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Neutron-scattering techniques have been used to investigate the magnetic excitations in the
structurally amorphous ideal isotropic ferromagnet (T, =513 K) Fe4oNi40P&4B6. Small-angle

inelastic-scattering measurements were taken with a triple-axis spectrometer to determine the tem-

perature dependence of the spin-wave dispersion relation at long wavelengths. Most of the measure-
0

ments, however, were concentrated in the momentum region near the first peak (Q& ——3. 1 A ') in

the static structure factor, and were made at 295 and 17 K with a pulsed polarized-beam time-of-

flight spectrometer that uses the cross-correlation technique of data collection to obtain a high
signal-to-noise ratio. It is found that there is a "cone" of scattering as a function of energy with its

apex at Qo, in general agreement with the powder-averaged model proposed by Shirane et al. How-

ever, not all of the features of the data can be explained by this model; in particular at Qo there is a
broad distribution of scattering as a function of energy with a maximum at E-12 meV. Time-of-

flight results are also presented for a single crystal and a powdered crystalline material in order to
gain a better understanding of the corrections needed to obtain accurate data, and to establish that
the instrument performs properly. The advantages as well as the limitations of this polarized-beam

technique are discussed.

INTRODUCTION

There is increasing interest in understanding the spin
dynamics of structurally amorphous materials since this
can give us direct information important to the general
behavior of randomized systems. In this paper we explore
the nature of the magnetic excitations in the structurally
amorphous isotropic ferromagnet Fe4oNi4oP, ~B6 (Met-
glas). Such materials are locally isotropic, and hence for
length scales which are long compared to atomic dimen-

sions, the structural disorder can be ignored and conven-
tional spin-wave theory should adequately describe the
spin dynamics. Indeed, well-defined spin waves are ob-
served at long wavelengths, as they have been in a large
number of other amorphous magnetic systems. ' Such
small-wave-vector measurements are important for under-
standing the overall magnetic behavior of those systems,
but generally yield little direct information regarding the
effects of the disorder on the spin dynamics. In order to
observe most clearly the effects of disorder on the system,
inelastic-scattering measurements need to be made at
larger wave vectors where the dynamics are sampled on a
length scale where the disorder is important. The first
measurements of this type were made by Mook, Waka-
bayashi, and Pan on Co4P, and Mook and Tsuei ' on
Fe75P)5C~o. The measurements on Co4P were rather prim-
itive because of the neutron absorption and high in-
coherent scattering associated with Co, and the difficulty
of obtaining high-intensity polarized neutron beams neces-
sary for the experiment, but the results established that
magnetic excitations could be observed near the first peak

in the static structure factor S(Q) for the material. De-
tails of the structure of the scattering were not obtained,
except for the fact that the magnetic excitations reached a
minimum in energy where a maximum is found in S(Q).
It was suggested at that time that these low-lying excita-
tions might be similar in concept to the roton excitations
in He, and sum rules were utilized to make an analogy
between the two cases. In retrospect, it is probably unwise
to consider this connection too closely, although there is
nothing incorrect, in principle, in utilizing the sum rules;
the rotons in He are simply that part of the phonon spec-
tra that falls near the first peak in the static structure fac-
tor S(Q) for superfluid He. Thus one might call magnet-
ic excitations near the first peak in S(Q) of an amorphous
material magnetic rotons. However, it is now clear that
the shapes of the two types of excitations are quite dif-
ferent, the low-temperature rotons for He being very
sharp in energy, while the magnetic excitations for a me-
tallic glass are spread over a rather large energy range. A
better approach to understanding excitations in amor-
phous systems probably will stem from modeling the dis-
order, although to date only rather crude information has
been obtained in this manner.

Considerably better measurements"' were made on a
sample of Fe75P)5C]o for several reasons. First, the in-
coherent nuclear cross section for iron is smaller than that
for cobalt, and the energetics of the magnetic system are
considerably reduced so that the excitations occur over a
region of energy which is experimentally more favorable.
Furthermore, Fe polarizer-monochromator crystals had
become available so that the incident polarized beam was
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considerably higher in flux. Polarized-beam measure-
ments are essential in these noncrystalline systems to dis-
tinguish the magnetic scattering at large Q from nuclear
cross sections such as those originating from lattice vibra-
tions and the static structure. A contour map of the mag-
netic inelastic scattering was presented for Fe75P]5C]o
with details of the magnetic excitations, and the measure-
ments resembled the computer-generated results of Al-
ben. However, both experimental errors and computer-
termination errors prevented quantitative comparisons.

