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The e8'ects of random magnetic anisotropy on ferromagnetic critical behavior in four rare-earth-based
amorphous alloys, Gd65Co», Nd50Co50, Nd65Co», and Tb6,Co», are reported. The ratio of anisotropy to
exchange, D/Jo, ranges from 0.004(1) to 0.323(35) in these alloys. The zero-field state of the anisotropic
alloys (Nd and Tb based) is spin-glass-like below T, . In order to determine the extent of the critical re-
gime as a function of reduced temperature, e=(T —T, )/T„and to determine if the asymptotic critical
regime is probed, a wide range of e is covered. Evidence for crossovers as a function of applied field and
as a function of D/Jo are observed. As a function of applied field, the alloys containing anisotropic
rare-earth atoms cross over with increasing field from a state that shows the characteristics of a
speromagnet to a state where the magnetic isotherms follow a ferromagnetic-scaling equation of state.
The field above which good ferromagnetic scaling is observed increases monotonically with D/Jo. No
deviations from scaling were found at small e giving confidence that the asymptotic critical regime is
probed. Deviations from scaling were seen at large values of e (e & 0.06) which gives the limit of the crit-
ical regime. We find systematic variations in the measured ferromagnetic critical exponents y and 6
with D/Jo indicating a crossover in critical behavior presumably from an isotropic to a random anisot-
ropy class with increasing D/Jo. Finally, we point out that there are some theoretical hints of a fer-
romagneticlike state below T, in random-anisotropy models.

I. INTRODUCTION

We report studies of critical phenomena in magnetic
systems with both weak and strong random magnetic an-
isotropy (RMA). The Hamiltonian in its simplest form
for such a system can be written'

H= —Jo+S; S Dg(n; S )—
where Jo is the average exchange strength, S represents
the spin at site i or j, D is the anisotropy strength, and n;
is a unit vector describing the anisotropy axis at site i.
For a RMA system, n, varies in direction from site to
site. Systems with strong RMA are interesting since their
zero-field order is speromagnetic (or a more complex
disordered state such as sperimagnetic) at low tempera-
tures. ' This state is a spin-glass-like state in which the
spins, rather than being collinearly ordered, are frozen
along their local anisotropy axes. A good understanding
of the static properties of the low-temperature magnetic
state in RMA systems has been achieved. Chudnovsky,
Saslow, and Scrota have shown within a semi-
phenomenological model for the case of small anisotropy
that the spins are ferromagnetically correlated over a
short distance at low temperatures in zero field. This
state is referred to as a correlated speromagnet and its
susceptibility can be large. In small fields this model ex-
hibits a ferromagnetic state with long-range order in
which the local magnetization vector "wanders" with its
average direction being along the applied field. We have
shown in amorphous Er- and Tb-based alloys at low
temperatures (T-=O. OST, ) that this zero-field state with
no long-range magnetic order is converted into a fer-
romagnetic state with long-range order by a small mag-

netic field as predicted by the above model of Ref. 4.
Work has also been done at low temperatures in amor-
phous Dy-based systems in which a similar result is re-
ported.

The nature of the phase transition and associated criti-
cal phenomena at T, in RMA systems is less well under-
stood. Experimentally, it has been shown ' that in RMA
systems the nonlinear magnetization given by MN„
=M —F00 (yo is the zero-field susceptibility) follows a
spin-glass scaling equation of state. More recently, it
was shown by us that this scaling crosses over to a fer-
romagnetic scaling for sufficiently high fields (of order l
koe) for Tb-based systems. ' '" Theoretically, it has been
shown that for space dimensionality d + 4 and for spin
components m, & 2, no long-range order exists in zero ap-
plied field. ' This has been confirmed in a number of
rare-earth —transition-metal amorphous alloys by
neutron-scattering measurements. ' A calculation of the
magnetic equation of state for a RMA system indicates
that the susceptibility does not diverge' and is limited to
y= 3 (D /Jo ) (2 is a constant) and there is experimen-
tal evidence supporting this. ' Below T, a number of
RMA models show ferromagnetic spin correlations
which decay in a power-law fashion with distance.
This state is referred to as a quasiferromagnetic state be-
cause of the relatively slow ferromagnetic correlation de-
cay this power law implies. A simulated annealing calcu-
lation yields a large (but not divergent) ferromagnetic
correlation length below T, for RMA systems. '

Scaling theory is at the heart of the description of criti-
cal phenomena in many systems including magnetic,
liquid, and superAuid systems. ' ' According to the
universality principle, the critical exponents associated
with scaling are determined by the spatial dimension and
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the order-parameter dimension of the system. The source
and strength of the ordering interaction are not impor-
tant in determining the critical-exponent values. Univer-
sality has been confirmed experimentally for a number of
liquid and superAuid systems and the critical exponents
agree with model predictions.

