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Evidence for a Ferromagnet-Spin-Glass Transition in PdFeMn
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Measurements of the low-field ac susceptibility on ternary alloys of Pd+0.85 at.% Fe
and a Mn concentration of 0 to 8 at. jp reveal, for three distinct regimes of Mn concen-
tration, (a) a giant-moment ferromagnetism, (b) a high-temperature ferromagnetic
phase followed by a lowe&-temperature spin-glass transition, and (c) a spin-glass phase.
Qur results for the susceptibility and the T-c phase diagram are satisfactorily explained
by the spin-glass theory of Sherrington and Kirkpatrick.

Competing interactions in magnetic systems
lead to a diversity of magnetic structures and

critical phenomena. Particularly in insulating
compounds, variations of the space and the spin
dimensionalities provide important criteria for
the theory of phase transitions. In metallic
systems, and especially dilute alloys, the situa-
tion is more complex because of the long-range
nature of the magnetic interactions mediated by
the conduction electrons. If we focus upon di-
lute magnetic alloys and neglect the Kondo effect
which produces a weakened magnetic moment,
there exist two distinct types of ordering for
randomly distributed magnetic impurities. The
first is the so-called "giant-moment" ferromag-
netism' which occurs in a few systems with a
large exchange-enhanced host susceptibility.
Secondly, there is the more common spin-glass
type2 of random freezing of the moments without
long-range order in the usual sense.

An interesting combination of these two types
of ordering is found at different concentrations
of the PdMn system. For c ~3 at.%%uoM n, giant-
moment (p, tf= 7.5p, s) ferromagnetism prevails. '
However, upon further increasing the Mn concen-
tration (c ~ 4 at. %), the probability of having two

Mn atoms at first, second, and third nearest
neighbor increases. This then supplies the es-
sential element of "conflict" or "frustration" for
the appearance of the spin-glass phase. Mn near-
est neighbors couple antiparallel and thereby
produce Mn-Mn antiferromagnetic exchange com-
peting with the longer-ranged ferromagnetic in-
teraction. 4 An anomalous mixed phase with pe-
culiar magnetization and remanence behavior
occurs between 3 and 4 at.%%uoMn. '

In order to better control and understand the
competition between these two exchange mech-
anisms, we have studied the ternary alloy Pd
+ 0.35 at. % Fe and a Mn concentration of 0
~ c ~ 8 at.%. Pd Fe is a strong giant-moment fer-
romagnet with p, fq= 10pB and T, =8.7 K for 0.35
at.% Fe. Only at very low concentrations (=0.015
at.% Fe) and temperatures (= 0.1 K) is there
some experimental evidence for the onset of a
spin-glass ordering. ' By adding Mn to this Pd Fe
alloy we now have a wide Mn concentration range
at favorable temperatures (1 —20 K) with which
to investigate the resulting magnetic ordering.
Low-field susceptibility measurements offer a
convenient and sensitive method to determine
the type of magnetism present, and an external
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magnetic field may be separately applied to ob-
tain the field dependence of the differential sus-
ceptibility. A striking feature of our results for
3 ~ cM, ~ 6 at% is the high-temperature ferro-
magnetism giving way to the spin-gla, ss ordering
at low temperatures. ' In addition, the external
field clearly increases T, while shifting the spin-
gla. ss freezing temperature, Tf, to lower values.

A solvable model of a spin-glass has been pre-
sented by Sherrington and Kirkpatrick. ' In this
theory the spins are coupled by infinite-ranged,
random interactions independently distributed
with the Gaussian probability density

P(J~;) =[2@J ] '~' exp[- (Jqj —Jo) /2 J ].
The 4, displacement from zero is essentially a
ferromagnetic exchange coupling, and the distri-
bution width, J, is a measure of the spin-glass
interaction and T&. Thus, depending upon the
ratio of the intensive parameters J,/J (J, =NJ,
and J=N' 'J where N is the number of spins),
both ferrogmagnetic and spin-glass phases can
occur. The application and extension of this theo-
ry to our Pd FeMn measurements not only allows
us to calculate with good agreement the suscepti-
bility in the three distinct concentration regimes,
but also results in a consistent phase diagram
a,long with an indica, tion of the external-field be-
havior.