The present paper presents new measurements we have
made on a large sample of Fe4oNi4oP&4B6. This material is
the best-known isotropic ferromagnet, a property which
has led to a number of commercial applications. The
long-wavelength excitations are conventional spin waves
as we demonstrate below. The central attention, however,
will be focussed on the nature of the scattering around the
first peak in the structure factor. We first discuss the
polarized-beam time-of-flight technique which was used
in obtaining data in this Q range, emphasizing both the
advantages and disadvantages of this technique. We will
then present some test results of the spectrometer along
with the data for the amorphous material. Finally, we
discuss these results and compare them with other systems
which have been studied as well as with model calcula-
tloIls.

EXPERIMENTAL TECHNIQUES

Since the time that the measurements were made on
Fe75pi5Cio, two additional polarized-neutron —scattering
experiments have been made on amorphous ferromagnets
near the first peak in S(Q) using the triple-axis technique.
The first of these is by Shirane et al. and the second is by
Paul et al. Both sets of authors have discussed difficul-
ties in using the partial-polarization technique as we use
it, with Shirane et al. paying particular attention to the
difficulties with resolution effects in the energy range near
zero energy transfer. It is thus desirable to discuss the
neutron pulsed-polarization technique that is used in the
present experiments, and to obtain measurements on
model systems where the results are established. The
spectrometer is located at the High-Flux Isotope Reactor
at Oak Ridge National Laboratory, and has already been
discussed in detail in Ref. 4. It utilizes a high-speed spin-
flip device for good time-of-flight resolution and the cross
correlation technique of data accumulation for a high
signal-to-noise ratio.

The important feature of the polarized-beam technique
is that unwanted contributions to the scattering intensity
cancel. Thus in the ideal situation there is no contribution
from nuclear cross sections such as from lattice vibra-
tions, elastic structural scattering, incoherent scattering,
etc. However, if there is appreciable scattering (depletion)
of the incident beam, which is polarization dependent,
then there will be a contribution from the spin-
independent nuclear cross section which will not cancel
exactly. This contribution wi11 be observed in both the
time-of-flight and triple-axis techniques. This "depolari-
zation" effect in fact is found to be significant for mea-
surements on both powders and amorphous materials. We

will return to this point later.
One of the features of the present technique is that for

neutron energy gain S +(Q,E) will be the nonzero cross
section, where we have used the notation of Ref. 8. This
gives a negative contribution, whereas for energy loss
S+ (Q,E) will be nonzero and the contribution will be
positive. This causes no difficulty except' near E=0
where their subtraction muses a mncellation in the scat-
tered intensity. This point has been carefully discussed in
Refs. 8 and 9, and it is clear that the cross section of in-

terest cannot be measured in the region near E =0 where
the spectrometer resolution convolutes S+ and 5 +.

SPECTROMETER TESTS

Before presenting the results on the Metglas sample we
would like to present measurements on known systems so
that the operation of the spectrometer can be ascertained.
Hoo 88Tbo ]2Fe2 has the desirable property that it is a ferri-
magnet and easily saturated magnetically at room tem-
perature. In addition, intense magnetic inelastic scattering
originates from a spin-wave mode at about 7 meV which
has little dispersion near the zone boundary. " A 0.5-cm
single crystal of this material was mounted at the sample
position. The results near the zone boundary are shown in
Fig. 1. These data were obtained in a 12-h run using an
incident energy of 37.0 meV. Note that the energy-gain
intensity is negative, the energy-loss intensity is positive,
and the statistical accuracy is very good. Clearly the spec-
trometer operates properly, yielding accurate results in a
relatively short time. In this case sufficient resolution was
used that the excitations for neutron energy gain and loss
are well separated and problems with mncellation of the
intensity near E =0 do not arise. It is thus clear that ac-
curate measurements are possible for energy transfers
which are outside the range of the spectrometer energy
resolution around E =0.

