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The ac susceptibility of a sequence of amorphous Fe-Mn alloys shows lines of both spin-
glass and ferromagnetic transitions. A detailed scaling-law analysis, treating the com-
mon point on the two magnetic phase boundaries as a multicritical point, verifies the
scaling hypothesis and yields multicritical, spin-glass, and crossover exponents. The
observed behavior compares quite will with position-space renormalization results.

It is now generally accepted that materials with
competing exchange interactions may become
spin-glasses at low temperatures, rather than
acquiring long-range order in the usual sense. ' '
There is far from general agreement, however,
as to whether the spin-glass state is achieved
through a phase transition or a more gradual
freezing process. In this Letter, we report the
results of a detailed study of the transition from
a ferromagnet to a spin-glass as a function of ma-
terial composition. We show, for the first time,
that the magnetic susceptibility along both the
spin-glass and ferromagnetic lines satisfies a
scaling hypothesis appropriate to a multicritical
point common to both lines. This strongly im-
plies that there is a competition between the
length scales for ferromagnetic and spin-glass
order, with both simultaneously divergent at the
special point, which we will refer to as 'bicriti-
cal." In the course of the analysis, the critical,
bicritical, and crossover exponents are also de-
termined. We assert that the applicability of
scaling laws along the spin-glass line indicates
that this is a line of phase transitions.

The materials chosen for this study are well-
characterized amorphous alloys with the compo-
sition (Fe, „Mn„)~P„B,A1,." Alloys were pre-
pared with 0 & x ~ 1 by centrifugal spin quenching. '
We report here results for alloys in the range
0.3 ~ x ~ 0.6, in steps of 0.05. There are several
reasons for this choice of material:

(i) The alloys can be prepared in a single phase
for all values of x.'

(ii) Rapid quenching preserves the liquid state
of the melt, thus avoiding possible chemical clus-
tering effects.

(iii) Crystal-field, magnetocrystalline-anisot-
ropy, and grain-boundary effects are minimized
in these amorphous materials.

(iv) Fe a.nd Mn atoms have local moments with
nearly equal spin, so that the material approxi-
mates a bond-random model for the ferromagnet-
spin-glass phase diagram.

Ribbons of the amorphous alloys were cut to
approximately 3 mm~ 1 mm& 25 pm and packed
in the coil of an ac susceptibility bridge, with the
longer dimension along the coil axis. The ac sus-
ceptibility was measured in a field of = 3 Oe (rms)
at 400 Hz, but a check at several frequencies be-
tween 100 Hz and 1 kHz showed no significant dif-
ferences. Data taken both during warming and
cooling were completely reproducible. The sus-
ceptibility at larger values of x shows the char-
acteristic spin-glass cusp as may be seen in Fig.
1. As x is reduced, the peak temperature in-
creases, as does the peak amplitude. At x =0.4,
the ac susceptibility signal becomes equal to the
inverse of the demagnetizing factor N. For small-
er x, the ac susceptibility shows a flattened top,
indicating that the susceptibility is much larger
than N '. To proceed with an analysis of the sus-
ceptibility, we first calculate the actual suscepti-

596 1980 The American Physical Society



LE TTERSpHYSICCAL REVIEW ~ MARcH 1980

I.O—

0.8—

o 06—
&C

Z'.

0.4—

0.2—

I i I i II I I I I I I I

40 60 8020
TEMPEPERATURE(K)

Para ma g net

~ = I8t/ g

——————~g ==0

Ferromagnet

I

100
TEIVIPERATURE (K)

iry
t g

y t=0
z.' /O

/

$p~n bb
GlassZ'.