In the simple ferromagnets Fe, Co, Ni, and Gd, the
measured critical exponents cover a range of values, and
for Co and Gd, the critical exponents differ from those
predicted by the Heisenberg model with short-range in-
teractions. In the case of transition-metal magnetic sys-
tem, the most careful work indicates that the critical re-
gime, that is, the reduced temperature below which the
measured critical exponents do not vary with tempera-
ture, is given by ~e~ &0.06. The exponent y associated
with susceptibility has been studied in some detail and
shows an anomalous increase over its critical value for
e & 0.06 for a number of amorphous transition-metal al-
loys. Also, inclusion of data outside the critical regime
in scaling analyses can result in erroneous values of the
critical exponents even though apparently high-quality
scaling may be obtained.

In addition to the exchange interactions which produce
magnetic ordering in these systems, weaker anisotropic
interactions such as dipolar anisotropy ' are present in
all these systems, and both Co (Ref. 28) and Gd (Ref. 29)
have a uniaxial (crystalline) anisotropy associated with
the c axis of their hcp structure. The presence of these
weaker interactions can produce crossover effects close to
T„making it difficult to observe the asymptotic critical
regime. For example, Hargraves et al. have measured
the magnetic susceptibility for crystalline Gd and find for
E ) 10 a critical exponent y of 1.22(2). For e ( 10
the data cannot be described by a simple power-law
behavior, suggesting that the asymptotic critical regime
has not been probed for e& 10 . A dipolar anisotropy
mechanism was ruled out as a cause of these deviations of
susceptibility from power-law behavior, but a weak uni-
axial crystalline anisotropy may provide an explanation.

In this work we examine the critical phenomena in-
cluding scaling at the magnetic phase transition for
selected amorphous alloys which cover a range of values
of D/Jo. In order of increasing D /Jo, the amorphous al-
loys we study are Gd65Co35 Nd50Co50, Nd65Co35 and
Tb65Co35 Since these materials are amorphous, no
coherent uniaxial anisotropy is present. The purpose of
our studies is to (i) determine the critical exponents
characterizing the magnetic phase transition and to do
scaling analyses over as small a reduced temperature
range as possible to check that the asymptotic critical re-
gime is being probed and (ii) discern any dependence of
the critical behavior on the RMA strength in these sys-
tems. A preliminary report of critical behavior over a
limited reduced temperature range has been made for
Tb65Co». 11

III. MAGNETIC STATE AND ANISOTROPY
OF RARE-EARTH AMORPHOUS ALLOYS

The strength of the RMA (D) and exchange (Jo) are
determined by the magnetization-area method and from
the transition temperature, respectively, as described in
Ref. 5, and their ratio D/Jo is given in Table I for the al-
loys of this work. We chose Gd65Co35 Nd5OCo5O,

Nd65Co35 and Tb65Co35 to do detailed studies of critical
phenomena since these alloys span a large range of D/Jo,
from 0.004 to 0.323.

These systems are two-component magnetic systems
since Co carries a moment. The exchange interaction be-
tween the rare-earth and transition-metal moments is an-
tiferromagnetic for Gd (or Tb) and Co. Thus Gd6~Co35
(no RMA) is ferromagnetic and exhibits a demagnetiza-
tion limited susceptibility. Tb65Co35 (strong RMA) is
sperimagnetic, and the magnetic susceptibility exhibits a
small cusp similar to that seen in spin glasses. In this
latter state the Tb moments align along their local anisot-
ropy axes and the Co moments align in the opposite
direction to the local average Tb moment. Since the in-
teraction between the rare-earth and transition-metal mo-
ments is ferromagnetic for Nd and Co, both of the Nd al-

TABLE I. Ratio of anisotropy to exchange strength D/Jo,
and Hd the field below which deviations from scaling occur.
The value of Hd for Tb,OGd»Co35 is taken from Ref. 10 and
data presented therein.

D/Jo
Hd
(Oe)

foils about 50 pm thick and 3 cm in diameter. The amor-
phous Nd5oCo5O alloy is somewhat more difficult to make,
and melt spinning which has a slightly faster quench rate
than splat cooling is used. The composition is deter-
mined from the initial weights of the component elements
and checked by weighing after melting and is accurate to
0.2%. The structure of these materials is characterized
by x-ray diffraction, and broad peaks characteristic of
amorphous materials are found. Some examples of x-ray
diffractograms are given in Refs. 5 and 31. For magneti-
zation measurements strips 3 mm wide and 30—50 pm
thick are cut from the foil and sandwiched together. The
strips were aligned with their long axis parallel to the ap-
plied field to minimize demagnetization effects.

Detailed magnetization measurements up to 55 kOe
were then done using a Quantum Design superconduct-
ing quantum interference device (SQUID) magnetometer.
Magnetization measurements were only made if the tem-
perature was within +0.01 K of the set temperature, the
maximum temperature resolution available. The sys-
tematic error in the temperature measurement itself is
+0.05 K.

