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A theory of correlation between the elastic and magnetic properties of transition-met-
al based ferromagnetic glassy alloys is developed. The specific Young's modulus, E/p,
is shown to be related to the thermal average of the effective spin, (S), as E/p =V&

+K(S), where E and p are Young's modulus and the density, respectively, and VE and
E are constants related to the properties of the materials. The change of E/p with com-
position in (Fe& „M,)8pB2p glasses (M representing Co or Ni) agrees well with the present
model.

The elastic properties of metallic glasses have
been studied extensively. ' ' Experimental re-
sults and theoretical calculations suggested that
the glassy phase is elastically softer than the
crystalline phase. Testardi, Krause, and Chen4

showed that amorphous Pd-Cu-Si alloy and its
crystalline phase have an unusually large anhar-
monicity. Low acoustic attenuation in Pd-Ag-Si
glassy alloy was also reported. Mechanically, ' '
metallic glasses have been demonstrated to pos-
sess a fracture strength, or -0.02E (where E is
Young's modulus), which approaches the theo-
retical limit. Thus the study of elastic proper-
ties is of interest from both the theoretical and

technical points of view.
The influence of magnetic energy on the elastic

constants of a crystalline material was first rec-
ognized by Sato.' He showed that the anomalous
behavior of the elastic constants of a saturated
ferromagnet at the Curie temperature is associ-
ated with the appearance of the spontaneous mag-
netization. Extensive theoretical" and experi-
mental" effort has been devoted to the study of
this anomaly. In this Letter, I derive briefly the
interrelation between the Young's modulus of a
glassy alloy and its saturation magnetization and
report an unusually large magnetic contribution
to the elastic constants of transition-metal-met-
alloid glasses. This work is the first one which
shows the close correlation between the elastic
and magnetic properties of magnetic glassy al-
loys.

The calculation of elastic constants requires
a knowledge of the detailed structure of a sub-
stance. Since the atomic arrangements in a met-
allic glass have not been fully characterized, an

appropriate model has to be used. For simplici-
ty, I assume that the arrangement of constituent
atoms is random and that alloying affects only
the interatomic potential. If the interatomic po-
tential is known, generally there are two ap-

proaches which can be used for the calculation.
The first one is to calculate the energy of a com-
puter-generated structure after the structure is
relaxed according to some prescribed criteria
and then recompute the energy when the system
is under strain. This method requires an as-
sumed arrangement of atoms and yields results
in a numerical form; thus, it is not suitable for
our calculation. The second one is to ignore the
detailed arrangement of atoms and assume that
the arrangement can be represented by the atom-
ic density function (ADF). The displacement of
each atom upon distortion is described by the
macroscopic strain and no other internal dis-
placement is considered. The change of atomic
arrangement under strain is fully described by
the change of its ADF. Based on this model, the
bulk modulus of an amorphous alloy with a ADF
of R(r) is given by'

&=(4&/90)f, r' (Ur)[ 3R+7r'R'+2r'R "]dr
= (4vj 09)f r'U(r)F(r) dr, (l)

where 0 and U(r) are the atomic volume and in-
teratomic potential, respectively. All deriva-
tives in (1) are taken with respect to r'. Here
we calculate Young's modulus through Eq. (1)
using the experimentally determined Poisson's
ratio, v.

If we consider a Heisenberg ferromagnet and
assume that each transition-metal atom possess-
es a magnetic moment of gSp. ~ which couples to
other moments by an effective exchange integral,
J (where g is the gyromagnetic ratio, S is the
spin under consideration, and p. ~ is the Bohr
magneton), the exchange energy between two such
magnetic moments is —2JS'. Because the total
energy of the system is affected only by the ther-
mal average of the magnetic moment, g(S) y. ~,
the total internal energy of two atoms in the mag-
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netic state can be written as

where U„ is the part of the energy which is non-

magnetic in origin and includes all energy terms
which do not depend on the alignment of moments.
Because a metallic glass is a macroscopic iso-
tropic material, Young's modulus is given by

E =3(1 —2v)B.

