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Low-angle inelastic-neutron-scattering experiments were performed on an amorphous ferromagnet of
composition (Feg;M0,)goB1oPo with T, = 450 K. Well-defined spin waves were observed over the entire range of
momentum transfer for which the scattering triangle could be closed (g <0.25 A=Y). The results were
consistent with a normal ferromagnetic dispersion relation hw(q) = A + Dq?+ Eq* + ..., where the gap A can
be largely accounted for by demagnetization effects. Low-temperature magnetization measurements were
performed and fit to the relation M(T) = M, (1— BT*2-CT?'%). The measured long-wavelength spin waves
account for only 70% of the density of magnon states necessary to explain M(T). For temperatures below
300 K, the mean spin-wave energies are well represented by the relation {w(q, T)> = {w(q,0)>[1—0.612(T/ T,)*"*].

I. INTRODUCTION

Recent years have witnessed a growing interest
in the phenomenon of amorphous ferromagnetism.
This interest arises partly from technological
considerations and partly in the hope of exposing
novel and interesting physics. In some sense
amorphous systems serve as a bridge between the
liquid and crystalline state and this may be parti-
cularly true in the area of dynamics, where at
least on a phenomenological level spin waves in
ordered crystalline systems are well understood.
Ultimately, we would like to achieve a comparable
understanding of the spin excitations in amorphous
ferromagnets. This study of the properties of rel-
atively long wavelength spin excitation in an amor-
phous metal alloy by neutron scattering is one
tentative step in this direction.

It is obvious by analogy with sound propagation
in an amorphous elastic medium that one might
expect well -defined propagating spin excitations
in amorphous magnets at sufficiently long wave-
lengths. This was first pointed out by Kittel® in
connection with macroscopic spin-wave theory well
before amorphous magnets were discovered. It
was therefore somewhat disconcerting that the
first inelastic-neutron-scattering studies of amor-
phous metallic ferrimagnets by Pickart et al.? of
composition TbFe, revealed only broad, relatively
featureless magnetic scattering rather than sharp
spin-wave excitations. The first inelastic-neu-
tron-scattering experiments confirming the exis-
tence of sharp long-wavelength spin waves were
those of Axe efal.® on an amorphous ferromagnet
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with composition Fe,,P,.C,, and of Mook efal.* on
the closely related alloy Cogz,P,,. All of these
amorphous alloys are thought to have a structure
that is reasonably well described as a random
dense packing of spheres,® which is stabilized by
the appropriately different sizes of the constituent
atoms in the alloys. It is now widely believed that
failure to observe spin waves in the rare-earth—
iron systems is connected with random single-ion
anisotropy effects which are largely absent in the
transition-metal -metalloid systems.

There is one very important technical difference
between the neutron scattering measurements on
amorphous spin waves and those in crystalline
systems. It is customary in the latter case to
perform experiments at a fixed momentum trans-
fer Q=G +§, where G is a reciprocal -lattice vec-
tor. This allows spin waves with small propaga-
tion vectors { to be observed at conveniently large
scattering angles. This option is not available in
an amorphous material where all wave vectors are
referenced to the origin of reciprocal space, so
that small q implies small scattering angles. The
most fundamental of the ensuing difficulties ts in
the scattering kinematics which makes it impos-
sible to transfer more than a small fraction of the
incident neutron energy while maintaining the nec-
essarily small momentum transfer. All of the
transition-metal -metalloid amorphous ferromag -
nets mentioned in the preceding paragraph are
magnetically rather stiff (e.g., the spin-wave
stiffness constant D~ 150 meV A? for Fe,P,.,C
moreathan half of that of pure bcc Fe, D~280
meV A%),%% Therefore the incident neutron energy
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necessary to close the scattering triangle as the
spin-wave energy (or wave vector) increases is
quickly driven beyond the peak of the reactor
spectrum. This severely limits both the sensitiv-
ity and resolution of the experiments.

