1.1 at. %) [having a resistivity =1.7 pQ cm
(Ref. 8)], we get (bp/p)„, ,~-10 . The observed
negative TMR in the present study is of the order
of 10, and hence the normal (positive) contribu-
tion to the TMR is negligible. The validity of this
assumption had also been established by Rohrer. '

%e have, therefore, treated the measured negative
TMR as the actual negative TMR in the present
work.

0

a
cj A. Negative TMR in spin glasses

FIG. 2. Transverse magnetoresistance Ap/p vs

square of external magnetic field H~ at different tem-
peratures for AgMn (1.1 at. %%uo )alloy .

10.0 at. %) samples. This a very similar to the
behavior of Hall resistivity as discussed in Sec. I.
The values of the resistivity at 4.2 K of all the al-

loys measured are within +10% of the literature
values.

V. DISCUSSION

The transverse magnetoresistance measured in
this work is, in fact, the sum of both normal and
negative contributions, that is,

(&p/p) „,= (&p/p)„, ,/+(d p/p)„„„;„,

where the second term represents the actual nega-
tive contribution to the TMR. It is evident from
Eq. (1) that the normal contribution varies inverse-

ly as the square of the resistivity, which is a func-
tion of temperature as well as composition of the
alloy. The alloys of the current study are in a
moderately high-impurity-concentration range, and
therefore the normal contribution is expected to be
insignificant in comparison to the negative contri-
bution to the TMR. For example, at 20 K, the
normal magnetoresistance of pure Ag at 3 kG is
=0.04 (Ref. 21), while its electrical resistivity is

0.005 pQ cm. Now, using these data and Eq.
(1), if we calculate the normal magnetoresistance of

The existence of a negative TMR in dilute
No], Tr, alloys had been shown earlier by Ger-
ritsen et al. ' A study of a few alloys of AuFe,
AuMn, AgMn, and CuMn by McAlister and
Hurd ' at 4.2 K in the spin-glass and percolation
regimes also showed a negative TMR. The present
study confirms the existence of a negative TMR at
all temperatures and fields, as described in Sec. IV.
Also, the magnitude of the TMR increases with
field and decreases with temperature. The oc-
currence of the negative TMR could be understood
in terms of the spin-flip scattering theory of Beal-
Monod and Weiner. ' At low temperatures the
external magnetic field modifies the population of
the up and down spins of the impurity atom, thus
decreasing the spiri-flip scattering cross section.
This produces a negative TMR whose magnitude
increases with field. At higher temperatures ther-
mal fluctuations mix these states, thereby making
the external field less effective in reducing the
spin-Aip scattering. Consequently, the magnitude
of the TMR would decrease with increasing tem-
perature.

It was pointed out in Sec. IV that at higher
fields the TMR was nearly independent of tem-
perature below To in all the alloys except the dilute
ones ((1 at. %). This could be understood as fol-
lows: The frozen state of the spin-glass can be dis-
rupted either by increasing the temperature or by
applying a magnetic field. At a sufficiently high
field this state is already magnetically unlocked
well below To. So as one increases the temperature
thermal unlocking of spins becomes ineffective
thereby making the spin-flip scattering insensitive
to temperature.

The first prediction of Mookerjee's theory [Sec.
IIB(ii)] is found to be true in the present experi-
mental study of the TMR. The quadratic depen-
dence has been found to continue up to a field Hq
which is different for different alloys, as shown in
Table I. However, the present study also shows
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that well above To the quadratic behavior of the
negative TMR continues to the highest field of 18
kG. The second conclusion (an erroneous one)
from the theory, namely, the linear proportionality
of hp on c is nor borne out, at least by our data.
This is not a disagreement since the theory does
not predict such a simple relationship, as pointed
out earlier. Nevertheless, we find that Ap increases
monotonically with concentration in all the sys-
tems. Since the essential features of the present ex-
perimental data agree qualitatively well with
Mookerjee's formulation of the magnetoresistance
theory in spin-glasses, it appeared logical to us to
apply it in order to attempt a quantitative under-
standing of the experimental results. Recent mea-
surements by McAlister and Kroeker in AuFe
{1.1 at. %%uo )an dCuM n(0.93at. %)clearl yshow
that the phenomenological model of I.i and Pa-
ton is too simple to account for the magnetoresis-
tance in spin-glasses. A fit of their data to the
above theory yields an unrealistically large Curie-
Weiss temperature (=40 K). Moreover, they have
too few low-field points.