II. SAMPLE PREPARATION, STRUCTURE,
AND EXPERIMENTAL TECHNIQUE

The Gd6, Co», Nd6, Co», and Tb65Co» amorphous al-
loys are prepared by splat cooling and are in the form of

Gd65Co35
Nd50Cogo
Nd6&Co»
TbsoGd»Co3s

6gCO35

0.004(1)
0.008(1)
0.190(9)
0.222(20)
0.323(35)

200(50)
100(50)
500(50)

700(100)
1000(100)
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loys are speromagnetic. In this state the Co moment
lines up with the average local Nd moment. Again, the
magnetic susceptibility exhibits a cusp and an example is
given for Nd65Co35 in Ref. 5. The Co moment is small
(&0.5p~) in all the alloys except Nd~oCo5o. Since the
rare-earth moment may have additional contributions
from the conduction electron polarization, it is difFicult to
separate out the rare-earth and transition-metal mo-
ments. In the case of Gd65Co35 a detailed study has been
done and the moments have been determined to be
(7.5+0. 1)p~ for Gd and (0.4+0.2)pz for Co.

Generally, in amorphous systems there will be spatial
fluctuations in the exchange. If these exchange Quctua-
tions are strong enough, a spin-glass state is present at
low temperatures. In Gd65Co35 the magnetic order is col-
linear, indicating that if exchange Auctuations are
present, they are not strong enough to produce a spin-
glass state. This suggests that the RMA incorporated by
Tb or Nd is responsible for the spin disorder. A conse-
quence of the RMA is that large coercivities () 5 kOe)
are observed in alloys containing anisotropic rare-earth
atoms at low temperatures. ' ' Such a large coercivity
is not found in alloys where the spin disordering is pro-
duced by exchange fluctuations.

A small demagnetization correction determined from
an Arrott plot ' is made to the applied field H, to deter-
mine the internal field, H=H, —NM, where 1V is the
demagnetization factor. This correction is important for
Gd65Co35 which shows a demagnetization limited sus-
ceptibility. In the other alloys of this work, the suscepti-
bility is small and so the demagnetization correction is
also small.

for Gd65Co35 and this number along with the calculated
values of a and P from the scaling equality [Eq. (2)] are
also given in Table II. Similar analyses are done for the
other alloys of this work, and the values of y and 6 and
the calculated values of a and P are also given in Table
II. Deviations from power-law behavior are present at
low fields for the critical isotherm as can be seen from
Fig. 1(b) for the Gd and Tb alloys of this work. The field
below which the critical isotherm shows deviations from
a power-law behavior is larger for the Tb alloy than for
the Gd alloy.

V. SCALING ANALYSIS OF CRITICAL PHENOMENA

In order to study the critical behavior over a large
magnetic-field range and reduced temperature range, we
have done a number of scaling analyses. The purpose of
doing scaling analyses over progressively smaller reduced
temperature ranges is to check as carefully as possible
that no deviations from scaling are present at small e,
thus giving some confidence that the asymptotic critical

IV. CRITICAL BEHAVIOR

We define the critical exponents a, P, y, and 6 and the
power-law coefficients B„mo, ho/mo, and B~ (critical
amplitudes) by the equations

(la)

0
I 7Q

T (K)
l90

M, =rriolel)', a&0,

X=(mo/ho)le i', e) 0,
M=@ H'", ~=0.4

(lb)

(lc)

(Id)

2.0

C„M„g, and M are the specific heat at constant
volume, spontaneous magnetization, susceptibility, and
magnetization as a function of applied field, respectively.
Scaling theory then gives

a=2(1 —P) —y, y=P(5 —1) .

To determine T, and y, Eq. (lc) may be differentiated
to give

X=(T T, )/y, X= I/(Xdy '/—dT) .

O

O

1.5

2

log�(o

(H)

A plot of X versus T will give an x-axis intercept of T,
and a slope of 1/y. Such a plot is shown for Gd65Co35 in
Fig. 1(a) and the values of T, and y are given in Table II.
A double-logarithmic plot of the critical isotherm
(T= T, ), shown in Fig. 1(b), is then used to determine 5

FICi. 1. (a) X [of Eq. (3)j vs T to determine T, and y for
Gd65Co35 and (b) logarithmic plots for the critical isotherm to
determine 6 for R65Co35 where R =Gd and Tb. The solid lines
are least-squares fits to the data above 1 kOe. The units of M
and H are emu/g and Oe, respectively.
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TABLE II. Critical exponents a, P, y, and 5 of this work. A summary of the measured critical ex-
ponents for other ferromagnetic rare-earth systems and values predicted by various models is also
given. The range of H and e over which good scaling was obtained is also given.

Sample
T.
(K)

H range e range
(kOe) (10 ) Ref.

Experimental
Gd65Co» 0.08(6)' 0.39(1)' 1.14(2) 3.95(5) 176.72(4) 0.2—55 0.6—500 This

work
Nd5pCo5p

Nd65Co35
Tb65Co»
Gd67Co33
Gd8pAu2p

Gd7pPd3p
c-Gd
Theory
MFT"
3D Ising
3D Heis.