The adiabatic Young's modulus of a slender speci-
men is related to the extensional strain wave ve-
locity, Vz, by a simple relation:

E =pv, '=(M/x, n)v, ',
where p is the density, M is the gram formula
weight, and No is Avogadro's number. Thus,
from Eqs. (1)-(4), we have

&r, (RT), of (Fe, „M,)»B» (M denoting the transi-
tion metals Co or Ni) glasses were measured.
Glassy alloy ribbons were obtained by rapid
quenching of the molten alloys. A pulse-echo
overlap technique was used for the sound-velocity
measurements in a magnetic field of 120 Oe par-
allel to the ribbon axis. This field strength is
more than enough to saturate the specimen. A
Princeton Applied Research vibrating-sample
magnetometer was used for the magnetic mea-
surements. All measurements were conducted
at room temperature. V~ was observed to vary
slightly (~0.2%) from sample to sample. This is
attributed to a small variation of the quenching
condition and error in length measurement rather
than the uncertainty in the transit-time measure-
ment.

Shown in Fig. 1 are V~ and (S) I(S) = v, (H, T)M/
(0.8)p BgN, J as a function of composition for
(Fe, „Co„)»B»glasses. The salient feature of
these curves is that each possesses a maximum
at - Fe~Co|6B». The maximum observed in (S)

Equation (5) predicts that the magnetic part of
Young's modulus depends on the square of the ef-
fective magnetic moment and on K, which in turn
depends on J(r) and F(r).

The modulus in Eq. (5) is not truly adiabatic
(constant magnetization), since (S) may depend
on strain and should not be considered as a con-
stant in the integration. Actually, measurements
cannot be conducted in a truly adiabatic manner.
The magnetization may be changed by the volume
strain. The error induced by this simplification
can be estimated by Eq. (5), viz. ,

Av~ —V~
' 2 d(S)

Vs'- Vs" (S) dw

where A~ is the volume strain accompanying the
propagating elastic wave. d(S)/dw is related to
the forced volume magnetostriction, Ae/BH, by"

(%olsH)~=p(dv, /ko)B ',

.7

«S)

Ni

where sv is the volume strain, H is the applied
magnetic field, and P is the pressure. With (Bw/
BH) -10 ' Oe ' and hw -10 ', b, (vz'- V~ )/
(V '- V '2) -10 9, which is negligiMy small.

According to the above calculations, the mag-
netic contribution to the specific Young's modu-
lus, Vs'-=E/p, is proportional to the square of
(S) and K. Thus the extensional sonic velocity
and room-temperature saturation magnetization,

.3
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FIG. 1. The room-temperature extensional sonic ve-
locity, V@, and thermal average of the effective spin,
(S), of the glassy alloys (Fe( „M,)80820 (where M de-
notes the transition metals Co or Ni). V@ was meas-
ured in a magnetic field of 120 Oe parallel to the rib-
bon axls-,
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FIG. 2. Calculated Vz of the glassy a11oys (Fef gM+)8p-

82p (where M denotes the transitions metals Co or Ni).
The solid line represents the theoretical fitting with
Eq. (5).

resulted from the combined compositional depen-
dence of saturation moment and Curie tempera-
ture in these glassy alloys. " Figure 2 shows V~'
as a function of composition for these alloys.
The solid line represents the theoretical fitting
by Eq. (5) with constant Vs" and K. As can be
seen from this curve, the variation of the speci-
fic Young's modulus of these alloys can be attrib-
uted to the variation of the magnetic term (S) '.
The experimentally determined V~" and K are
20.33 x10" cm'/sec' and 2."l5x10"cm'/sec',
respectively.

(Fe, ,Ni„)BOB» glassy alloys with high Ni con-
tent are difficult to fabricate, and thus only com-
positions with xs 0.7 were studied. Figure 1 also
shows the variation of Vs and (S) with x for the
Ni-containing alloys. The maxima which charac-
acterize the Co alloys are not observed; both
curves decrease monotonically with increasing x.
In Fig. 2 we plot VE' as a function of x for these
glasses. As opposed to the case for the Fe-Co
glasses, it is difficult to fit the experimental re-
sults satisfactorily across the whole composition
range by a single set of constants. The solid line

represents the curve of Eq. (5) with Vs" =19.63
x10'o cm'/sec' and K=3.94x10'o cm'/sec'. It is
evident that the discrepancy between experiment
and this curve is severe where x~0.5. Based on
Eq. (6), this implies that K and/or Vs" varies
as the Ni content increases. A variable K [ =f(J}]
may be expected for Fe-Ni glasses; i.e., experi-
mental results" suggest that (J„, F,

-JF, c,-J
-Jco co -Jpe N, )&& JN; N; -0, where Jg s is the
exchange integral between A and B atoms, in the
glassy phase. Thus a larger variation of J(r}
with composition might be expected in Fe-Ni than
in Fe-Co glasses. While this is consistent with
our results, we cannot exclude the possibility
that V~" varies with composition in either case.