A glance at Table II suggests that at a given
temperature (4.2 K) and field (16 kG) b,p increases
monotonically with concentration in each of the
spin-glass systems. In this table the data have been
compared at 4.2 K because at this temperature the
TMR has been measured in all the alloys. The
values of hp/p (second column of Table II) have
been found from Figs. 1(a)—1(i) at 16 kG, and
multiplied by the corresponding p at 4.2 K to ob-
tain bp (third column of Table II). Here, one
finds that hp varies roughly as c for AuFe, as c
for AuMn, and slower than c for CuMn and AgMn
alloys. Therefore, it is clear that the concentration

TABLE II. Values of Ap/p and Ap at 4.2 K and 16
k6 for spin-glass alloys.

M (H)=aT/( T—8),
a To(1+2m)

Q(H)= when T&TO
2b, b, +2eTD)e

a To(1+6@)
Q (H)= —e+

26(b, +2eTO){—e)

when T~TO,
where

5= To —8, c=(T To)/To . —

(10)

Here, terms of the order higher than cz and e are
neglected with the additional restriction that e
should be much larger than n . In other words,
the low-field approximation holds neither very near
to To nor very far away from it.

In Eq. (6) the ratio
~

J/V
~

is expected to be
small [=0.16 for CuMn (Ref. 17)], and hence one
could neglect the term containing J /V. Equa-
tion (6) for hp could now be simplified, using Eqs.
(g) —(10), to the form

dependence of Ap is not a unique one. It is in-
teresting to note (Table II) that although hp in-
creases with c for all the spin-glass systems, bp/p
has no consistent concentration dependence. For
AuFe, hp/p increases with c while in AuMn it is
nearly independent of c. In CuMn and AgMn,
hp/p decreases as c is increased. Rohrer' as well
as McAlister and Hurd, in their high-field mea-
surements of magnetoresistance, also found a simi-
lar c dependence of bp/p in AuFe and AuMn al-
loys.

The exact evaluation of the integral in Eqs. (4)
and (5) is not simple; hence we have evaluated
them in the approximations of low field and
T~To. In these limits, the simplified equations
for M(H) and Q(H) are

Alloy

AuFe (2.9 at. %)
AuFe (6.6 at. 'Fo)

AuFe (10.0 at. %)

AuMn (1.8 at. %)
AuMn (4.6 at. %)

CuMn (0.7 at. %)
CuMn (4.4 at. %%uo)

AgMn (1.1 at. %)
AgMn (5.4 at. %)

—~p~p
(10 )

6.4
10.5
35.2

61.0
56.5

19.8
6.1

43.5
17.3

—hp
(10-" n~)

146
540

1880

298
756

75
160

and

b,p= cROJ g-zz
p, rr T(T —8)

To(1+2@)

T 4(b, +2eTO)e

for T) To (11)

bp= cROJ g—1

p,p T(T —8)

To(1+6@)

T'h(h+2eTO)( —e)

for T & To, (12)
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where g =aT=IJH/kff.
One can now calculate bp from Eqs. (11) and

(12) provided the values of Rp g 8, Tp and J are
known. The value of J had been calculated earlier
from the experimental data of No&, Tr, alloys' '
where c was much smaller than those of the spin-
glasses; hence it may be questionable to use such
values of J in Eqs. (11) and (12). Therefore, we
have applied the above theory in a reverse manner,
i.e., rather than calculating hp from the above
equations, we have substituted our experimental
value of hp in Eqs. (11) and (12) and, in turn,
determined the effective value of J in the spin-glass
regime. The procedure for calculating

~

J
~

from
the present experimental study is here outlined.
We first define

a(T,C)= —hpi(cRpg ),
which, from Eqs. (11) and (12), takes the form

1 1a(T c) J

and

To(1+2@)

T b(k+2@To)~

for T) Tp

(13)

a(T,c)=J 1 1

Tp( 1+6@)

T h(b+2cTp)( —e)

for T&Tp .
(14)

The value of a(T,c) could also be calculated from
the experimental data as follows:

a(T,C)=-
cRpg

bp p(T} ka

p cRpp AH pg

(15)

P = b(T,c)H-
P

(16)