0.05(6)'
0.01(6)'

—0.06(6)'
0.02(7)'

—0.17(9)'
0.32(12)'
0.04(3)'

0.0

0.39(1)'
0.39(1)'
0.38(1)'
0.41(2)
0.44(2)
0.34(2)
0.381(15)

0.5
0.312(5)
0.365(3)

1.17(2)
1.21(3)
1.30(2)
1.16(5)
1.29(5)
1.010(3)
1.196(3)

1.0
1.250(1)
1.386(4)

4.00(5)
4.10(5)
4.43(5)
3.6(1)
3.96(3)
3.95(10)
3.615(15)

3.0
5.00(5)
4.80(4)

163.77(5)
34.99(3)
89.10(2)

169.9(2)
149.5(2)
131.77(20)
293.3(1)

0. 1 —55
0.2—55
1.0—55
0.2—70
0.6—70
0.5—6

0.05-10

1 —400
3-260
2—500
6—400

40—500
60—400
40—600

35
36
37
38

20
39
40

'Calculated from measured critical exponents using Eq. (2).
Mean-field theory.

regime is being probed. Using scaling theory, the mag-
netic equation of state in the critical regime may be writ-
ten in the reduced form

m =f+(h),
where

m=m/t~, h=a/t~',

where f+ and f are unknown functions of the reduced
field h. According to this equation, the magnetization
isotherms should collapse onto two separate curves f+
and f corresponding to T )T, and T (T, when M and
H are plotted in the reduced units of Eq. (5). It should be
noted that the critical exponents p and 5 are checked
over a wide range of temperatures and fields when a scal-
ing analysis is done. In our scaling analyses below, the
values of P and 6 from Table II are used.

Figure 2(a) shows a scaling plot for G165Co35 over a re-
duced temperature range 3 X 10 —5 X 10 and a
magnetic-field range of 0.2—55 kOe. Note that M and H
have units of emu/g and Oe, respectively. A good col-
lapse of the magnetic isotherms onto two separate
branches is obtained. We also plot the reduced data in
logarithmic form in Fig. 2(b) so that the quality of col-
lapse of the isotherms can be seen at small reduced units.
This scaling was extended down to progressively smaller
reduced temperature ranges, and Fig. 3 shows scaled data
over the reduced temperature range closest to T„
e=6X10 —9X10 . The data are shown as points in
the upper plot in Fig. 3 so that the collapse of the iso-
therms onto two separate branches may be resolved. Fig-
ure 4 shows a scaling plot for all of our data for Gd65Co35
in the reduced temperature range 6 X 10 —5 X 10 . We
have also extended our scaling studies to larger values of
reduced temperature (@=0.4) and find that deviations
from scaling occur for @~0.06 as a result of the data be-

ing outside the critical regime.
We have done a similar study for Nd50Co50 where a

weak RMA is present. We are able to obtain good fer-
rornagnetic scaling of the magnetic isotherms using the
critical exponents P and 5 from Table II down to fields of
100 Oe over the reduced temperature range
1X10 —5X10 . Figure 5 shows the scaling of the
magnetic isotherms over the reduced temperature range
closest to T, for Nd5~Co50. The data are shown as points
as well as symbols so that the collapse of the isotherms
onto two separate branches may be resolved more easily.

We next consider Tb65Co35 a strong anisotropy system
which has a sperimagnetic groundstate. A number of
differences are present in the scaling analyses for this sys-
tem as compared to Gd65Co35 and Nd5OCo50. Figure 6
shows a scaling analysis over a reduced temperature
range 6X 10 —5 X 10 in linear and logarithmic form.
We were only able to scale magnetization isotherms using
Eq. (4) above a field Hd of 1000 Oe. Deviations from
scaling are illustrated in Fig. 6(b) where the upper plot in-
cludes data down to 200 Oe and significant deviations
from a collapse of the isotherms onto two branches are
evident. This is not due to demagnetization effects since,
because of the strong anisotropy, the susceptibility here is
small as discussed in Sec. III. We have discussed these
deviations in an earlier report, " and here we show that
these deviations occur for isotherms at reduced tempera-
tures in the 10 range. Figure 7 shows the scaled mag-
netic isotherms for the smallest reduced temperature
range (down to 2X10 ") represented as symbols (lower
plot) and also as points (middle plot). The collapse onto
two isotherms can be seen for this (middle) plot. If data
below 1000 Oe is added, then strong deviations from scal-
ing are present and this is illustrated in the upper plot
where data down to 200 Oe is plotted. All of our data for
Tb65Co3& (with H ) 1 kOe) is collected and shown on a
scaling plot in Fig. 8. Each branch consists of 20 iso-
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therms, and the reduced temperature range is
2X10 —5X10 . The values of Hd for the alloys of
this work are given in Table I.