The measurements made in Refs. 8 and 9 substantiated
earlier results that there are low-energy magnetic excita-
tions in amorphous magnets in the region near the first
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FIG. 1. Observed inelastic magnetic scattering obtained from
the cross-correlation polarized-beam time-of-flight spectrometer
for (TbHo)Fe2. The intensity is proportional to
S+ (Q, E) S+(Q,E) For ma—gnon creation. (E )0), S + =0,
and only S+ contributes, whereas for magnon destruction
(E (0), S+ =0.
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peak in the structure factor. Both sets of measurements
were compared to results expected for a polycrystalline
material, which has a different type of scattering pattern
than had been reported for amorphous materials as mea-
sured by the present time-of-flight technique. Shirane
et al. ' calculated the scattering expected from a polycrys-
tal, and it is thus worthwhile to determine if we can make
an accurate measurement on a polycrystal. This is not
especially easy since depolarization turns out to be a signi-
ficant problem, but we found that a commercially avail-
able MnNiZn ferrite could be measured. This material
has several advantages; it can be readily saturated at room
temperature in moderate fields with relatively small depo-
larization effects, the magnetic moment is high, and the
lattice constant is large so that phonon scattering is mini-
mized in the vicinity of the first reflection. The incident
energy was chosen to be 26.21 meV, with a pseudorandom
sequence 683 units long and a 5-@sec time channel. Data
were obtained in six banks of detectors at angles between
11.5' and 21.2'. The lattice constant of the material is
8.33 A so that the (111) Bragg peak occurs at 1.31 A
Data were collected in time-of-flight channels for each
detector and then cross-correlated to obtain the scattered
intensity as a function of time of flight. The data in dif-
ferent detectors were corrected for detector efficiency by

comparison with a vanadium standard; the variation with
energy of the efficiency of each individual detector is very
small over thc region of interest, and no corrections werc
made for this. The results were then converted to equally
spaced energy channels and multiplied by (E0/E')~ to
give S(Q,E). The room background was also subtracted
in the process, which is easy to evaluate since many chan-
nels are available for background assessment in each
detector. In addition, the magnetic scattering is directly
proportional to the square of the magnetic form factor
f(Q). We assumed that the form factor for this material
could be approximated sufficiently well by the measured
form factor of metallic iron, and divided the data at each
Q by f(Q) for iron. This is a small correction, and cer-
tainly does not affect the results in any qualitative way.
The resulting S(Q,E) can then be compared with theory.

An alternative quantity which can be compared with
theory is the dissipative part of the dynamic susceptibility
X(Q,E) which is related to the scattering function via the
thermal population factor (apart from multiplicative fac-
tors), '
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FIG. 2. Observed scattering from the polycrystal specimen
for several detectors. The susceptibility [defined by Eq. (1)] is
also shown. Note that the intensity scales are different for
S(Q,E) and P(Q, E). The solid curves are simply a guide to the
eye.

S(Q,E)=X(Q,E)
exp(E/k T)—1

where 7 denotes the imaginary part of the susceptibility.
FoI' describing thc low-temperature magnetic pI'opcrtlcs,
the susceptibility is generally prefexred since it is essential-
ly temperature independent, whereas the measured S(Q,E)
will be strongly temperature dependent even though the
magnetic response of the system does not change appreci-
ably. Usually it is a matter of taste as to which function
is used, but difficulties can be encountered for systems
which have a broad distribution of scattering as a function
of energy. If there can be any ambiguity it is advisable to
study both functions, and therefore we will present our ex-
perimental results in terms of both quantities.

Figure 2 shows results from three of the detector banks
for the powder measurement. Time-of-flight scans are at
constant scattering Rnglcs so thRt thc scan tra)cctory ln
(E,Q) space is a parabola. The scan trajectories are shown
in Fig. 3 for each detector bank. Since the data must be
multiplied by (E0/IC'), the counting errors become larger
at larger energy transfers for neutron energy loss. All our
results to be presented for the contour plots were taken
from the neutron —energy-loss data, for which the neu-
trons slow down after scattering, and better time resolu-
tion is obtained. The time channels become closer togeth-
er in energy as the neutron loses more energy, so more
channels are available for conversion to constant energy
channels. However, since all channels contain room back-
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FIG. 3. Smoothed contoUIs (solid curves) of the susceptibility
obtained for the polycrystal. The dashed lines show the trajec-
torlcs 111 (Q,E}space for cacll ballk of dctcct01's. Wlt)1111 cxpcl'1-

mental error the intensity is constant inside the curve labeled
150. The arrow labeled "2R" signifies twice the FTHM energy
resolution; below this value the data are strongly affected by
resolution effects.

ground as well as useful signals, the net result is still that
statistical errors increase at higher-energy transfers. (The
data collection is analogous to the case where a triple-axis
spectrometer is used with fixed incident energy, and the
analyzer moved in equal steps. ) Generally useful data can
be obtained for an energy transfer somewhat larger than
one-half of the incoming energy, depending on the diffi-
culty of the measurement.