Substituting Eq. (16) into Eq. (15), one obtains, in
meter-kilogram-second (mks) units,

where p(T) and p are the same, i.e., the electrical
resistivity of the alloy at a temperature T. In Eq.
(7} when n =2 one gets

p(T)b (T,c) ka
a T,c =

2 2cRop, ff p~

2.3', p(T)b(T, c)
cRpp eff

=yp(T)b(T, c), (17)

where y=2.3/(cRpp, ff).
The values of p(T) and b (T,c) for various alloys

at different temperatures are given in Table I. The
values of Rp have been calculated from Eq. (3), as-
suming that the Fermi energy EF and the number
of electrons per unit volume n are the same as
those for their host metals. The values of p,ff have
been obtained from the experimental data of mag-
netic susceptibility. ' ' Thus one can find the
value of a(T,c) from Eq. (17). The values of Rp,
and pd~ as well as of Tp and 8 are given in Table
III for each alloy.

The values of a (T,c) are given in Table I. They
have also been plotted in Figs. 3 and 4 as a func-
tion of temperature for the various alloys (AuFe,
AuMn, CuMn, and AgMn). From these plots
the values of a ( T,c) corresponding to
e= 1 T/Tp +0—.1 are ——obtained and have been
substituted in Eqs. (13) and (14) to determine

~

J
~

.
The values of

~

J ~, thus computed, have also been
listed in Table III. It should be noted here that at
low fields n g0.01, and so the restriction that
e»a holds [see remark below Eq. (10)].

Furthermore, in Figs. 3 and 4, one observes for
each alloy that a (T,c) varies smoothly around Tp
without showing any anomaly. However, many of
them exhibit peaks at temperatures (always less

than Tp) that do not have any specific correlation
with respect to Tp. To resolve these peaks and to
establish the corresponding temperatures correctly
it is necessary to be able to detect very small mag-
netoresistance (=10 ) at fields as low as 100 G.
Thus in this work no generalization could be made
regarding the peaks observed in a (T,c).

B. Coulomb scattering potential V

From Eq. (2) at T & Tp, the zero-field resistivity
is given by

p(0) =cR,[V'+ J'S(S+1)] .

The values of p(0), which is the magnetic contribu-
tion to the resistivity, have been obtained for the
AuMn, CuMn, and AgMn alloys from the data of
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TABLE III. Values of Ef, n Ro, To, 8, p,rr, and
~

J
~

for spin-glass alloys.

Alloy

EF' n' Rp
(eV) (1028 m 3) (103~ Q mJ 2)

T b, c,d
0

(K) (K) b, c,eP eff

(eV) (eV)
@=+0.1 e= —0.1 (eV)

AuFe (2.9 at. %%uo)

AuFe (6.6 at. %)
AuFe (10.0 at. %)
AuMn (1.8 at. %)
AuMn (4.6 at. %%uo)

CuMn (0.7 at. %)
CuMn (4.4 at. %)
AgMn (1.1 at. %)
AgMn (5.4 at. %)

"Reference 29.
Reference 28.

'Reference 2.
"Reference 8.
'Reference 1.

5.5

7.0

5.5

5.9

5.9

5.76

1.53

1.53

0.83

1.57

16
25.5
35.0
7.0

16.0
8.0

25.0
5.5

19.0

—5
2

10
—1

5

3
—5
—1

12

4.0
6.0
9.0

10.0
11.2
3.0
9.0
5.8
7.0

0.53
0.52
1.04
0.22
0.40
0.37
0.32
0.20
0.11

0.66
0.60
1.15
0.30
0.45
0.37
0.38
0.25
0.10

0.60
0.56
1.10
0.26
0.43
0.37
0.35
0.23
0.11

Ford and Mydosh at 300 K. These are given in
Table IV. At this temperature a value of 5= —,

could be used since the alloys are in the paramag-
netic state. Thus the values of V could be calculat-
ed (using R„c,and

~

J
~

from Table III) from the
above equation and are given in Table IV. One
finds in this table that Vis much greater than

~

J
~

(given in Table III) and hence, the assumption that

~

JfV
~

is small, in applying the theory of Mook-
erjee to the present experimental data, was justi-
fied.