Note that the exponent P for Tb65Co35 reported here
differs from the one reported in Ref. 11 where /3 was
found by varying it over a range of values to obtain the
best scaling. We have found that the quality of scaling is
somewhat insensitive to P for values in the range
0.40—0.46 for the larger reduced temperatures of Ref. 11
(1 X 10 &e&6X10 ). Thus we consider the deter-
mination of P here where it is calculated from y and 5 us-
ing Eq. (2) and then checked by a scaling of the magnetic

3.4-

E
O

~ 3.0
O

600

H = 0;2-55 kOe
XS

p k

I

x

X

2.6
7

log (h)

10

E

Q

0
0

+ 4
T&

o+

I

2

10 7h

FIG. 3. Ferromagnetic scaling of the magnetic isotherms for
Gd65Co35 with e=6 X 10 ' —9 X 10 . The temperatures of the
magnetic isotherms are (lower branch) 176.90 K ( X ), 176.86 K
(~), 176.82 K (+ ), 176.78 K (~), 176.74 K (A); (upper branch)
176.70 K ( X ), 176.66 K ( ~ ), 176.62 K (+), 176.58 K (~),
176.54 K (A). The data are also shifted along the y axis and
plotted as small single points so that the collapse of the iso-
therms onto two separate branches may be more clearly seen.
The two lines through the shifted data are guides to the eye.
The units of M and H are emu/g and Oe, respectively.

I I

3.0 -
b)

H = 0.2 —55 kOe

3.5

3.0- H=O.

O

O

2.5-
~+ ~ X

++ 5

2.0—

1.5—
I

7

log (h)

2+5
O

2.0-
e

1.5-

log~o (h)

FIG. 2. Ferromagnetic scaling of the magnetic isotherms for
Gd65Co35 with e=3X10 ' —5X10 . The data are shown in (a)
linear and (b) logarithmic form. The temperatures of the mag-
netic isotherms are {lower branch) 186.0 K ( X ), 184.5 K (~),
183.0 K (+), 181.5 K (~), 180.0 K (L), 178.5 K (), 177.0 K
(T); (upper branch) 175.5 K {X), 174.0 K (~ ), 172.5 K {+).The
units of M and H are emu/g and Oe, respectively.

FIG. 4. Scaling of all the magnetic isotherms for Gd6, Co35
with e=6X10 '—5X10 . The lower branch is made up of 22
magnetic isotherms whose temperatures range from 186.00
down to 176.74 K, and the upper branch is made up of 22 iso-
therms whose temperatures range from 176.70 down to 172.50
K. The units of M and H are emu/g and Oe, respectively.
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3.5 ho/mo. Figure 10(a) shows a reduced Arrott plot for
Nd5OCo50, and a similar plot was obtained for Gd65CO35.
In the case of strong-anisotropy systems (Nd65Co35 and
Tb65Co35) where the scaling did not extend to low fields,
we were unable to extrapolate the data with any
confidence to the I and h /m axes to determine the in-
tercepts using these plots. Figure 10(b) shows an example

E 3.0
D

O

X

yV

g X

800

H = 1 —55 kOe

600—
x~

F COO -/g

~P
+ ~ V
+V

loglo (h)

FIG. 5. Ferromagnetic scaling of the magnetic isotherms for
Nd5oCo50 with @=1 X 10 —2X 10 . The temperatures of the
magnetic isotherms are (lower branch) 163.90 K ( X ), 163.85 K
(0), 163.80 K (+ ); (upper branch) 163.75 K (X), 163.70 K ( ~ ),
163.65 K (+ ), 163.60 K (~), 163.55 K (A), 163.50 K (0). The
data are also shifted along the y axis and plotted as small single
points so that the collapse of the isotherms onto two separate
branches may be Inore clearly seen. The two lines through the
shifted data are guides to the eye. The units of M and H are
emu/g and Oe, respectively.

200 ~

isotherms using Eq. (5) with reduced temperatures down
to 2 X 10,to be more accurate.

Results similar to Tb65Co35 were obtained in Nd65Co35.
Figure 9 shows a scaling plot for the field range 0.5 —55
kOe for the magnetic isotherms closest to T, . The upper
plot shows the data as small points so that the collapse
may be seen. Inclusion of data below 0.5 kOe (not
shown) leads to large deviations from scaling, similar to
those seen in Tb65Co35 at low fields (below 1000 Oe).

To check the self-consistency of our analysis for the al-
loys of this work, we have determined the extrapolated
spontaneous magnetization (M, ) from a modified Arrott
plot. In this plot M'~~ is plotted against (H /M)'~r as de-
scribed by Kaul ' and results in linear isotherms. The in-
tersection of the isotherms with the y axis for T (T,
gives M,'~~. A curve fit to Eq. (lb) was done, and the
fitted values of P agree within experimental error with
those calculated earlier for Gd65Co35 and Nd50Co5o. For
Tb65Co35 and Nd65Co35 where the isotherms did not scale
at low fields, we were not able to extrapolate accurately
to the y axis and an extrapolated spontaneous magnetiza-
tion was not determined for these samples.