We find that in the pattern for the polycrystal there is a
peak in each detector at zero energy transfer. These peaks
are not observed in single-crystal samples such as in Fig.
1, but occur in powders and an1orphous materials and
stem from the polarization effect discussed in Ref. 8.

The susceptibility X(Q,E) is also shown in Fig. 2.
X(Q,E) for detector 1 gradually increases with increasing
energy transfer up to E-12 meV, and then is roughly
constant at about 150 counts at higher energies. Detector
2 sIlows 8 S1m11ar pattern w1th 8 peak ncaI' E =0 Rnd 8
constant intensity above about 9 meV. Detector' 3, whose
trajectory passes close to the (111)powder-diffraction line,
shows a different type of pattern. In the absence of the
polarization and resolution effects, the cancellation be-
tween S +(Q,E) and S+ (Q,E) should produce a null re-

sult at E =0. However, the different transmission of the
sample for the two polarization states, and the fact that
the spectrometer resolution is slight1y energy dependent,
results in a shift of the zero crossover to positive energy.
Thus~ Qcal thc Bragg po1nt wc 118vc Rn cffcct that 1S cvcQ
worse than thc straight canceHation of intensities, in that
thc ncgat1vc scattering prevai1s alld cxtcnds 1Qto the

neutron —energy-loss region. Note that the resulting ex-
perimental (uncorrected) X(Q,E) is in fact negative near
E =0 and does not become positive unti1 about 2 meV. A
contour map for X(Q,E) is shown in Fig. 3, and we see we
have a pattern that resembles a "cone." The model calcu-
lation yields a "cone" of scattering (actually a paraboloid
of revolution if the dispersion relation is purely quadratic).
VA'thin experimental uncertainties the measured cone has
a nearly constant intensity of about 150 counts, and the
cone sides are consistent with a spin-wave-stiffness con-
stant D of about 320 meVA . This value for D is quite
reasonable, being between the ranges of D found for the
spin waves in FC304 and MQFC&04. in Refs. 13 and 14. In
the results for detector 3, we see that the constant intensi-

ty 1cvc1 1s not reached at an cIlcr'gy corresponding to 8 D
value of 320 meVA . We believe this is due to resolu-
tion effects which distort the data near E =0. These reso-
lution effects should not be important in regions suffi-
ciently far from E =0 where the cancellation and polari-
zation effects are small. Note that for the data of detec-
tors 1 and 2 the polarization peaks do not extend beyond
about 4 IncV, wlllcll ls two I'csollltloll widths full width Rt

half maximum (FWHM) removed from E =0. We thus
expect our results to be good for energies above 4 meV
and, indeed, the data for detector 3 reach the constant lev-
el at 5 meV. We remark that S(Q,E) for a given Q is not
expected to be constant in the cone, but that X(Q,E) is. In
fact, S(Q,E) for the cone will be different depending on
the temperature of the measurement.

Within the limitations of this technique our measure-
ment of the cone of scattering expected for a polycrystal is
quite successful, and, in fact, a reasonable estimate of the
spin-wave-stiffness coefficient could be obtained for fer-
romagnetic and ferrimagnetic materials for which single-
crysta1 spcc1IDcns werc not available. Thus wc conclude
that the spectrometer works well for both single crystals
and powdcfs, but lt 1S clear t11Rt cafe must bc cxclc1scd 1n

interpreting the powder data.