It was primarily in the hope of extending the
range of the initial measurements by choosing
less magnetically stiff materials that the present
samples were prepared and studied. In Sec. II,
we discuss sample preparation and characteriza-
tion as well as the measurement of the tempera-
ture dependence of the spontaneous magnetization
and the neutron scattering measurements. In Sec.
III, we discuss the results of the spin-wave dis-
persion, the renormalization of the spin-wave en-
ergies with temperature, and the temperature-de-
pendent spin-wave linewidth.

1. SAMPLE PREPARATION AND MEASUREMENT

An amorphous (Fey;Mo,)yB, P, alloy was pre-
pared by rapid quenching from the melt. The re-
sulting foils were ~25 mm in diameter and 70 yum
thick. Details of the sample preparation method
were the same as described elsewhere.” Isotope
1B was used for our sample because natural boron
contains about 19% of °B, which has extraordinar-
ily high absorption for thermal neutrons.

The magnetization measurements were done with
a vibrating sample magnetometer (Princeton Ap-
plied Research, model 155). No field dependence
of the saturation magnetization was observed for
the field above 12 kOe at 4.2 K. The tempera-
ture dependence of the magnetization was mea-
sured in the field of 12 kOe with slowly varying
temperature from 4.2 to 280 K.

The neutron scattering experiments were per-
formed using a conventional triple-axis spectro-
meter in the “constant-Q” mode at the Brookhaven
High-Flux Beam Reactor. A stack of ~30 foils was
encapsulated in a thin aluminum “pill box” filled
with He gas to promote thermal conductivity and
was then attached to the cold finger of a variable
temperature cryostat capable of regulation to

~0.2 K or better. The foils were positioned with
their faces perpendicular to the incident neutron
beam. Because of the unusually small scattering
angles (26, between ~0.5° and 2.0°) it was very
important to minimize spurious low-angle scat-
tering, and in particular it was helpful to reduce
the thickness of the aluminum cryostat windows
and it was crucial to position the pyrolytic graph-
ite filters used to remove order contamination
from the incident beam as far as possible up-
stream of the sample. For reasons discussed
above, only a small range of energy-momentum
space could be scanned with a given incident neu-
tron energy, and various spectrometer configura-
tions, summarized in Table I, were used to cover
the range 0.06 A" <Q <0.25 A" and |AE|=6.2
meV. At 14 meV, using (002) pyrolytic graphite
monochromators, reasonably intense signals were
obtained and the temperature dependence of the
spin waves was systematically investigated in 25-
K intervals from 25 to 300 K. The data taken with
higher neutron energies used (002) Be monochro-
mators, were much weaker, and were limited to a
single temperature, 100 K.

Typical low-temperature, small-@ data are
shown in Fig. 1. There is a substantial amount of
elastic scattering, but it is nearly temperature in-
dependent and can be almost wholly accounted for
by background scattering (including the cryostat
and an identical empty sample cell). The cross
hatching indicates the extremes of the scan dic-
tated by the approach of the scattering angle 26,
to zero accompanied by a rapid rise in the back-
ground counting rate. To those with some famil -
iarity with triple-axis spectrometry it is initially
surprising that both energy gain and energy loss
peaks appear equally sharp, since in general the
spectrometer resolution function distorts the
spectra in such a way that only one of the two
peaks is “focused” in any given scan. One of the
pleasant peculiarities of small-angle scattering
is that the focusing is symmetric in the limit 26,
-0.8

Figure 2 shows an example of the changes ob-

TABLE I. Summary of neutron scattering measurements at 100 K.

