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The low-field ac magnetic susceptibility of the amorphous (FeMn)PBAI and (FeNi)-
PBAI, and the crystalline (PdFe)Mn random magnetic alloys near their critical con-
centrations was measured under pressure up to 20 kbar between 1 and 300 K. The re-
sults support the proposed existence of reentrant ferromagnetism, and show the impor-
tant role of magnetic clustering in the magnetic behavior of these alloys.

PACS numbers: 75.50.Kj, 75.20.Hr, 75.30.Kz

In a random magnetic metallic system, the del-
icate balance between various interactions dic-
tates the magnetic structure at low temperature.

The system' can be made of a Kondo system, a
spin-glass, or a ferromagnet by continuously
changing the magnetic-impurity concentration.

1981 The American Physical Society 1643



VOLUME 46, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUN@ 1981

The study of the spin-glass state resulting from
a. random freezing has attracted great attention
in the last few years. Recent scaling analysis'
indicated that the spin-glass state was achieved
through a phase transition. However, the nature
of the different interactions involved and their
delicate balance remain enigmatic. What is more
unexpected is the predicted existence' of reen-
trant ferromagnetism in alloys near the critical
concentration separating a ferromagnet from a
spin-glass. In other words, ferromagnetism ap-
pears and then disappears with cooling when the
alloy undergoes a paramagnetic to ferromagnetic
and then a ferromagnetic to spin-glass transition.
Subsequent low-field ac susceptibility measure-
ments did suggest the existence of reentrant
ferromagnetism, evident from a double transi-
tion. The transition was exemplified by a sharp
rise followed by a rapid drop in the ac suscepti-
bility at lower temperature. More random mag-
netic systems were later discovered" or redis-
covered to behave in a similar fashion. Never-
theless, the association of the rapid drop of ac
susceptibility with a ferromagnetic to spin-glass
transition has been questioned, "in spite of the
similarities between this low-temperature state
and a genuine spin-glass state on cooling. A sys-
tematic study on alloys near the critical concen-
tration will therefore be most helpful in examin-
ing whether the double transition exists and, if it
does, what the various interactions involved are
and how they compete with each other giving rise
to the unusual double and the spin-glass tra, nsi-
tions. Since the magnetic properties of metallic
alloys near the critical concentration are extreme-
ly sensitive to the sample and metallurgy condi-
tions, ' variation of pressure instead of small con-
centration was employed for the present investi-
gation. This represents the first high-pressure
study ever made on random magnetic systems ex-
hibiting the abave-mentioned anomalies. It should
be noted that, in an alternative approach to mini-
mize the metallurgical problems, the ionic com-
pounds Eu, „Sr„Sand the metallic alloys Fe„Cr, „
near the critical concentration were recently ex-
amined. '" Neutron-diffraction data" showed
first the appearance and then the disappearance
of long-ranged ferromagnetism, and also the de-
crease in spin-wave stiffness with decreasing
temperature.

We have measured the temperature dependence
of the low-field a,c magnetic susceptibility g of
the a,morphous (FeMn)PBA1 and (FeNi)PBA1 and
the crystalline (PdFe)Mn alloys" near their criti-

cal concentrations x, under hydrostatic pressure
up to -20 kbar between 1 and 300 K. The three
alloy systems were specifically chosen because
of the different composition effects on the mag-
netic properties of the different systems, as will
be evident later in Fig. 2. The ma, terials exam-
ined a.re the well-chara, cterized amorphous'"'"
(Fe, „Mn„)»P„B,A1, (with x =0.35, 0.40, 0.45,
and 0.55) and (Fe, „Ni„)»P„B,Al, (with x =0.80)
and crystalline" (Pd, »65Fe, ,»,), „Mn„(with x
=0.01, 0.05, 0.06, and 0.065). The amorphous
alloys were prepared by centrifugal spin quench-
ing and the crystalline ones by arc melting fol-
lowed by vacuum annealing at 1000 C for 2 h. The
y was measured in a field of -1.5 Oe (rms) at 25
Hz with a standard inductance bridge. The hydro-
static pressure was generated by a self-clamp
technique" with the 1:1 fluid mixture of n-pentane
and isoamyl alcohol as pressure medium. The
pressure at low temperature was determined by
a lead manometer situated adjacent to the sample,
and the temperature by a Ge thermometer below
20 K and by a Chromel-Alumel thermocouple
above 20 K.