UJ /O
/0

O

b N ', thesuscep ~ i bt b'lity scaled byMeasured ac s
netizing factor, oinverse of the demagne iz

concentrations.

d transition temper-x erimentally determined r ' ' er
d hase bounda

'
p

the scaling fields g and, as

bility from
-1 -1 gX

=
obs

rtion, and is consequently less
po

' t ' the line o
he cross-d t' th tth

h 11

rd in 1c
see.is less than uni y,

o ri ' field for an exac
th t

ropri
assuming a

ith
es p o

'eld w ceasures the random fie
erromagneti c order.

h othesis for the ran-To construct a scaling yp
'ne re uire

t' f the reduced
temper

' e =O, byan

r data
sep g p

.' We do not obseerve any res. e
transition, an so

m er-11 lt thhis line is para
Thist b bl

1

sis.Himeans that g =g,
We next seek a temperature
form

t =t+qg,

a be param-e boundaries maysuch t ah t the two phase
t and a cons tant accordingetrized by an

to
exponen y

romagnetic linealong the ferrom g+F M&

alon the spin-gla s n—K sg along

77+ 0.05,ith q = — .71 and p=0.77+We find that, with q=—

tioconsiderable er ror when Xobg is
t able to ov

This leads to con '

e therefore not a
It

N '. We are
't for xth '" "1"b'1e tibility wi

the pf the composi
btain the suscep '

'te nature of
wd

' ' ll.
m

s, 's determine e
F 1 th s osg.

a random err
er

dis lIlc
chast is,In cases suc

is recise-
spin-glass.

d and another i peofor er
e multi-

between one typ
b scaling wi r

.' It isb thth hitical point corn
the full powerr ofa ortant to use

own11 knor here, since it is ng oy
' - lass transi io

the ex-
that the spin-g

b hypothesizinge roc eed y
lla s-istence o po

s in-glass lineing the
th ul' ''

1n . Since egto the ic
lf the directions

d'hbt
s for itse

- lass andistinguis
a g

ilit and t e pf the susceptibi i y
g-

t is le ds to an int
th first detailenal sis, and g'ives e

er effect.
an y'
about this impor

ct the bicritica pwe construeFrom Fig. 1,
glass poin sd agram in Fig.i . 2. The spin-

t res while the
lag

s temperature,p
magne ict' transition is estima

597



VOLUME 44& NUMBER 9 PHYSICAL REVIEW LETTERS $ MwRcH 1980

32++SG for g+ 0

y2-&FM for g&0
(5)

the two lines may be fitted with KF M
= 18, and KsG

= 1.4. Note that at g = —1 (pure Fe glass) the fer-
romagnetic transition is predicted to occur at
(19+ 1)T,= 574 + 30 K in good agreement with the
T o = 620 K observed (as quenched samples have
Tc= 580 K).' The bicritical point was taken to be
at x, = 0.41 and T, = 30.2 K.

Having chosen a pair of scaling fields, we may
now make a scaling hypothesis for the suscepti-
bility. By the usual multicritical scaling argu-
ments' the scaling form will be

x(T,~) =Igl ""x*(&/Igl"').
The crossover exponent y is the same as deter-
mined above, and y is the susceptibility exponent
for the bicritical point. For positive values of g
the scaling function y*(y, ), where y. =t/Igl"',
describes the crossover from bicritical to spin-
glass behavior, with values along the spin-glass
line corresponding to y, = -EsG. Equation (4) then
reflects the divergence of the peak value of the
spin-glass susceptibility cusp as g-0 (approach-
es the bicritical point). For negative g, the
crossover is to the ferromagnetic critical line.

The two branches of the scaling function y*(y, )
can be plotted together by defining a new vari-
able

Because g is parallel to the temperature axis,
y, ' is particularly easy to define experimentally,
being just y, ' = [T —Tz c(g)]/T JgI "~, where

Tz c(g) is the freezing or Curie temperature ap-
propriate for the concentration being studied.
Clearly, far from the critical lines the distinc-
tion between the two branches should be unimpor-
tant and bicritical behavior will dominate.