Incident
Q energy Collimation AE W g Fwgs — D)/ Q2
A& (meV) (deg arc) (meV) (meV) (meVA2)
0.06 14 20-~10-10-10 0.3 0.342(8) 85.3(2.2)
0.08 14 oo eee 0.587(3) 86.3(0.8)
0.10 14 e coe 0.885(10) 85.0(1.0)
0.15 41 20-20-20-20 0.6 1.84(10) 80.2(4.4)
0.20 60 20-10-10-20 1.0 3.23(8) 79.9(2.0)
0.25 80 oo 1.0 5.11(7) 81.2(1.2)
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FIG. 1. Typical neutron scattering data. The elastic
peak is accounted for by background from the container
and cryostat. The limits of the scan (see text) are indi-
cated by cross hatching.

served in the small-Q data over the range of tem-
peratures studied. Since for this scan kT > fiw,
the thermal occupation factor n(w) is proportional
to T and the data at the two temperatures have
been scaled accordingly for ease of comparison.
The data for positive and negative energy transfer
at each temperature have been superimposed and
are in good agreement. The renormalization of
the mean spin-wave energy with increasing tem-
perature is readily apparent. Although it is less
conspicuous, there is also a gradual broadening
of the spin-wave peak at temperatures above ~150
K. As will be established below, the width below
this temperature can be accounted for by instru-
mental broadening alone.

As is well known, it is essential to correct the
data for the influence of instrumental resolution.
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FIG. 2. Example of changes in spin-wave position and

line shape with temperature. The intensities have been
scaled for this comparison.
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FIG. 3. Example of least squares fitting of dispersion
relation convoluted with the appropriate spectrometer
resolution function to observed spin-wave scattering.
The arrow indicates the shift in energy due to finite
resolution.

This was done by numerically convoluting the
known spectrometer resolution function with a
trial spin-wave dispersion relation, Zw, =D Q%
and iteratively adjusting D,,, to agree in the least-
squares sense with the data (corrected for back-
ground). As a typical example shown in Fig. 3
demonstrates, this procedure produces satisfac-
tory agreement at low temperatures. The calcu-
lated line shapes were systematically too narrow
to account for the data above T~ 150 K, which we
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FIG. 5. Temperature dependence of the spin-wave
linewidth (see text) for @ =0.08 A"

take as evidence of intrinsic thermal broadening.
The mean spin-wave energy is greater than the
D,,,Q? principally by virtue of the fact that vertical
resolution effects make the mean value of @
greater than the nominal value at which the cen-
ter of the resolution function is positioned.

In studying the temperature -dependent renor-
malization of the spin-wave energies and line-
widths, we chose to use the first and second fre-
quency moments of the observed data directly
rather than a least-square -fitting procedure, since
particularly at high temperatures the observed
line shapes were too wide to be adequately fit by
our fitting routine, which assumed no intrinsic
spin-wave linewidths. The data for the first mo-
ment, {(w,(T)), normalized to facilitate a compari-
son of the data taken at different @ are shown in
Fig. 4. The second moment of the spin-wave pro-
files is considerably less accurately determined.
We therefore chose to present the data for only
one value of momentum transfer (@ =0.08 A1)
where the scatter was smallest. At low tempera-
tures, the width is entirely or predominantly in-
strumental, as we show in Fig. 3. Therefore, we
show in Fig. 5 the square root of the excess sec-
ond moment T (T) =[{w?(T)) - {w2(0))]*/2, where
{w?%(0)) =0.0070(+5) meV? was calculated from the
computer fit shown in Fig. 3. Assuming that the
instrumental and intrinsic contributions to (w2(7))
add in quadrature, this quantity is proportional to
the intrinsic spin-wave linewidth.

III. RESULTS AND DISCUSSION

As shown in Fig. 6 (filled circles), the spin-
wave dispersion data corrected for instrumental
resolution, 7w,,/q?, display approximately the
q*? dependence expected for crystalline ferromag -
nets. There is, however, in the 14-meV data (the
three points at lowest ¢) a pronounced tendency of
the effective stiffness constant 7w, /g to decrease
with increasing q. These data taken alone sug-
gest a very large ¢* correction to the spin-wave
dispersion, and an extrapolated stiffness as ¢ -0
of ~98 meV A2, In fact, both of these inferences
were made in a preliminary account of this work.®
This was prior to the measurements at larger mo-
mentum transfer, which make clear that a ¢* cor-
rection is not adequate. The correct explanation
of the behavior of the data in Fig. 4 is the pres-
ence of a gap in the spin-wave dispersion relation
at @ =0, i.e.,