Further evidence supporting our interpretation
may be obtained by measuring the temperature
dependence of elastic constants on a specimen of
fixed composition at Curie temperature. One
would expect that an anomalous behavior exists
at T = Tc„„-,. This observation on the present
alloy system is not feasible because the Curie
temperatures of these glasses are either higher
than or close to the crystallization temperature. "
However, experiments on Fe-Mo-B glasses hav-
ing lower Curie temperatures indeed showed an
increase of modulus as the specimen underwent
a paramagnetic-to-ferromagnetic txansition. "

The strong influence of magnetic energy on
elastic constants reported in this Letter, to my
knowledge, is not observed in crystalline alloys.
One presumes that for such alloys a systematic
observation of the kind discussed here is masked
by the change of certain structural effects such
as a phase change, atomic size difference, etc. ,
which are accompanied by the change of composi-
tion. Because of the absence of long-range order-
ing in the glassy structure, such effects are ei-
ther minimized or eliminated. One considers
that metal-metalloid glasses are all character-
ized by a qualitatively similar structure. " Thus
the variation of modulus reflects more of the
change of interatomic potential than the change of
structure.

The author is greatly indebted to Dr. R. C.
O'Handley for providing the magnetic data before
publication and for the critical reading of this
manuscript. Thanks are also due to Dr. L. A.
Davis and Dr. R. Hasegawa for useful discussions.
The technical assistance of Mr. Anthony Testa is
gratefully acknowledged.
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Here the results are reported of a neutron-diffraction study of the critical behavior of
M and M, t along the line of critical points in the magnetic phase diagram of the meta-
magnet CsCoC13 ~ 2D20. It is shown that the critical behavior of M and M„can each be
represented by a single critical exponent up to the multicritical point, where a break-
down of smoothness and crossover is observed.

The smoothness hypothesis predicts' ' that the
critical line is a smooth curve and that the sin-
gular part of the thermodynamic potential is es-
sentially the same everywhere along a critical
line, except for a smooth variation of parameters
describing the amplitudes of the various singu-
larities. In particular, the critical exponents e,
P, y, etc. should remain unchanged when one
moves along a critical line. However, since the
singular behavior depends on the order' of the
critical transition, this notion of smoothness
may not be extended over regions of critical
points with different order. Upon the approach
of a critical point with different order, the singu-
lar behavior changes discontinuously, a feature
which is commonly ref err ed to as "breakdown of
smoothness. "' Evidence for the universal nature
of the singular behavior along a critical line has
been reported for the superfluid transition in He'-
He' mixtures as a function of He' concentration.
At the corresponding tricritical point, a new set
of exponents is found. ' For magnetic systems,
for instance, FeCl„"' the experimental evidence

seems less complete.
In the present Letter, we report the results of

a scaling analysis of the critical behavior of the
metamagnet CsCoCl, 2D,O around the multicrit-
ical point (MCP), with the emphasis on the dis-
continuous change of the critical exponents at the
MCP and the crossover from critical to multi-
critical behavior around the MCP.

CsCoC1, 2D,O has been the subject of a num-
ber of experimental investigations. ' " lt is a
pseudo-one-dimensional compound with strongly
anisotropic interactions (Ising-like). The rela-
tively small interchain interactions give rise to
a three-dimensional antif erromagnetic ordered
state below TN = 3.3 K. The compensated noncol-
linear four-sublattice magnetic array can be de-
scribed by the magnetic space group P»cca', as
illustrated in Fig. 1. An important characteris-
tic of this structure is that neighboring ions in a
chain have their moments arranged in such a way
that the chain possesses a net moment directed
along the chain direction (a direction). It was
shown by nuclear -magnetic-resonance' and neu-
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