In Fig. 3, we have plotted the susceptibility da-
ta derived from Fig. 1 after scaling according to
(4) and (5). Only one ferromagnetic concentration
is included (x =0.4), and it is seen to scale with
the spin-glass data for large values of Iy, 'I. The
bicritical exponent used in this plot was y = 1.18
+ 0.08. Since the susceptibility at g = 0 should di-
verge as ItI &, the scaling function must have the
asymptotic limit y*(y, ')-Iy, 'I &. The solid lines
for large Iy, 'I in Fig. 3 are plots of this asymp-
totic behavior. The amplitudes are in the ratio
A'/A = 3. The data for x = 0.4 follow this behav-
ior out to Iy, 'I - 70. In the inset to Fig. 1 are
plotted the data close to the spin-glass line. The
data scale very well, and approach the line in a
sharp cusp. The solid lines are of the form a
—bIy, 'I'"; the values of a are the same for posi-
tive and negative y, , with the amplitudes in the
ratio b'/b = 1.2.

The data of Fig. 3 indicate that the bicritical
point dominates the susceptibility for y, ( —2

and for y, ') 6 although the data for the x =0.4
alloy follow the bicritical behavior to smaller
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FIG. 8. Scaled susceptibility y vs scaled temperature, ~, for five compositions. The solid lines for largeI ~ 1
Iy2 I are proportional to Iy2 I

&. The inset shows the region close to the spin-glass phase boundary. The solid
lines there are of the form a —bI y& I

' 2. The scaling exponents for this plot are y=0.77 and y =1.18.
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y, . This crossover to bicritical behavior should
be especially important in the ferromagnetic re-
gime, since it implies a change in the develop-
ment of a spontaneous magnetization and a non-
infinite initial susceptibility. Indeed, for x =0.35,
for whichg =-0.15, crossover at y, ' = —2 corre-
sponds to a temperature of 67 K, which agrees
well with the observed decrease in the suscepti-
bility for this concentration in Fig. 1. Our asser-
tion, then, is that the drop in the ac susceptibil-
ity in the ferromagnetic phase is due not to a sec-
ond-phase transition, but rather to a crossover
to a bicritical behavior within that phase.

A phase diagram very similar to the one we
find here has been determined by Wortis, Jay-
aprakash, and Riedel" from a real-space re-
normalization calculation of the two-5-function
model. Other models have predicted a multicri-
tical point between spin-glass and ferromagnetic
phases, ""but could make no specific predic-
tions for the exponents; here exponents are pre-
dicted for dimensions d =2 and d = 3. As in our
phase diagram (Fig. 2), the spin-glass/ferromag-
netic phase boundary is found to be parallel to
the temperature axis. The crossover exponent
is predicted to be y = 0.72 for d = 2, and y = 0.91
for d = 3, bracketing our value for y = 0.77+ 0.05.
The exponent for the spin-glass order parameter,
which is the same as that of the susceptibility at
the cusp, was determined only for d =2, and is
P«=0 8; our. results give Ps~=0. 50+0.08, con-
siderably smaller. Unfortunately, no calculation
of the multicritical y was given for any dimension-
ality.

The close correspondence between the phase
diagram and critical exponents obtained in the
position-space renormalization calculation and
that of the Fe-Mn amorphous spin-glass repre-

sents the first detailed verification of any spin-
glass model. We have not, of course, established
the nature of the spin-glass critical line, nor de-
termined the order parameter directly. However,
the ability to perform a scaling analyses with a
single crossover exponent goes far toward estab-
lishing the general picture of a multicritical point
on the ferromagnetic line and a true spin-glass
phase boundary for this three-dimensional ran-
dom-alloy system.
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Exciton dynamics in Tb(OH} 3 is shown to depend upon the excitation location within the
& = 0 inhomoheneously broadened absorption profile. The dynamics is observed by mon-

itoring the populations of the different & states from time-resolved band-to-band lum-
inescence. The results indicate the presence of experimentally separable microscopic
regions within which delocalized exciton states occur with well-defined & values.

Much progress in our understanding of the
broadening of optical transitions in solids has
been made in recent years with the advent of

new laser spectroscopy techniques working in the
time' ' and frequency domains. ' For instance,
fluorescence line-narrowing techniques have
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