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Neutron inelastic scattering experiments have been performed to investigate the long-
wavelength spin dynamics of the amorphous isotropic ferromagnet Feloo B (for x =14 and 18).
At both iron concentrations this system exhibits Invar behavior. The spin-wave energies are found
to be well described by a quadratic dispersion relation E =D(T)q +6, where D ( T) is the stiffness
parameter and 6 is a small (-0.05 meV) energy gap originating primarily from dipole interac-
tions. The stiffness parameter D renormalizes with temperature as predicted by the two-magnon
interaction theory of the Heisenberg ferromagnet, although the renormalization is more dramatic
than expected for short-range interactions. The T =0 stiffness parameters obtained from the neu-

2
tron scattering measurements are 131 and 122 meVA for two samples of nominal concentration

2
x =14, and 165 meVA for x =18. These values are almost twice as large as those derived from
low-temperature magnetization measurements. It has been argued that possible mechanisms that
could explain this discrepancy are the existence of additional low-lying magnetic excitations,
and/or anomalous magnon linewidths that would contribute to the rapid decrease of the magneti-
zation. Our extensive analysis of the damping of the long-wavelength spin-wave excitations in

Fe«B,4 has revealed that the temperature and wave-vector dependence of the spin-wave intrinsic
linewidths are in good agreement with the predictions of the conventional two-magnon interaction
theory of a Heisenberg ferromagnet. We therefore conclude that the discrepancy between the
stiffness parameter derived from neutron scattering and magnetization measurements is likely a
consequence of additional low-lying magnetic excitations, which contribute to the rather rapid re-
normalization of the spin-wave stiffness parameter with temperature.

I. INTRODUCTION

In this paper we report the results of our study of the
wave-vector and temperature dependence of the long-
wavelength spin-wave energies and intrinsic linewidths
of the amorphous' ferromagnetic system Fe,oo B„
(x=14 and 18) by means of inelastic neutron scattering.
This system exhibits an unusually large positive spon-
taneous volume magnetostriction that almost completely
cancels the thermal expansion below the Curie tempera-
ture T~. This cancellation is known as the Invar effect
and is common to many amorphous and crystalline al-
loys. The attraction of studying Invar systems resides
in the fact that in these systems the excitation of conven-
tional long-wavelength spin waves cannot account for
the relatively rapid decrease of the bulk magnetization
with temperature. In order to explain this anomaly it
has been suggested that there might be additional low-
lying magnetic excitations and/or some anomalously
broad spin-wave excitations that might contribute to the
rapid change of the magnetization. The purpose of our
experiments was to probe these possibilities. Preliminary
reports of this study have been published previously.

We have carried out an extensive analysis of the
dependence of the spin-wave linewidths I on the wave
vector and temperature for Fe86B&4. Excellent agree-
ment was found with the prediction of the two-magnon
interaction theory of a Heisenberg ferromagnet. We
therefore conclude that the relatively rapid decrease of
the magnetization with temperature, characteristic of the
Invar alloys, should be discussed in terms of the ex-
istence of low-lying magnetic excitations in addition to
the spin waves. These additional excitations apparently
have a similar density of states as the spin waves since
they contribute to the renormalization of the spin-wave
stiffness parameter with temperature in the same manner
as conventional (transverse) spin waves.

II. THEORY

The low-temperature long-wavelength elementary ex-
citations of amorphous magnets are spin waves (or mag-
nons ). ' More properly speaking, for wavelengths A,