MEASUREMENTS ON AMORPHOUS
Fe~»40Pi~86

Since the magnetic excitations in amorphous materials
are distributed over a large region of momentum and ener-

gy, measurements are difficult and it is important to get
as favorable an experimentaI situation as possible. The
sys'tcII1 wc 11Rvc clloscI1 to stlldy ls Fc4ON14OPI486 (Mctg-
las), which Is a 'tl'Rnsltloll-111ctal —IllctRllold glRss produced
by rapid quenching from the melt. The small coercivity
and large permeability of this material have led to a num-
ber of commercial applications, and the size of the sample
1s only limited by pfagmatic cons1dcI'atlons. Fof the
present purposes the "soft" magnetic properties mean that
this systen1 is an ideal isotropic fcrromagnet. Thus at
long wavelengths the spin-wave dispersion relation wi11 be
given by conventional spin-wave (SW) theory, '

where Rny gRp 1Q thc spcctruIYl 1s con1plctcly ncg11glblc.
Thc long-wavclcngth spin dynamrcs werc 1nvcstlgatcd at
the National Bureau of Standards research reactor using a
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FIG. 4. Small-wave-vector inelastic scattering for
Fe4oNi4oP~4B6 observed at room temperature. The magnons are
observed in neutron energy gain (E ~0) and loss (E ~0). The
elastic peak is nonmagnetic scattering which originates from the
sample and furnace. The dispersion relation for energy gain

(open circles) and loss (open squares) is seen to be quadratic to a
very good approximation after correction (open triangles) for the
instrumental resolution.

conventional unpolarized-beam triple-axis spectrometer.
Details of these measurements will be given elsewhere; for
the present purposes we simply remark that for T & T,
( T, =513 K), the spin-wave spectrum fits Eq. (2) to an ex-
cellent approximation as shown in Fig. 4. These data
were taken at room temperature with a fixed incident en-

ergy of 13.7 meV, pyrolytic graphite monochromator,
analyzer and filter, and 12' FWHM collimators before and
after the monochromator and analyzer. The observed
peaks for neutron energy gain (E & 0) and loss (E & 0) are
duc to t11c destruction and crea'tloll of IIlag110Ils, I'cspcc-
tively. The elastic peak originates from nuclear scattering
from the sample and furnace. The solid curves are a
least-squares fit to a sum of three Gaussians, with the po-
sition of the central Gaussian fixed at E =0 and the width
fixed to the measured energy resolution of 0.33 meV. The
observed widths of the spin waves are solely instrumental
in origin at these low temperatures. Note that at small
values of Q the data cannot be extended to larger energy
transfers due to the restrictions imposed by conservation
of energy and momentum.

The spin-wave energies are also shown in Fig. 4 as a
function of the square of the wave vector. The open cir-
cles give the peak positions for energy gain and the open
squares give the peak positions for energy loss. The sta-
tistical accuracies for these data are smaller than the size
of the points. There are significant corrections due to the
effects of finite instrumental resolution, and the corrected
data ar'e shown by the triangles. These data are seen to
obey Eq. (2) very well. The solid curve is a least-squares
fit to a straight line, which yields a slope of (97 3)
meVA at room temperature.

The stiffness coefficient D obtained from such data is
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FIG. 5. Temperature dependence of the spin-wave-stiffness
constant.
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FIG. 6. MeasurcmcIIt of S(Q) made with a triple-axis spec-
trometer set for elastic scattering.

shown in Fig. 5 as a function of temperature. The renor-
malization of the spin-wave dispersion relation is typical
of isotropic ferromagnetic systems. Note that at room
tetnperature D has attained 83% of the saturated low-
temperature value. Thus we do not expect much change
in the dynamic susceptibility in going from room tem-
perature to low temperatures; the primary effect for the
observed scattering will be due to the change in the
thermal population of the magnetic excitations of the sys-
tem.

For convenience in referring to the time-of-flight data
to be presented shortly, Fig. 6 shows a portion of the
scattering function S(Q). These data were taken with the
spectrotneter set for the elastic-scattering position. The
wave-vector resolution is about the width of a point. The
first peak in the structure factor occurs at Qo ——3.08 A
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For the measurements on the time-of-flight spectrome-
ter, the sample was wound on a thin single crystal of sil-
icon. The silicon contributed no measurable scattering in
the region of interest and hence served as a very effective
sample holder. The resulting sample was 3&5&0.5 cm
and was used in symmetric transmission. The sample was
checked on a three-axis polarized-beam spectrometer, and
only small beam depolarization was found for the applied
field of 5 ko used in the experiments. The sample had a
neutron transmission of about 80% at 50 meV. Some ab-
sorption was present in the sample because of the natural
boron which has a high neutron absorption coefficient;
however, some absorption is helpful in that it reduces
multiple scattering in the sample by not allowing the neu-
tron to traverse along the sample and scatter again after
the primary scattering. Multiple scattering undoubtedly
gives some small extra intensity in the neutron scattering
patterns. We have neglected this effect compared to the
much stronger primary scattering.