We have determined the critical amplitudes m o,
ho/mo, and B~ of Eq. (1). Curve fits to the critical iso-
therm [Eq. 1(d)] were used to determine B4, and these
values are given in Table III. To determine mo and
ho/mo, reduced Arrott plots ' (m versus h/m) were
done. The y intercept gives mo and the x intercept gives

3.0-
E

C)

O

H = 0.2 —55 10e
~V

vV ~
V+ ~ + k

v+ +~
V

'I —55 kQe ~+

2.5-

2.0
6

log (h)

FIG. 6. Ferromagnetic scaling of magnetic isotherms of
Tb65Co35 with e=6X10 —5X10 . The data is shown in (a)
linear and (b) logarithmic form. The temperatures of the mag-
netic isotherms are (lower branch) 94.00 K ( X ), 93.00 K (~),
92.00 K (+ ), 91.00 K (+), 90.00 K (L.); (upper branch) 89.00 K
( X ), 88.00 K (~ ), 87.00 K (+ ), 86.00 K (~), 85.00 K (A). In
(b) the data are also plotted down to 0.2 kOe (and shifted along
the y axis) to show the deviations from scaling in the latter case.
The units of M and M are emu/g and Oe, respectively.
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4.0

D

O

3.5
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O

2.2

3.0- 2.0
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log IG (h)

log, (h)
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3.5—

H = 0'l —55 kOe

E 3.0

5 0 of

t

'glO (

I

l0

FIG. 8. Scaling of all the magnetic isotherms for Tb65Co35
with e=2X10 —5X10 . The lower branch is made up of 20
magnetic isotherms whose temperatures range from 94.00 down
to 89.12 K, and the upper branch is made up of 20 isotherms
whose temperatures range from 89.08 down to 85.00 K. The
units of M and H are emu/g and Oe, respectively.

FIG. 7. Ferromagnetic scaling of the magnetic isotherms for
Tb65Co35 with e=2X10 —2X10 '. The temperatures of the
magnetic isotherms are (lower branch) 89.28 K {X),89.24 K
(0), 89.20 K {+),89.16 K (~), 89.12 K (A); (upper branch)
89.08 K ( X ), 89.04 K (~ ), 89.00 K (+ ), 88.96 K (~), 88.92 K
(A). The lower plot shows the data plotted as symbols, and the
middle plot shows the data shifted along the y axis and plotted
as small single points so that the collapse of the isotherms onto
two separate branches may be more clearly seen. The field
range for both of these plots is 1 —55 kOe. The two lines are
guides to the eye. The upper plot (also shifted along the y axis)
includes data down to 0.2 kOe to show deviations from scaling.
The units of M and H are emu/g and Oe, respectively.

FIG. 9. Ferromagnetic scaling of the magnetic isotherms for
Nd65Co35 with e= 3 X 10 —3 X 10 . The temperatures of the
magnetic isotherms are (lower branch) 35.08 K {X ), 35.06 K
( ~ ), 35.04 K (+), 35.02 K (+), 35.00 K {A); (upper branch)
34.98 K {X ), 34.96 K (S), 34.94 K (+ ), 34.92 K (~), 34.90 K
(L,). The data are also shifted along the y axis and plotted as
single points so that the collapse of the isotherms onto two
separate branches may be more clearly seen. The two lines
through the shifted data are guides to the eye. The units of M
and H are emu/g and Oe, respectively.

for Tb65Co35 where the anisotropy is strong. This plot
only includes data down to 1 koe since only data down to
this field shows good scaling. We improved the above
data analysis and were able to determine the critical am-
plitudes I0 and ho for these strong-anisotropy alloys us-

ing a modified reduced Arrott plot. ' In this plot, m ' ~ is
plotted against (h/m )'~r. The data should again col-
lapse onto two separate branches. This plot differs from
a reduced Arrott plot in that each branch should be a
straight line. A more dependable extrapolation of each
branch to the axis may be done with such a plot. Exam-
ples are shown for Nd50Co~o and Tb6~Co35 in Fig. 11.
The final values of mo and ho/mo for all the alloys of this
work are taken from such reduced modified Arrott plots
and are given in Table III.

Curve fits to the susceptibility for T) T, [Eq. (2c)]
were used to check ho/mo for all the alloys of this work,
and these numbers agree within experimental error with
those given in Table III. Finally, we have calculated
values of the critical amplitude quantities m 0/M„
pho/k~T„and dmo/ho (d= 1/B~), and these are also
given in Table III. The average magnetic moment per
ion, p, of Table III, used in these calculations was deter-
mined by dividing the saturation moment at 4.5 K by the
number of ions per unit volume.

VI. DISCUSSION

We have scaled our magnetization data using a
ferromagnetic-scaling analysis for a number of alloys
with a range of anisotropy strengths. A summary of our
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TABLE III. Measured critical amplitudes and their ratios along with some theoretical predictions.

mp
(emu/g)

hp/mp
(10')

B4
(emu/g) mp/M (0) php/kg T dms/Ap' Ref.

Gd6~Co» 4.21(6) 234(5) 3.42(15) 7.20(5) 1.23(6) 1.28(6) 1.1(1) This
Work

Nd5pCo5p
Nd65Co»
Tb65Co»
Gd6&Co»
GdspAUpp
Theory
MFT
3D Ising
3D Heisen.