Aw(@)=A+Dg?+Eq*+.... 1)

Crystalline anisotropy terms are absent in amor-
phous ferromagnets by symmetry, so we look
elsewhere for the source of a spin-wave gap A.
There are in general two related effects. Separat-
ing the magnetization into a static average value
M, and a time-dependent fluctuation 6M(t), the
first effect is an addition torque on the precessing
magnetization equal to —oM(¢) X Hyomagy Where
Hdemu = ~N,M, is the shape -dependent demagnetiz -
mg field. The second torque is -M XﬁH(t) where
8H(¢) is the self-field due to 6M(t) which depends
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FIG. 6. Filled circles: Dy =hwgs/q° vs ¢°. Open

circles: same data corrected for demagnetization ef-
fects (see text).
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upon the relation of the propagation direction kto
Mo. Writing the gap for a given propagation direc-
tion in terms of an effective field A=gugH, H is
given by?°

H=Hy-[N,-21(1-k3)] M,, (2)

where H, is the applied external field. These ef-
fects are well known in microwave ferromagnetic
resonance experiments, but are of negligible im-
portance except at very small @ for neutron scat-
tering. The existence of such corrections in neu-
tron scattering was first demonstrated in Fe by
Collins et al.®

In the amorphous foils in the absence of an ex-
ternal field, the magnetization is confined in the
plane of the foil by demagnetization effects, so
that N;=0 when H,=0. The small-angle scatter-
ing geometry also restricts 6 to be nearly in the
plane of the foils in our experiments, so that the
average field (H) is obtained by averaging k,, the
projection of the unit propagation vector on 1\7[0
over the plane of the foil, weighting the average
by an additional factor of 1+ k% which occurs in
the neutron scattering cross section.!! The re-
sult is (H) = gnMo, and using the measured satura-
tion magnetization M,=1154 G and assuming g=2,
we find that (A)=guz(H)=0.035 meV. The last
column in Table I shows the result of this correc-
tion to the measured spin-wave dispersion, as do
the open circles in Fig. 6. It can be seen that this
correction largely removes the anomalous disper-
sion at small q. Fitting the corrected data to the
form suggested in Eq. (1) results in the values
D=85.0+2.3 meV A? and E = -57(+40) meV A* at
T=100 °K. Since the correction to the spin-wave
energies in going from 7=100 to T7=0 °K is less
than 2%, to within the uncertainties quoted we may
take the values of D and E as the T=0 values.

For purposes of comparison it is interesting to
note that for bec Fe Collins et al.® found D
=281(x10) meV A? and E = -270(+35) meV A* (at
room temperature). The ratio of D/E is related
to the range of the exchange interaction through
E/D= - 2—10(72)_,, where

2y 7 W) g)dr
OO et ©

Here J(7) is the range-dependent exchange inter-
action and g(r) is the pair distribution function of
the magnetic ions. The derivation, given first by
Marshall'? for a crystalline ferromagnet, can be
easily generalized to the amorphous case. If in
fact the ratio |E/D|~1 A? as our measurements
suggest, this can, as in bcc Fe,® be taken as evi-
dence of the presence of exchange interactions
with a ms range, ~4 f\, which is appreciably long-
er than the Fe-Fe nearest-neighbor distance,

which is quite sharply distributed about a mean
value of ~2.5 A.5

The results of the magnetization measurements
are plotted vs 7% 2 in Fig. 7. At temperatures
below T~ 150 K, M(T) is well represented by
My(1-BT3/?), with B=5.00(+0.01) x10™5 K"3/2,
However, over the whole temperature range a
much better representation was obtained by least-
squares fitting to the relation

M(T)=M,(1-BT3/2-CT%'?) (4)

by adjusting the values of M,, B, and C. The best
fitting values are M,=140.0(x0.1) emu/g (1153 G),
B=4.5(x0.2)x10"° K*/2, and C=3.5(x0.9)x10"8
K -5/ 2

As is well known!? in conventional linear spin-
wave theory, the constant B is related to the
quadratic spin-wave stiffness constant D through