C. Comments on the values
of the s-d exchange parameter J

It is interesting to note (Table II) that, in the
AuFe system, though Ap changes by a factor of 4
when Fe concentration is changed from 2.9 to 6.6

at. %,
~

J
~

is nearly the same (=0.6 eV) for the
two alloys. This implies an almost unchanged
strength of the "s-d exchange interaction" around

To in the spin-glass regime of concentration.
In the case of AuFe (10.0 at. %) the value of

~

J
~

is twice (=1.1 eV) that of the other two al-

loys. This is very likely because the AuFe (10.0
at. %) alloy falls in the so-called mictomagnetic re-

gime where ferromagnetic and spin-glass interac-
tions of comparable strength coexist. The ex-
istence of ferromagnetic interaction gives an addi-
tional contribution to the negative TMR. Since the
ferromagnetic contribution to the TMR could not
be separated, the obtained value of

~

J
~

not only

corresponds to the spin-glass indirect exchange in-

teraction but also includes the direct Fe-Fe interac-
tion. This latter interaction parameter (

~
Jdd

~
) had

been determined from resistivity by Hedgcock
et al. in the case of CrFe alloys, and was found

CV
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FIG. 3. Plots of a (T,c) vs temperature T for AuFe and AuMn spin-glass systems.
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FIG. 4. Plots of a(T,c) vs temperature T for CuMn and AgMn spin-glass systems.

to be =0.5 eV. If we subtract this numerical value
of

~
Jdd

~

from the effective
~

J
~

obtained for our
AuFe (10.0 at. %) alloy, we find almost the same
value (=0.6 eV) of the spin-glass indirect exchange
parameter

~

J
~

as obtained for the other two al-

loys with 2.9 and 6.6 at. %%uoFe . Furthermor e, from
magnetoresistance measurements, Monod ' had
computed

~

J
~

for CuFe (0.011 at. %) and found

~

J
~
=0.9+0.2eV, which is quite close to that com-

puted in the present study of AuFe alloys.
For CuMn spin-glasses we obtained

~

J
~

=0.35
eV, which is in good agreement with that found by
Monod '

(
~

J
~

=0.4+0.1 eV) for dilute CuMn

([Mn]=—75 ppm). For AuMn spin-glasses
~

J
~

is

significantly different (0.26 eV for 1.8 at. % Mn
and 0.43 eV for 4.6 at. % Mn) for the two alloys of
the present study. It is not clear why the strength
of the s-d exchange scattering has stronger depen-

dence on the magnetic impurity concentration in

TABLE IV. Values of p(H =0) at 300 K and calcu-

lated Coulomb potential V for AuMn, CuMn, and AgMn

spin-glasses.

this system. From high-field magnetoresistance
measurements a value of

~

J
~

=0.18 eV had been

computed earlier by Rohrer' for more dilute
AuMn alloys.

In the AgMn system, the values of
~

J
~

are also
found to be different (0.23 eV for 1.1 at. %%uoMn
and 0.11 eV for 5.4 at. % Mn) for the two alloys.
But it is difficult to make any comment, as the
values of pd~ and 0 could not be reliably ascer-
tained from the available literature data. Kok,
from the zero-field resistivity calculations, reported
a value of

~

J
~

=0.29 eV for AgMn (5.0 at. %),
which is more than twice the value we obtained.

In conclusion, the values of
~

J
~

(Table III)
computed from the present experimental data of
magnetoresistance are of the same order of magni-
tude as those determined by others through their
studies of transport properties. This gives us con-
fidence that the theory of Mookerjee gives a
correct qualitative picture as well as a good enough
quantitative estimate of the magnetoresistance in
spin-glasses.

Alloy

AuMn (1.8 at. %)
AuMn (4.6 at. %)

CuMn (0.7 at. %)
CuMn (4.4 at. %%uo)

AgMn (1.1 at. %)
AgMn (5.4 at. %%uo)

'Reference 8.

p(H =0)'
(10 8 Qm)

4.57
11.25

2.09
12.20

1.62
8.68

V
(eV)

2.5
2.5

3.7
3.6

1.9
2.0

D. Magnetization and field dependence of hp

+ 2[Q(» —Q(o)] (18)

From the definition of the o'rder parameter intro-

Since
~

J/V
~

is expected to be small, one could
write Eq. (6) as

gpgH
b,p= —cRoJ M (H)tanh

2k' T
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Q(H)=Q(0)+qiM (H) .