The temperature dependence of y at ambient
pressure similar to that previously observed was
detected for all our samples. For instance,
y(T)'s are shown in Fig. 1 for (FeMn)PBA1 at two
different pressures. For simplicity, Tc, Tq', and
T& are defined as the Curie and spin-glass tem-
peratures in the same figure. Such a definition
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FIG. 1. ac susceptibility z vs temperature for three
alloys of (Fey „Mn„)P~GBGAl3 under two different pres-
sures. Z'c, Tf', and Z'f are defined by the arrows. The
number denotes the pressure in kilobars. Solid lines,
x = 0.35; dashed lines, x = 0.40; dot-dashed lines, x
= 0.45.
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FIG. 2. The magnetic phase diagrams of the three

random magnetic systems studied. (See also Moorjani
et al. , Ref. 15.)

of transition temperatures is by no means unique.
The reduced magnetic phase diagrams for the
three systems were reproduced and schematical-
ly represented in Fig. 2. The critical concentra-
tions x„above which only a single spin-glass
state occurs, are -0.40, -0.82, and -0.06 for
(FeMn)PBAl, (FeNi)PBA1, and (PdFe)Mn, re-
spectively Tc a.nd Tf (T~ will be Tz' when Tc ex-
ists) are listed in Table I together with their
pressure coefficients for all samples investigated.
As shown in Fig. 2, although Tc always decreas-

es with an x increase, the x dependences of Tf'
and T& are quite different for the three alloy sys-
tems. We have thus found that (1) for x(x„pres-
sure always suppresses T c while it enhances Tf',
(2) for x-x„where an asymmetrical peak in y
appears, pressure moves the high-temperature
shoulder downward in temperature whereas it
moves the low-temperature shoulder upward,
with a net downward shift in the peak temperature
or Tz, (3) for x &x„pressure enhances Tz for all
samples studied except for (FeMn)PBA1 with x
-0.55 where 8T&/BP changes from positive to
negative with pressure at -3 kbar; (4) pressure
always suppresses y(Tz), the y anomaly signaling
the spin-glass transition, at different rates for
the different alloy systems; and (5) pressure al-
ways suppresses the y„, the maximum y plateau
below Tc and above Tf'.

Various models of spin-glasses have been pro-
posed and can be summarized into two basic
ones, namely, the phase-transition model, ' "
and the cluster-blocking model. " The former
emphasizes the spin-glass transition while the
latter the spin-glass behavior. The existence of
reentrant ferromagnetism was successfully pre-
dicted by Sherrington and Kirkpatrick (SK)' on
the basis of the phase-transition picture. They
proposed a solvable model with N Ising spins in-
teracting through infinite-ranged exchange inter-
actions which are independently distributed with
a Gaussian probability density. They found that
the appearance of different magnetic phases is
dictated by the ratio Jo/t, where J,=J,/N is th'e

scaled most probable exchange interaction and
J =J/N'" the scaled width of the Gaussian distri-

TABLE I. Pressure and volume effects on 2'c and I'f . &f represents I'f ' if there exists a
for that particular compound. The compressibilities used were 9.66& 10, 6.85&& 10

and 5.42&&10 bar, respectively, for (FeMn)PBAl, (FeNi)PBA1, and (PdFe)Mn. An ellipsis
indicates that the transition did not occur.

BTc/dP
(10 kbar )