~ glig [ kg 3/2
B=2.61252 <m> . (5)
Using D =85.0 meV A2, g=2.05, and M,=1154 G,
we calculate B=3.12x10"5 K™3/2 or B,,,/B , ~ 0.1.
Although Eq. (5) is well satisfied for bce Fe and
Ni,!° the poor agreement found above is charac-
teristic of the amorphous ferromagnets studied
thus far by inelastic neutron scattering. For
Fe,P,;C,, Tsuei'® finds B~2.2x10"5 K-%/2 from
low -temperature magnetization data, whereas
Eq. (5) predicts B~1.3 10" K~3/2 using D ~165
meV A? obtained from neutron scattering.? A dis-
crepancy of similar magnitude seems also to exist
between the measured value of B and that calcu-
lated from neutron scattering measurements using
Eq. (5) for amorphous Cog,P,.'?

In conventional spin-wave theory, the term in
Eq. (4) is related to the quartic corrections to the
spin-wave dispersion. For isotropic spin-wave
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FIG. 7. Temperature dependence of sample magneti-
zation.
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dispersion the relation takes the form

B 4 t®4m 7

Using the value (r2),=13.4(x9.4) A? deduced above
from the ratio of E/D, we calculate C/B=5.0(x3.5)
x10"3 K*! compared to the observed value of 0.77
%107 K-!. Thus there are also indications that the
higher-order corrections to the magnetization re-
normalization cannot be accounted for in a conven-
tional way, but in view of the uncertainty in our
determination of E, this cannot be regarded as a
firm conclusion.

To understand how Eq. (5) might fail for an
amorphous ferromagnet it is useful to sketch out
a general theoretical framework which is valid
in the absence of translational symmetry.!*!s
This will also be helpful in discussing the tem-
perature dependence of the spin-wave stiffness.
For definiteness we consider Heisenberg exchange
interactions of arbitrary range, 3¢=-2,J,,5;S;.
Making use of the transformation to spin devia-
tion operators (a;, a}), we obtain

Si~V2sa;, S;~V2sal, SZ=S-adla,, (6)

where we have dropped higher-order terms in Sj.
The Hamiltonian becomes

X~ e+ ZSZJ,,(a}a,+a}a, -ala; -dla,), (7)

where the sum is over pairs (i,j) and the ground-
state energy ¢,= 2522J”, Equation (7) can be
diagonalized by a unitary transformation into nor-
mal mode operators (C,, C!), where C,=22U,;a,,
etc., so that U=e¢,+2J,6m, Where n,=C,C}] is the
occupation number of Ath normal magnon mode
with energy €,. It is in general difficult to find the
transformation matrix U,; upon which the excita-
tion energies depend, but in order to make con-
tact with macroscopic or continuum spin-wave
theory! it is necessary that we recover propagat-
ing spin waves in the long-wavelength limit, i.e.,
Uy, =N"t/2¢'9°%; a5 §,~0. Regardless of its pre-
cise description, quantization insures that each
normal mode carries one unit of spin, so that
quite generally at low temperatures

M(T)=M, -E22 5" (m)
X

Vv

=M, -g—‘#fg(w)n(w)dw , (8)

where n(w)=(e®“ -1)" and g(w) is the density of
magnon states. It is straightforward to show that
M(T)-M,~T3? implies that g(w)~w'/% Of course
it is well known that the long -wavelength propagat -
ing modes with €, ~q2 have g(w)~ w'/?, but the fact
that B, >B,,,. apparently means that the spin

waves contribute only ~70% (in the present case)
of the low-frequency density of states. Presum-
ably the remaining low-frequency excitations
[which must also have g(w)~ w'/?] are more or
less localized in character and do not show up in
the constant-Q neutron scattering experiments
which couple most strongly to plane wave excita-
tions. It is worth noting that approximate theo-
ries of magnon densities of states for disordered
and/or amorphous ferromagnets give g(w)~w'/2
For example, in a study of a disordered cubic
ferromagnet with random exchange, Stubbs and
Montgomery'® find that g(w, p) = (1-p)™/%2%w),
where p is a measure of the mean square devia-
tion of J from the mean J° and g°(w) is the den-
sity of states for the ordered ferromagnet. It
would be interesting to investigate theoretically
whether these states are made up of both propa-
gating and localized excitations, as the neutron
scattering measurements on amorphous ferro-
magnets suggest.