2.13(8)
2.47(8)
5.64(20)
4.74(4)
5.68(3)

137(5)
47(2)

294(10)
205.3
186.0

5.11(15)
2.09(8)
0.95(8)

3.95(5)
2.98(5)

13.9(3)

1.17(5)
0.42(4)
1.15(6)
0.97(1)
0.97(1)

1.73
1.486
1.69

0.58(8)
0.47(3)
1.18(8)
0.665(9)
0.88(1)

1.73
1.52
1.58

2.1(2)
0.83(8)
5.7(3)
1.41(10)
1.46(30)

1.0
1.81
1.55

35
36

20
39
40

results along with critical exponents determined previ-
ously for rare-earth alloys, crystalline Gd, and predic-
tions of various models is given in Table II.

It is important to note that the spontaneous magnetiza-
tion in systems with RMA is expected to be zero below
T, since the order is sperimagnetic or speromagnetic.
We have calculated a value of f3 for these anisotropic sys-
tems, but this does not imply that a spontaneous rnagneti-
zation exists since the scaling does not hold down to low
fields. It is simply a parameter used to describe the mag-
netic properties of the ferromagneticlike state of the sys-
tem in an applied field.

The critical exponents P and y for Gd65Co35 a system
with a very weak RMA, are the same within experimen-
tal error as those reported earlier for amorphous
Gd67Co33 while the value of |l measured here is 9%
larger than the value reported earlier. Critical ex-
ponents have been reported for two other ferromagneti-
cally ordered Gd systems, GdspAuzp (Ref. 36) and
Gd7QPd3Q Both systems show small differences in at
least one critical exponent when compared to those for
the Gd65Co35 alloy of this work as can be seen from Table
II. Critical exponents have also been reported for
(Gd7z „T )7zGa, sB,p with T=La, ' Mn, and Ni, but
these systems have strong exchange Auctuations which
may modify the values of their critical exponents, and so
we will not discuss these systems further here.

In the alloys containing anisotropic rare-earth atoms
we observe a systematic increase of the measured critical
exponents y and 6 with D /JQ with Tb65Co3&, where
D/JQ is the largest, having the largest values of these ex-
ponents. The critical exponents a and f3 remains con-
stant within experimental error. The systematic varia-
tion of y and 5 with D/JQ indicates, most likely, that a
crossover is occurring from an isotropic class of system
(Gd65Co35) where the critical exponents have one set of
values to a strong RMA class where the critical ex-
ponents y and 6 have modified values. Note that a num-
ber of scaling analyses were done at progressively smaller
reduced temperatures for each alloy to check that the
critical exponents did not vary, thus ensuring that the
measurements were made in the critical regime. At large
reduced temperatures (e&0.06), deviations from scaling

were observed in all the alloys of this work, indicating the
limit of the critical regime.

Critical exponents have also been reported for disor-
dered alloys containing anisotropic rare-earth atoms of
the form (Gd, „Dy„)Cuz (Ref. 43) and (Gd, „Tb„)Cuz
(Ref. 44) for a number of values of x. The measured criti-
cal exponents for these systems differ significantly from
those of this work. We note that the anisotropy in these
systems is not completely random, as described in Ref.
43, and may explain these differences.

The magnetic isotherms of the alloys of this work also
show deviations from scaling at small applied fields. We
have quantified the deviations from scaling by determin-
ing the field Hd below which deviations from scaling are
resolved, and these field values are given in Table I. We
have found that demagnetization effects and RMA can
contribute to these deviations. Gd65Co35 shows a demag-
netization limited susceptibility at low fields, and the ap-
plied field was corrected for this as described in Sec. III.
We believe that deviations from scaling for Gd65Co35
below 200 Oe are due to an inadequate demagnetization
correction. Similar effects are encountered for other Gd
alloys listed in Table II. While a demagnetization correc-
tion was applied to the anisotropic samples, it was found
to be a small correction even at small applied fields. In
these anisotropic alloys, the field below which deviations
from scaling were found shows a correlation with the ra-
tio D/Jp as can be seen from Table I. This is consistent
with the observation that the field below which deviations
of the critical isotherm from power-law behavior occur
has a higher value for the Tb alloy than for the Gd alloy
as discussed in Sec. IV. These results suggest that the
RMA is responsible for the deviations from scaling at low
fields in the Tb- and Nd-based alloys. Indeed, we have
shown in separate work that in Tb65Co35 ' where D /Jp
is the largest, the presences of an RMA leads to a spin-
glass scaling.

The reduced amplitudes m Q /M, and dm Q /h Q for
Gd65Co35 are close to those reported earlier for Gd67Co33.
Each of the reduced critical amplitudes (Ip /I„
pph p Iks T and dm p Ih p) shows a variation of approxi-
mately a factor of 2 for the alloys of this work with no
clear systematic dependence on D/JQ. There is also no
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clear agreement between the measured amplitudes and
those predicted by three-dimensional (3D) models (see
Table III).