The alloy samples were prepared by repeated
induction melting in an Ar-gas atmosphere.
First a large Pd +0.35-at.%-Fe master alloy was
made and then the desired amount of Mn was add-
ed to pieces of the master alloy. A chemical
analysis on each sample determined both the Fe
and Mn concentrations. In order to insure alloy
homogeneity, a heat treatment of 48 h at 1000'C
was employed. Finally, we formed our alloys in-
to perfect spheres with a spark-erosion technique,
The susceptibility was measured via a standard
mutual-induction bridge operating at a, frequency
of 210 Hz and a driving field of about 0.1 Oe. The
temperature was controllable to within a few mil-
likelvin between 1 and 20 K. A superconducting
solenoid produced the external magnetic fields
(up to -1 kOe) which were parallel to the ac
driving field.

In Fig. 1 we show the temperature dependence
of the susceptibility in zero external field for
Mn concentrations which typify the behavior in
the three different c regimes. Curve a exhibits
the sharp kneelike characteristic of a ferromag-
net: g(real) = y (measured)/[1 -Dy (measured)], at
T = „Ty(re l)a- ~ and X(measured) =1/D, where
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D is the demagnetization factor equal tp 4.18 for
a sphere. Because of the rounding of the transi-
tion, T, is taken to be the temperature where dy/
dT has its maximum value. A similar type of
transition is also found in curve b at about 9 K.
Note that there is more smearing in y(T), but
the same maximum value of g =1/D is reached.
This signifies a ferromagnetic transition. How-
ever, as the temperature is lowered to 5 K, the
susceptibility dramatically decreases from the
1/D ferromagnetic value. We interpret this
strong reduction in y at low temperatures as due
to a loss in response in M/H signaling the on-
set of the random (no net moment) spin-glass
state. A decreasing p with decreasing T epito-
mizes spin-glass freezing, and the reversed knee
in X(T) determines T&. For a larger Mn concen-
tration, curve &, we have the full spin-glass y(T)
characterized by the sharp peak or cusp at T&.

'
These T, and Tf data may be collected for all

twelve measured concentrations into a T-c dia-
gram with II =0 as is given in Fig. 2. The initial
T,-c rise, maximum in T„and falloff above 2
at.% Mn is describable in terms of a simple mod-
el. Extention of the giant-moment theory of
Takahashi and Shimizu' to our ternary alloys
gives a transition temperature &, =&,~M„+C,CF, ,
where C, and C, are constants equal to those for
the respective binary PdMn and Pd Fe alloys.
Thus T, for Pd FeMn is given simply by a linear
combination of the Fe and Mn concentrations.
The initial slope of 5 K/at% Mn in Fig. 2 is in
fair agreement with the value 4 K/at. % Mn for
the binary PdMn system. '

At larger concentrations we must take into ac-
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FIG. 1. Temperature dependence of the low-field
(0.1 Oe) susceptibility for (Pdp 9&6&Fep pp35) f gMn„.
Curve a, x = 0.01; curve b, x = 0.05; curve c, x = 0.065.
The dashed curve represents the calculated suscepti-
bility (see text).
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FIG. 2. T-x diagram for (Pdp 8&6&Fep ppgg)i, MQ

Ferromagnetic transitions are indicated by open cir-
cles; spin-glass transitions by closed circles; and in-
termediate, field-separable, transitions by asterisks.
The dotted line represents our calculation of T, and

the dashed line is the phase diagram for binary I'dMn.
The inset shows the concentration dependence of Jo/J
(see text).

count the direct antiferromagnetic Mn-Mn and
Mn-Fe interactions. ""We assume this interac-
tion to be effective for all impurities within three-
nearest-neighbor shells. ' Thus, the ferromagne-
tism is determined by the interaction of those im-
purities four or more shells away from each
other. Setting T, proportional to the total concen-
tration of impurity times the probability of having
the first-three-neighbor shells fully occupied by
Pd, we have approximately T, =/lc«, (1 —c„,)".
The power 42 arises from the 12+6+24 sites in
the first three shells of an fcc lattice. A reason-
able agreement with the experimental data in Fig.
2 (see dotted curve) is obtained between 0 and 5

at.%%uoM nwith 4=196OK.
Upon further increasing the Mn concentration

the spin-glass phase clearly appears at lower
temperatures (T/&T, ). This double transition
(paramagnetic- ferromagnetic —spin-glass) at
fixed concentration represents regime-b suscepti-
bility behavior. Finally, at yet higher concentra-
tions (c & 6 at%%uo Mn and H = 0), the ' pure" spin-
glass state emerges with exactly the same T/(c)
dependence as the binary I'dMn system" —see
dashed lines in Fig. 2. Additional evidence for
the double transition comes from the application
of an external field. With H =200 Oe the X(T)
peak for the intermediate 6.5- and 7-at.'%%uo-Mn