Substituting Eq. (19) into Eq. (18) we get

(19)

gPBH
hp= cRo—J M(H)tanh

B

duced in Sec. I we know that Q(H) varies with the
square of magnetization, and therefore one could
write

toresistance.
It has been found experimentally that, in low

fields, the dc magnetization of the spin-glasses
varies linearly with H, that is, M(H) =re, rI being
the constant of proportionality. Therefore, one
could write from Eq. (20) that

r

gPBH 2 25p= —cRpJ gH +2q)g H
2kB T

(20)

where M(0) =0. The above Eq. (20) shows that hp
depends on magnetization which, in turn, is a
function of field. It is found that the first term
(calculated around To for the determination of J)
on the right-hand side is much smaller than the
second term, and therefore one could say that Ap
varies roughly as the square of magnetization.
This had been recently found by Senoussi, who
measured the magnetoresistance in AuFe spin-
glasses (when the specimen was zero-field cooled)
and computed the value of magnetic susceptibility
X from the expression

hp/p= —PM = PX H— (21)

where p is a constant. With the use of Eq. (21)
and the magnetoresistance data from his measure-
ments and from those of Nigam and Majumdar
for AuFe (2.9 at. %%uo )allo y, Senouss i calculate dX
and found surprisingly good agreement with the
reported values of X obtained from direct magnetic
measurements. Table V displays the values of
magnetoresistance from the present study and the
values of X as calculated by us from Eq. (21) with
p=8X10 (emu/g) (Ref. 33) for AuFe (2.9
at. %) and AuFe (6.6 at. %). The literature values
of 7 from direct magnetic measurement are given
in the fourth column of the table for comparison.
The agreement is rather good for our AuFe alloys.
A quadratic dependence of the negative TMR on
magnetization had also been found by Schmitt and
Jacobs' and by Monod ' in dilute alloys of CuMn
and CuFe. These results were interpreted in terms
of Heal-Monod and Weiner theory' of magne-

= —cRpJ2 '9gPB
+2q)g H2 2

2kB T

which means that hp is proportional to H at all
temperatures rather than only around To [as de-
duced from Eqs. (11) and (12)]. This is what has
been observed in the present study (Fig. 2). The
measurements of magnetization by McAlister and
Freeman in AuFe (4.2 at. %) at 4.2 K revealed an
almost linear M vs H plot up to about 5 kG, while
in CuMn (5.5 at. %), Kouvel had observed an al-
most linear dependence of M on H up to 10 kG.
It is worth noting that these values of fields for
AuFe and CuMn are in fair agreement with the
fields H& up to which the quadratic field depen-
dence of the TMR has been observed in AuFe (6.6
at. %%uo )an dCuM n(4.4at . %)(Tabl e I) .

Furthermore, the observed quadratic behavior of
bp/p with H at 77 K up to 16 kG in all our alloys
shows that even in the paramagnetic state, Ap/p is
proportional to the square of magnetization. This
is because in the present work the dependence of M
on H at 77 K has been found experimentally to be
linear for all the alloys. A few of them, namely,
AuFe (6.6 at. %), AuMn (4.6 at.&%%uo), CuMn (4.4
at. %), and AgMn (5.4 at. %) are shown in Fig. 5.
This implies that hp/p would have almost the
same power dependence on M as it has on H.

E. Effects of field cooling, remanence,
aging, and annealing on TMR

It has been found in a few alloys of this work
that the TMR is barely affected by cooling the
sample through Tp either in zero field or in a mag-

TABLE V. Magnetoresistance Ap/p and magnetic susceptibility P of AuFe spin-glasses.

A11oy

AuFe (2.9 at. %)
AuFe {6.6 at. %)

at 10 kG

2.6S&&10- ' (2.5 K)
4.3 &&10 ' (2.9 K)

~calc

[(emu/g)/G]

17&( 10 6

23 g10-'

~lit
[(emu/g)/G]

12&& 10
—6b

25)& 10

'Reference 28.
bReference 33 [ for a AuFe (7 at. %) alloy].
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netic field, as, for example, a CuMn (4.4 at. %) al-

loy shows a slight increase in the magnitude of the
negative TMR when it is cooled through its To
(=16 K) in a magnetic field of 15 kG. This
enhancement, which could be due to the ther-
moremanent magnetization, however, is not signifi-
cant. It had been observed by Schmitt and
Jacobs' that the magnetization of a field-cooled
CuMn sample was initially enhanced, resulting in
an open hysteresis loop.

The magnetization in spin-glasses shows the hys-
teresis effect at temperatures well below To.
Here the effect has been studied for a few alloys at
4.2 K. It is observed that the relatively concentrat-
ed alloys having To greater than about 15 K exhi-
bit remanence effect in the TMR at 4.2 K. This is
shown in Fig. 1(i) at 4.2 K for AgMn (5.4 at. %)
and clearly indicates that the magnetoresistance de-

pends on magnetization rather than on magnetic
field. No remanence is observed in the TMR for
temperatures above To.