large compared to the interatomic spacing, spin waves
are approximate eigenstates of the amorphous system.
In this limit of small wave vectors, all the known
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theories of spin waves in isotropic ferromagnets yield the
same fundamental result, a quadratic dispersion relation
of the form E =Dq which depends only on the magni-
tude of the wave vector q. For this reason, in the rest of
this paper we will make reference only to the magnitude
q of the wave vector. This result is general, and only the
stiffness parameter D depends on the detailed atomic
structure and the localized or itinerant nature of the
magnetic electrons. Thus, in the long-wavelength re-
gime, it does not seem unreasonable to assume that the
well-known results of the Heisenberg model of crystal-
line systems should be adequate (at least as a starting
point) in studying amorphous magnets. The disorder of
the amorphous systems can then be introduced by
"smearing out" the crystal sites according to the pair
correlation function g (r), which represents the probabili-
ty of finding two atoms separated by a distance r. This
procedure has been called the "quasicrystalline approxi-
mation" (QCA), "liquid model, " and "virtual spherical
crystal approximation. " In this approximation, the ex-
pression for the energy of a single long-wavelength spin
wave (in the regime of small dipolar effects) is given by

M ( T) =M (0)(1 BT i ), — (3)

E =D q — q + +2irpiigMo(sin 8) .2

2O

In this equation D is the stiffness parameter and ( r ) is
the second moment of the exchange interaction defined
by

f J(r)g (r)r dr
(r') =

f J(r)g(r)r dr

where J(r) is the exchange interaction. The constant
term in Eq. (1) is an effective (pseudo-) gap in the spin-
wave dispersion relation due to dipolar interactions; 6 is
the polar angle of the wave vector (the z axis is defined
as the direction of the spontaneous magnetization) and
(sin 9) denotes the average over all magnetic domains.

Although Eq. (1) is the result for a single spin-wave
excitation, it should be valid at sufficiently low tempera-
tures where the number of spin-wave excitations is small
and the eigenstates of the Heisenberg Hamiltonian are a
linear superposition of noninteracting spin waves. In
this "linear spin-wave" regime, the average number of
spin waves n (E ) can be approximated by the Bose dis-
tribution function.

The maximum value of the magnetization M ( T) is ob-
tained at T=O, when all the spins are aligned, and is
M (0)=gpsXS/V, where g is the gyromagnetic ratio, pii
is the Bohr magneton, N is the number of spins in the
system, and V is the volume of the sample. The creation
of one spin wave results in a decrease of the total spin by
one unit, and, therefore, the magnetization M ( T) de-
pends (in this model) only upon the number of spin-wave
excitations created at the temperature T. In the low-
temperature regime, when the dispersion relation
E =Dq can be used in the evaluation of the population
factors, the expression for the magnetization can be ap-
proximated by

where M(0) is the magnetization at T=O and
3/2

P-,')go~
M(0)

k~

4~D
(4)

E' =E [1—3 (T)],
where

A(T)= gE n(E ),1

2Eo
(6)

and E is the spin-wave energy. In this equation, Eo is
the energy of the ground state of the Heisenberg Hamil-
tonian. The physical meaning of the above result is that
the dynamic interaction is attractive: The magnon ener-
gies are reduced by increasing the occupation numbers
n(E ) since the energy required to reverse a spin is
lowered if some neighbor spins are already reversed. In
crystalline systems the proper evaluation of the renor-

In this equation kii is the Boltzmann constant and g( —,
'

)

is the Riemann g function [j(—,')=2.612]. The inclusion
of additional terms in the expansion of E that were
neglected in obtaining Eq. (3) results in corrections in
the magnetization of the order of T, T, T, etc.

The treatment of spin-wave excitations at higher tem-
peratures is complicated since spin-wave interactions
must be taken into account. States with more than one
spin wave can be constructed as products of single spin-
wave states, but due to the interaction between these ex-
citations, the multiple spin-wave states are neither exact
eigenfunctions of the Heisenberg Hamiltonian, nor or-
thogonal. In an extensive treatment of spin-wave in-
teractions, Dyson has defined two kinds of interactions
(dynamic and kinetic) related to these properties of the
multiple spin-wave states. The dynamic interaction is
related to the fact that these multiple spin-wave states
are not exact eigenfunctions and cannot diagonalize the
Hamiltonian. The kinematic interaction is related to the
nonorthogonality of the multiple spin-wave states; these
states are overcomplete, and there must be a certain
repulsion that prevents more than 2S spin deviations at
any particular lattice point. Dyson has shown, however,
that the thermodynamic effects of the kinematic interac-
tion are negligible in any series expansion in powers of
T, and, therefore, only the dynamic interaction has to be
taken into account to any finite order in temperature. A
similar conclusion has been reached by Marshall and
Murray, ' who used Green's function techniques to
show that the kinematic interactions cancel out in the
calculations of the magnetization and thermodynamic
energy. The inclusion of the dynamic interaction in the
treatment of the spin waves results in the renormaliza-
tion of their energies and in the reduction of their life-
times.