Now consider the temperature dependence of
the spin-wave energies. Keeping higher-order
terms in Eq. (6) leads in a straightforward way
to an improved Hamiltonian

1
U= €°+Z €""“’§E € My +en. 9)
X FYY

which in the Hartree approximation gives a re-
normalized magnon energy

wy(T) =€, +Z € )
Al

a result first derived on more general grounds by
Marshall.!! In a cubic lattice with near-neighbor
interactions Bloch'” showed that €+ could be
factored into - €,€,,/2¢,, so that

w, (T) = e,‘(l— (2¢)7 Y <A,<nx,)> . (10)

A’

Huber and Siemann'* have recently shown that if
the products of the transformation matrix U,;
which appear in ¢,,, for the amorphous case are
replaced by certain weighted sample averages,
one again recovers Eq. (10). The experimental
data as plotted in Fig. 4 are in reasonable agree-
ment with a qualitative feature of Eq. (10);
namely, the fractional renormalization of all
modes studied lie on a single curve.

To be more quantitative we can replace the sum
in (10) by an integral over g(w), which in turn
can be evaluated in terms of the experimental
magnetization renormalization constant B. The
result is
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€=%,Zx: §x<nx>=—1‘; f wn(w)g(w)dw
_3¢3) M, /2
"3 50 guBBkTs . (11)

The T%/2 behavior, which follows from
g(W)~ w2 is in agreement with our data as can
be seen from Fig. 4 or more critically from Fig.
8. It is not possible to test Eq. (10) numerically
with any accuracy without a knowledge of the
ground-state energy €,. We can obtain an esti-
mate of €, using the results for nearest-neighbor-
only exchange,'® 2¢,/V = (3D/a®)(M,/ 1g 5), where
a is the near-neighbor distance. Combining this
with Eq. (11), Eq. (10) becomes

2
(D=6 1- 50 /%), (12)
Using ¢®=2.5 A and measured values for B and D,
we find a®Bk/4D=0.306T;%/2, which is not in
particularly good agreement with the observed
value of 0.6127;5/2, However, it is far from clear
what fraction of the discrepancy is due to inac-
curacy in the estimate of €.

We know of no theories of spin-wave lifetimes
formulated for amorphous ferromagnets with
which to compare our linewidth results. However,
in the limit Zw, <<k T, which holds for our mea-
surements at high temperature, the result of a
Green’s-function calculation for magnon-magnon
interactions in cubic lattices!® gives for the line-
width I'(q)

T T\
4 —_— —_
T(g)=q (TolnT()) ,
where T =7wq/ky We do not have sufficient data
to test the ¢ dependence, but the temperature de-
pendence, while not very precisely defined by the

data, seems to be consistent with this result, as
shown in Fig. 5.

q=0.08 A"
1.0 <w(T)> = <w(0)> [I-0612(T/T¢ 1572
(FegzaMo7)goBioPio
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FIG. 8. Temperature dependence of mean spin-wave
energy for ¢=0.08 A, demonstrating T%2 behavior.

In conclusion, our measurements confirm the
existence of propagating spin waves with long
lifetimes in amorphous magnets over a consider-
able range of wavelengths. They have (aside from
demagnetization effects) a normal Dg® dispersion
relation. At low temperatures M, - M(T)~ T3/2
and w,(0) — w (T)~ T°/2, both results consistent
with a magnon density of states proportional to
w'/? at low energies. However, it appears that
the propagating modes seen in this study exhaust
only a fraction of the density of states. This is
consistent with earlier neutron scattering studies,
but at variance with the recent work on amorphous
Co,,P,, of McColl et al.,'® who found D by ferro-
magnetic resonance to be in agreement with that
deduced from M(T).
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