A fresh annealing and quenching of AuFe alloys
with Fe concentrations of 6.6 and 10.0 at. %%uohas
shown significant reduction of the negative TMR.
The same has not been studied in other alloy sys-
tems except in the AuMn (1.8 at. %) alloy. The al-

loys of AuFe (6.6 and 10.0 at. %) and AuMn (1.8
at. %) were measured first in the as-received and

aged condition. Then they were annealed at 900'C

H(( S)

FIG. 5. Magnetization M vs external magnetic field
H at 77 K for AuFe (6.6 at. Jo), AuMn (4.6 at. %),
CuMn (4.4 at. /o), and AgMn (5.4 at. %) spin-glass al-

loys.

and given the same heat treatment as described in
Sec. III A. In Fig. 6, Ap/p has been plotted
against H at 4.2 K for AuFe (6.6 at. %), and at 77
K for AuFe (10.0 at. %). It is observed that in the
AuFe (6.6 at. %) alloy at 4.2 K and 18 kG the
magnitude of hp jp decreases from 2.1% (for the
aged sample) to 1.2% (for the freshly annealed and
quenched sample). This quenching of the negative
TMR in AuFe (6.6 at. %) was found at all tem-
peratures below and above To. In the case of the
AuFe (10.0 at. %) alloy, the data have been com-
pared at 77 K (Fig. 6) since the aged specimen was
measured only at 77 K and above. It shows a
reduction of the magnitude of the negative TMR
from 4.2% (for the aged sample) to 1.4% (for the
freshly annealed and quenched sample) at 18 kG.
The TMR in the AuMn (1.8 at. %) alloy did not
show any change on annealing.

Scheil et al. and Sundahl et al. found that a
prolonged aging of concentrated AuFe alloys con-
siderably increased the magnetic susceptibility as
well as the transition temperature. Since aging
enhances To one finds at a temperature T that the
ratio T/To is larger for the quenched alloy than
that for the aged sample. Therefore, the magni-
tude of the negative TMR in the quenched alloy is
smaller than that of the aged one.

m
C)

-20—

CI

FIG. 6. Transverse magnetoresistance bp/p vs exter-
nal magnetic field H in AuFe (6.6 at. %) at 4.2 K and in
AuFe (10.0 at. %) at 77 K to show the effect of aging
and annealing (followed by quenching) on TMR.
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F. Effect of superconducting solder on TMR

A low-field positive magnetoresistance was ob-
served ' in a few spin-glasses when the electrical
leads were joined to the specimen with Cd7QSn3Q

solder. Senoussi had pointed out that the ob-
served positive TMR could be due to the supercon-
ductivity of the solder material. In these samples
no positive magnetoresistance could be detected
when the experiments were repeated with leads
spot-welded to the sample. The positive contribu-
tion, however, in the case of soldered leads, contin-
ued up to temperatures (T,) and fields (H, ) that
varied over wide ranges in different spin-glasses
(T, =3.5 —10 K and H, =0.5 —6.0 kG). Even in
the same alloy they varied considerably in different
runs. The superconducting transition temperature
T, of the solder material is found to be 3.52 K
(Ref. 41) and the critical field H, is expected to be
around 300 G (Ref. 42). So it is clear that the pos-
itive TMR could not be due to the solder material
alone. Perhaps new superconducting phases are
formed by alloying Cd or Sn with the noble metals
from the alloys.

G. Concluding remarks

The present work on the transverse magne-
toresistance in spin-glasses does not yield any sharp
anomaly at the transition temperature TQ. Howev-
er, one finds a faster rate of decrease of the TMR

above TQ. The magnetoresistance experiments,
therefore, seem to fall under that category where a
smeared behavior is found around TQ.

The theory of Mookerjee seems to describe most
of the essential features observed in the present ex-
periments. Both Mookerjee's theory and the
present experimental data indicate that the magne-
toresistance may be a unique function of magneti-
zation rather than of the field. The values of the
s-d exchange parameter J, determined from the
present experimental data, have the correct order
of magnitude. This favors, at least, an approxi-
mate quantitative validity of Mookerjee's theory of
magnetoresistance in spin-glasses.

The magnetoresistance in spin-glasses at low
fields is very small, and hence it is quite difficult
to find its correct temperature dependence in the
present experimental setup. It is, therefore, highly
desirable to make extremely low-field measure-
ments using a better detection system.
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