The critical amplitude ratios for transition-metal sys-
tems have been summarized in Table 5 of Ref. 21. Com-
parison to our results yields some interesting facts. While
the amplitude ratios mo/M, and dmo/ho here are simi-
lar to those of crystalline and amorphous transition-metal

H = 0. 'l —55 kOe

8x+

systems, coho/k~ T, shows a large variation in these sys-
tems.

The value of poho/k~ T, is close to unity for crystalline
transition-metal systems, but it is in the range 0. 1 —0.01
for amorphous transition-metal systems. ' This has
been interpreted in terms of a model of transition-metal
amorphous alloys in which sort-range magnetic order in
the form of large spin patches (moment p,s) exist at T, .
The existence of these coherent spin clusters is due to the
inhomogeneous nature of the amorphous transition-metal
alloy. ' The equality p,polk~ T, -=I gives p,z and this
quantity has been found to be 10—20 times larger than
the average atomic moment of an alloy. The question
which now arises is, why do the amorphous systems of
this work not exhibit large values of p,z? Two important
di6'erences between the alloys of this work and

&x
+Q(

10

5
l() ' h/m

E

CO

H = 'l —55 kOe

X

5
10 ' (h/m)'~&

10

2
E

V
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v
V
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15

10

10 ' h/m

FIG. 10. Reduced Arrott plot for (a) Nd5pCo5p and (b)
Nd65Nd35 The isotherms for NdspCo5p cover the range
E =4 X 10 ' —4 X 10 . The temperatures of the magnetic iso-
therms are (lower branch) 169.00 K ( X ), 167.50 K (~), 166.00
K (+ }, 164.50 K (~); (upper branch) 163.00 K ( X ), 161.50 K
(~ ), 160.00 K (+ ), 158.50 K (~), 157.00 K (A). The isotherms
for Nd65Co35 cover the reduced temperature range
m=1.4X10 —2.6X10 . The temperatures of the magnetic
isotherms are (lower branch) 35.80 K ( X ), 35.60 K (~), 35.40,
K (+ ), 35.20 K (+), 35.00 K (A); (upper branch 34.80 K ( X ),
34.60 K (~ ), 34.40 K (+), 34.20 K (A), 34.00 K {L).The units
of M and H are emu/g and Oe, respectively.

0
0 2

1O-' (h/m)'»

FIG. 11~ Reduced modified Arrott plots of magnetic iso-
therrns for (a) Nd5pCo» over the field range 0. 1 —55 kOe and (b)
Tb6&Co35 over the field range 1 —55 kOe. Only data at small
values of the reduced variables m and h/m are shown. The
units of M and H are emu/g and Oe, respectively.
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transition-metal amorphous systems are that the ex-
change is weaker in the alloys of this work than in
transition-metal systems and a strong RMA is present in
the Tb- and Nd-based alloys of this work. We suggest
that this weaker exchange and the presence of RMA both
serve to inhibit the formation of coherent spin patches.
Thus, in terms of the growth of magnetic order at and
below T„our systems resemble the elemental crystalline
transition-metal systems in that the magnetic order grows
from single spins, not coherent clusters.

No theoretical predictions exist concerning a crossover
to ferromagnetic critical behavior in finite applied field
for a RMA system. The model of Chudnovsky, Saslow,
and Scrota discussed in Sec. I shows that the magnetic
susceptibility is large for a RMA system with weak an-
isotropy and that a ferromagneticlike phase can appear
for a small applied field. This model predicts that the fer-
romagnetic phase appears above a field which depends on
D/Jo, but only applies to low temperatures. Finally, we
note the suggestive result of some recent
renormalization-group theories discussed above in which
the zero-field state below T„while being disordered, does
possess some characteristics of a ferromagneticlike state.
In this quasiferromagnetic state, long-range algebraic or-
der exists in that the ferromagnetic correlation length ex-
hibits a power-law decay rather than an exponential de-
cay.

a wide range of reduced temperatures and applied fields.
Crossovers are observed both as a function of applied

field and as a function of D/Jo. Below a certain field,
whose value increases with D/Jo, deviations from fer-
romagnetic scaling occur. In separate work we have
shown that in the largest D/Jo alloys' '" the magnetiza-
tion crosses over from a low-field spin-glass scaling re-
gime to a higher-field ferromagnetic scaling regime.

While the crossover as a function of applied field quali-
tatively resembles the predicted crossover from a corre-
lated speromagnetic state to a finite field state that resem-
bles a ferromagnet, the low-temperature theory of Ref. 4
is not directly applicable to systems close to T, where our
studies have been made. We also note that there are
some indications from theory that the magnetic state
below T, in RMA systems has some coherent ferromag-
neticlike properties in that the correlation length falls o6'

as a power law, a slower decay than exponential.
The critical exponents show a systematic variation

with both y and 5 increasing with D/Jo, suggesting a
crossover from an isotropic to a random anisotropy class
of critical behavior. Also, the calculated values of a and
P remain constant within experimental error.
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