samples (asterisks in Fig. 2) splits into a posi-
tive- temperature- shif ted ferromagnetic bump"
and a, negative-T-shifted drop similar to concen-

tratjon-regime-h X(T). An analogous displace-
ment of T, to higher temperatures and Tf to lower
also occurs in 4-6-at.'%%uo-Mn concentrations when

a small (a few hundred ocr steds) external field
is applied. A reasonable explanation of this ef-
fect is that an external field is favorable for fer-
romagnetism, enhancing T,; in contrast, the
field not only smears the spin-glass transition'
but hinder s its occurrence. Such susceptibility
studies in an external field open up a new dimen-
sion in the T-c phase diagram and more diversi-
fied critical phenomena. Our extensive X(T,H)
measurements will be published in a subsequent
paper.

The problem of mixed ferromagnetic and anti-
ferromagnetic exchange has been treated by Sher-
rington and Kirkpatrick' (SK). In particular,
these authors explore the competition of a long-
range ferromagnetic order with the spin-glass
phase. From their free energy" I, the suscepti-
bility may be calculated as X = —O'E/BH' in terms
of the two parameters 4, and 4, the strengths of
the ferromagnetic and spin-glass interactions,
respectively. The resulting simple relation for
x in terms of x(Jo=0) is

x(T) =x(J.=0)/Il —J,x(J, =0)j.

In order to compare the calculated susceptibility
with the measured one for the ferromagnetic case,
demagnetization effects must again be taken into
account. In Fig. 1 the dashed line represents the
result of this calculation for J„/J =1.1 with J
=8.1kB, the ferromagnetic- spin-glass case
(curve h). The excellent agreement with the ex-
perimental data for 5 at.% Mn is evident and

thereby emphasizes our interpretation in terms
of a double transition.

The phase diagram, calculated by, SK (Fig. 1
of Ref. 8), contains the essential properties of
ours. For values of J',/J between 1.00 and 1.25

a paramagnetic —ferromagnetic - spin- glass
transition may occur. By equating our measured
value of T,/T/ at fixed concentration to the same
ratio from the SK phase diagram, the value of
Jo/J may be determined for this concentration.
The inset in Fig. 2 shows the J,/J. vs c behavior.
Therefore, it can be concluded that for c & 6 at.%
Mn only paramagnetic to spin-glass transitions
are possible since J,/J (1, snd for c & 3 at% Mn

only paramagnetic to ferromagnetic transitions
are allowed since Jo/J &1.25. The mixed regime
lies between these two limits.

In summary, we have measured the low-field

588



VOLUME 40, +UMBER 9 P H YSlCAL RK VI K%' LKTTKRS 27 FEBRUARY I978

susceptibility for a series of ternary Pd FeMn al-
loys with varying Mn concentration. Three dis-
tinct concentration regimes are determined
which correspond to a giant-moment ferromagnet,
a double or mixed transition (paramagnetic- fer-
romagnetic - spin-glass), and a spin-glass. Both
the susceptibility experiments and the phase dia-
gram are interpretable in terms of the model of
Sherrington and Kirkpatrick. An external mag-
netic field enhances the ferromagnetism while
hindering the formation of the spin-glass phase.
This opposite shifting of T, (H) and Tz(H) leads to
an interesting variety of .critical and multicriti-
cal phenomena.
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The Edwards-Anderson spin-glass phase is studied via time-dependent Ginzburg-Lan-
dau models with quenched impurities. A perturbation expansion is used to study the dyna-
mics and statics without the use of the replica method. It is shown that the spin correla-
tion function has at ' long-time tail in the spin-glass phase.

The Edwards-Anderson spin-glass phase, characterized by a frozen magnetization with zero spatial
average, has received much recent attention. ' ' Most of the analytical studies have been on the static
properties using the replica (n- 0} method. In this Letter we report results on both the dynamics and
statics ot certain time-dependent Ginzburg-Landau (TDGL) models which exhibit a spin-glass phase.
We make no use of the replica method. In fact, it is our purpose to avoid the replica method, which is
in several ways artificial and conceals the basic physics. This simple analysis, using TDGI. models,
is complementary to the numerical Monte Carlo work and to other methods reported recently. "

Our models are defined by the following equation of motion for an n-component vector spin density

589