dTf /dP
(10 kbar ) d 1nTc/d 1nv d lnTf //d ln V

x =0.35
= 0.40

x =0.45

x =0.8

x =0.01
x =0.05

x = 0.06
x =0.065

98~ 1

14+ 0.1
9+ 0.1

60.5+ 0.5
40.4+ 0.5
24.8+ 0.2

18.4+ 0.5

3+ 0.1
4.9 + 0.1
5.2+ 0.1

(Fe& „Mn„)&&Pf6B6Alp
—21.3 + 0.5 + 2.7+ 0.2

0 ~ ~ —1.9+ 0.2
~ ~ ~ + 1.3+ 0.1

(Fe& „Ni„)P&6BSA13
—0.18+ 0.05 + 0.20 + 0.05
(Pdo. es65Feo. 0035) ~-x Mn~

—0.31+0.01 0 ~ ~

—0.95+ 0.01 +0.32+ 0.02
~ ~ ~ —0.45+ 0.02
0 ~ ~ + 0.27+ 0.02

+ 22.5 + 0.5

+2.9+ 0.5

+ 4.18+ 0.04
+ 19.46 + 0.05

—4.6 + 0.4
+ 4.9 + 0.2
—5.4+ 0.1

—15.9+ 0.4

—19.67 ~ 0.05
+ 16.9 + 0.05
—9.75 + 0.05
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bution. The calculations showed that QT,:Jp for
J,/J & 1, kT& =Z for J,/Z& 1, and kTf' is a rapidly
decreasing function of Z, for 1&J',/J & 1.25. There-
fore J, and J can be identified with the exchange
interactions responsible, respectively, for the
ferromagnetic ordering and spin-glass transi-
tion and can be varied by altering the composi-
tion' "'""and pressure P. The critical concen-
tration x, previously defined then occurs at Jp:J.
The effects of x and P on J, and J are thus de-
duced from the x and P effects on Tc and T&. SK'
also found that y(T~) for x &x, decreases with de-
creasing Jo/J. A qualitative comparison of the
predictions of the SK model with the experimen-
tal observations is given in Table, . II. The gener-
al agreement is quite remarkable, in view of the
simplicity of the model. However, some dis-
agreements do exist. It should also be noted that
the "predicted" sign of sy(T&)/8P was obtained
only self-consistently, based on the sign of BT&/
BP observed. The comparison in Table II there-
fore suggests that J may not be just a simple
antiferromagnetic exchange interaction, e.g. ,
arising from the nearest-neighbor Mn-Mn inter-
action.

In the blocking picture, "the formation and
growth of finite magnetic clusters play an impor-
tant role in the behavior of spin-glass. The ob-
served g plateau immediately b~low Tc, Xp, re-
sulting from the real y divergence at Tc is equal
to the reciprocal demagnetization factor 1/D.
For a uniform sample, D depends only on the
sample geometry and should change only negligi-
bly by hydrostatic pressure. However, yp was
found to drop rapidly with pressure, as displayed
in Fig. 1. This suggests that the sample may not
be homogeneous magnetically and the effective D
has changed through the pressure-induced reduc-
tion in the size and/or density of the magnetic
clusters, consistent with the cluster-blocking
model. In fact, we found that the pressure-sup-
pressed yp is comlnon to all giant magnetic mo-

ment systems studied by us near x,. With use of
such a view, the pressure-suppressed y(T~) can
also be understood, provided that a, freezing
mechanism increasing in strength with pressure
is assumed. Unfortunately, the model cannot ac-
count for the increase of y(Tz) with Tz by chang-
ing x, not to mention the occurrence of the vari-
ous magnetic phases.

The above discussions show the incompleteness
of either basic model. It is proposed that one in-
cluding the mainfeatures of the two models will
provide a more complete description of the afore-
mentioned observations. In other words, in a
random magnetic alloy, there exist not only the
positive (ferromagnetic) and negative (antiferro-
magnetic) exchanges, but also an additional freez-
ing mechanism. It is the delicate balance be-
tween the former two interactions responsible
for the formation or destruction of the ferromag-
netic long-range order, whereas the latter gives
rise to the random freezing of the spins. Except
for contributing to a positive pressure effect on
T& a.nd Tf', the exact nature of the freezing mech-
anism remains unknown at present. Such a prop-
osition will be consistent with not only the para-
magnetic-f erromagnetic- paramagnetic-spin-
glass transition" in I"eAl, but also the wide
spread of 8 lnT&/8 lnV both in magnitude and sign
given in Table I. For example, Tz of (FeMn)PBAl
with x = 0.55 peaks at 3 kbar. Recently, with the
assumption of a constant pressure coefficient of
the exchange interaction independent of x, it was
suggested" that only the Ruderman-Kittel-Ka-
suya- Yosida interaction was important in a spin-
glass transition in AgMn. The assumption made
is clearly contrary to the present and previous"
observations.

The ever decreasing y(T~) with P suggests the
possible existence of a "critical" point in the T-
P diagram separating a paramagnet from a spin-
glass. For instance, g(Tz) for (FeMn)PBAl with
x =0.45 becomes zero at 28 K and 25 kbar by lin-

TABLE II. Comparison of predictions by SK model with observations.

d'1 c/&x dTf '/dx dg(I'f ) /dx ~T~ /ua oq(r~) /~ p

(FeMn) PBAl

(FeNi) PBA1

(PdFe) Mn

SK
Expt.

SK
Expt.

SK
Expt.
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ear extrapolation. Experiments are also under
way to determine if the sequential order of the
appearance of a paramagnet, ferromagnet, and
spin-glass can be switched and randomized in the
T field by pressure. This will provide us with
further useful information concerning the various
interactions proposed.
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