Time-of-flight measurements were made on the amor-
phous sample Fe40Ni40P~4B6 and the data reduced in the
same manner as for the polycrystalline ferrite. Thirteen
detector banks were used at scattering angles varying from
10.50' to 56.30'. Eo was first chosen to be 49.71 meV to
cover the energy-transfer range up to about 25 meV. Fig-
ure 7 shows S(Q,E) and X(Q,E) for some of the individu-
al detectors. The trajectories of the scans in (Q,E) space
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umklapp model of a polycrystal.
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energies.

are shown in Fig. 8. Note that the scans are almost
constant-Q scans over the energy range of interest. Detec-
tors 1—4 showed little inelastic scattering, and showed
only the polarization-effect scattering near E=O. The
width of the polarization-effect peak is again equal to the
instrumental resolution of 4.5 meV. This suggests our
data are subject to errors below -9 meV, which is two
resolution elements. Detector 5 shows the polarization-
effect peak as well as the inelastic scattering intensity at
the higher-energy transfers. Detector 8 is at a Q value
near 3 A ', which is near the Q value of the first peak of
S (Q). As with the powder, very strong, negative
polarization-effect scattering is observed so that S(Q,E)
crosses E =0 at 4 meV. By the time 9 meV is reached,
S(Q,E) and X(Q,E) are both large, but they drop off
again at high energies unlike the pattern for the polycrys-
talline material.

A contour map of X(Q,E) for all the detectors is shown
in Fig. 8. Clearly we have strong scattering at energies
where S(Q) peaks. At the lowest energies the scattering
drops off in intensity near E =0. However, we know that
this is a resolution effect and that our data are not reliable
much below the 2R point shown in the figure. At Qo the
susceptibility as a function of energy shows a peak at —12
meV, unlike the case of the polycrystal. This scattering
then represents the "magnetic rotons" of the system in
analogy with He, although as we said earlier the analogy
in many respects is not a good one. One might argue that
the observed peak is not an intrinsic effect but is produced
by resolution effects. However, our higher-resolution
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measurements presented below indicate that this is not the

The calculation of Shiranc et al. for an amorphous
material consists of convoluting the polycrystalline spin
waves with the structure factor S(Q) so that the scattering
is spread out in Q and is no longer a constant in the interi-
or of a cone. As a function of Q the calculated scattering
has a maximum at the peak in the structure factor S(Q).
The model is exact' in the limit of small co and indeed is
in agreement with experiment at low energies. ' At higher
energies our observed mtensity has a minimum at Q0.
This effect appears to be intrinsic to the amorphous ma-
terial and shows a clear difference between the umklapp
model and our measureinents at higher energies. Of
course, at sufficiently high energies the overall density of
magnetic states must decrease, but this is expected to
occur above the present energy region of measurement for
a material with a D of 100 meV A . A decrease in inten-

sity at high energies near the peak at S(Q} is observed in
the one-dimensional calculations for disordered materials

by Hall and FRUlkncf. It 1s not clear, however, whcthcr
that structure would persist for three dimensions.
Alben's calculations do not seem sufficiently accurate to
elucidate this point. Calculations by Singh and Roth'
also show structure that has similarities to our cxperimen™
tal IcsUlts but Rga1n only qualltRtlvc comparisons can bc
made. It would be valuable if higher-accuracy model cal-
culations could be carried out. However, since our sample
is metallic, the Heisenberg-type Hamiltonian used in the
model calculations may not be applicable, especially in the
higher-energy ranges where single-particle (Stoner) excita-
tions may affect the intensities of the magnetic excita-
tions.

To learn anything about the lower-energy part of the
spectrum measurements have to be made with higher reso-
lution. We thus made measurements with an incident en-

ergy of 37.79 meV. Detectors were placed at angles rang-
ing from 23' to 65' to cover the Q range of interest. Since
the Q scale is expanded somewhat in angle with this
smaller incident energy, we improved the statistical accu-
racy of our data by adding detectors in pairs. Figure 9
shows data taken at the lower incoming energy. For
detectors 1 and 2, which are at a Q of about 1.8 A
we see the usual polarization effect near E =0 but not
much inelastic scattering away from E=0. The trajec-
tories of the scans in (Q,E) space are shown in Fig. 10.
The lower half of Fig. 9 shows the result obtained from
detectors 6 and 7, which were located to measure a Q near
the peak in S(Q). Again we see large negative scattering
near E =0 resulting from polarization effects. Two reso-
lution elements are about 6 meV for the incoming energy
used, so our data should be reliable for energies larger
tliRII tliis. Wc scc tliat X(Q,E) coiltiIiiics to risc well Rbovc
6 meV, reaching a maximum near 12 meV. Of course,
X(Q,E) must peak away from zero (as for detectors 1 and
2) since X(Q,E}=0 for E =0. Thus, a peak in X(Q,E) nei-
ther implies a peak in S(Q,E), depending on the instru-
mental resolution and measuring temperature, nor does it
imply that there is any gap in the spectrum near E =0.
Shirane et ah. have made high-resolution measurements
on othcI amorphous systc1Tls near E =0 and found that
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for room temperature, S(Q,E) appears largest near E =0.
As tllc icsoliitioII WRs improved, S(Q,E) could bc IIlca-
sured to lower energies. We agree with these measure-
ments. We also feel that no evidence exists to suggest that
any gap exists in the magnetic excitations in any amor-
phous material measured so far, including Co4P and

FC75P&5C&o, and that excitations extend to low energies in
these materials. Use of the word gap resulted ' from
comparison to He where a true gap exists, and the word

gap is really improper for amorphous materials. The
time-of-flight measurements, however, show that X(Q,E)
has a maximum IICar E = 12 IIICV foi' FC40N140PI48s,
which is different from the result expected for a polycrys-
talline or umklapp model. We believe that this maximum
is intrinsic to these amorphous systems and is not a spuri-
ous effect caused by instrumental resolution. Thus the
correct statement is that at Q0 there appears to be a max-
imum at finite energy in the density of magnetic states.

Figure 10 shows a contour map of X(Q,E), where a
maximum in the scattering is found well above the two-
resolution element value of 6 meV. We would like
stronger evidence for the peak in X(Q,E), as it may be that

-4 -2 0 2 4 6 8 10 12 14 16
ENERGY (rrteV)

FIG. 9. HlghcI'-I'csolutloI1 data fol' FC4oN140P1484 takeQ with
an incident energy of 37.79 mcV. The (Q,E) trajectories are
shown in the contour plot (Fig. 10). Detectors 6 and 7 are at Qo.
Note that the susceptibility shows a peak at —12 meV, as do the
coarser IesolutloQ datR of Figs. 7 RIld 8.
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FIG. 10. Contour plot of X(Q,E) obtained from the higher-
resolution data taken on Fe4oNi40P~6B4. The dashed curves sig-
nify the (Q,E) trajectories of the detectors. The intensity con-
tours correspond to the counts in a single detector.
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FIG. 11. Data for Fe40Ni4OP~684 taken at low temperatures
(17 K) so that S(Q,E) and X(Q,E) are indistinguishable for
E &4 meV. The data in adjacent detectors have been added to
increase the statistical accuracy. Detectors 9 and 10 are for
Q —Qo, and a peak is seen at E—14 meV.

one must go beyond two-resolution elements to get proper
data, although this seemed sufficient for the polycrystal.
%e would need a lower incident energy for us to obtain
much better resolution, which would move the scattering
pattern out in angle such that the region of interest would
be unreachable because of the limits placed on the scatter-
ing angle by the electromagnet that provides the sample's
field. More experiments to elucidate this point would be
welcome.

An additional measurement that we made was to rnea-
sure the scattering at low temperatures. At T =0,
X(Q,E)=S(Q,E), so that we only have to deal with one
function and interpretation of the results is simplified.
There is no evidence that S(Q,E) has a peak at a finite en-

ergy at room temperature; however, at low temperatures,
as S(Q,E) becomes increasingly similar to X(Q,E), a
finite-energy peak may develop. Low-temperature mea-
surements further insure the establishment of fundamental
ground-state properties. Qur sample was placed in a low-
temperature closed-cycle refrigerator that could be placed
between the magnet-pole tips. The sample was field-
cooled to 17 K, which was the lowest temperature the re-
frigerator could attain. Since aluminum heat shields were
used, the measurement was hampered by Al powder lines
that lie in the Q region of interest. The experimental con-
ditions were identical to those used in the higher-
resolution measurements with an incident energy of 37.79
meV. The detector positions were different as they had
been moved to lower angles for a polycrystalline measure-
ment so that the Q's sampled by each of the detectors
were different. However, this does not change the mea-

surement in any way as each detector's efficiency was cali-
brated against a standard vanadium sample before each
measurement.

Results of the measurements are shown in Fig. 11. Be-
cause the temperature is low, S(Q,E) and X(Q,E) differ
from each other only at low energies and become indistin-
guishable for E & 4 meV. Again, detectors were added in
pairs for increased accuracy. Detectors 1 and 2 were at a

Q value of about 1.4 A ' and showed nothing but the usu-
al polarization effect near E =0. Detectors 9 and 10 were
centered at about 3.3 A ' for E =0, which mostly avoids
the (200) Al powder line at 3.10 A '. The trajectory in
(E,Q) space is at a little lower Q than for detector 7 of
Fig. 10. The (E,Q) trajectory crosses the region of in-
terest, which is between 5 and 15 mV and near 3.14 A
The scattering from the Al heat shields of the low-
temperature refrigerator made measurements difficult in
the Q region where there were Al powder lines. A contour
plot of the low-temperature measurements could not be
constructed. Again, we see the negative effective scatter-
ing near E =0. This scattering is smaller now, because T
is small. Above two-resolution elements, or at about 6
meV, the scattering is quite flat except for a peak in the
region near 14 meV, close to where the maximum in the
scattering pattern was observed at room temperature. For
low temperatures then, S(Q,E) [which is identical to
X(Q,E)] appears to have a maximum in the scattering in-
tensity at an energy removed from E =0. This result is
not expected for a model of an amorphous magnet based
on a polycrystal. Higher-resolution measurements at
lower temperatures would be helpful in elucidating this
point.
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DISCUSSION AND CONCLUSIONS

New measurements made on a large sampIe of
Fe40N~4P~4B6 show that there are low-lying magnetic exci-
tations near the first peak in the static structure factor
$(Q), in agreement with observations made on other
amorphous systems. Unfortunately, it is difficult to cal-
culate the excitations in realistic models of an amorphous
material sufficiently accurately to obtain a good compar-
ison with our measurements. Hopefully, better calcula-
tions will be available in the future.

Our measurements are consistent with those of Shirane
et al. , and we are in agreement that excitations exist near
E =0 at the Q position for the maximum in S(Q). Their
higher-resolution measurements have provided informa-
tion at lower energies and established that no gap exists in
the excitation spectrum for energies as small as 2 meV.
We further agree that no reliable measurements are possi-
ble once the magnetic excitation energy becomes smaller
than the instrumental width.

Our measurements at higher energies depart from ex-
pectations based on the umklapp model. Of course, one
would not expect this model to give exact results at all en-

ergies for an amorphous material, as it employs a number
of approximations which at some level of refinement of
the measurement will become apparent. We observe two
differences in particular. First, at high energies the
scattering at the Q corresponding to the peak in S(Q) falls
off faster with energy than at Q's slightly removed from
this value. Thus at higher energies the scattering as a
function of Q displays maxima on either side of Qo. A
similar effect was observed in the earlier measurements.
The second effect is more difficult to substantiate but is

strongly suggested by our data; that X(Q,E) at Qo peaks at
an energy well removed from E=0. We would expect
S(Q,E) measured near T =0 to do likewise, and indeed
our low-temperature measurements show a peak in
S(Qc,E). For Fe4cNi4oP»86 this value of energy is about
12 meV, which is a more convenient energy to observe
than in the other materials studied so far. We would wel-
come additional measurements to help resolve this point,
and feel that higher-resolution low-temperature measure-
ments would be particularly useful.

The measurements of Paul et al. were made with quite
coarse energy resolutions of about 15 and 25 me V
FWHM, and thus the criterion of being two-resolution
elements removed from E =0 suggests that the data are
distorted by resolution and depolarization effects up to
quite high energies. Nevertheless, the overall results agree
in most respects with the data we report here, within the
limits of comparisons of these difficult experiments.
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