The renormalization of spin-wave energies with tem-
perature in disordered ferromagnets has been studied by
Huber and Sieman. " They showed that in these systems
the expression for the renormalized spin-wave energies
due to dynamic interactions can be approximated by a
formula that is similar to that for crystalline systems:
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where

~= p-,') (")
Mo 4+D

5/2

In this equation g( —, ) is the Riemann g function

[g( —,
'

) = 1.341] and (r ) is the second moment of the ex-
change interaction defined in Eq. (2). Although Eqs.
(5)—(8) were originally derived for a Heisenberg fer-
romagnet, Marshall' has argued that similar expressions
can be derived for itinerant systems. The coefficient 3
of the T ~ term of Eq. (7) is in this case more compli-
cated, and has been calculated by Izuyama' for a model
in which the magnetic electrons occupy a single parabol-
ic energy band. The most striking finding of this calcu-
lation is that the coefficient 3 may be negative in the
case of a small number of magnetic electrons.

Harris' has evaluated the intrinsic linewidth I of
the spin waves using diagrammatic expansion techniques
that account for all the two-magnon processes. In the
regime 2JS »k+T (where J is the exchange parameter
for nearest neighbors) and E «k~ T, the spin-wave
linewidth is given (to leading order in q and T) by

malized spin-wave energies is possible if the spin-wave
dispersion relation is known throughout the Brillouin
zone. In amorphous systems, however, a well-defined
Brillouin zone does not exist and a simple evaluation of
the renormalized spin-wave energies can be performed
only for low temperatures. In this temperature regime
the occupation numbers n (E ) are significant only for
small values of q, and E can be approximated by the
quadratic dispersion relation E =Dq . In this regime
Eq. (5) becomes

E'=E (1 —AT i ),

2
Jq4 k~T 2k~T

(9)

For a simple cubic ferromagnet the mean field theory
predicts ks T, =4JS(S+1), and therefore the condition
2JS »k~T means T &&[T,/2(S+1)]. However, Kash-
cheev and Krivoglaz' and Vaks et al. ' have argued
that Eq. (9) must hold at any temperature below the crit-
ical region, provided that the wave vector q is small
enough for spin waves to be well defined, and the condi-
tion Eq «k~ T is satisfied.

There are no calculations as yet of the spin-wave life-
time effects due to spin-wave interactions in disordered
ferromagnets. However, the predicted dependence of
Eq. (9) has been verified in various amorphous ferromag-
nets. ' ' Besides this thermal broadening, additional
broadening of the spin-wave excitations must originate
from the topological disorder present in the amorphous
alloys. In order to calculate the q dependence of this
spin-wave broadening, one has to go beyond the "quasi-
crystalline approximation. " Kaneyoshi has reported
from Green's function calculations that this linewidth
I,(q) is proportional to q, while Singh and Roth,
Mano, ' and Ishkakov have predicted a leading-order q
dependence of the form I, (q) ~q, which has the same
form as the result obtained for a dilute crystalline fer-
romagnet. This q or q dependence predicted for the
linewidths of the spin waves in amorphous ferromagnets,
due to the topological disorder, has not been definitively
observed yet, although recent results on Fe-Ni-Zr sug-
gest that the q dependence may hold.

The differentia cross section for the scattering of un-
polarized neutrons from a system of N atoms with one
localized spin per unit cell is

d2 = A (k;, k )f[1 +n(E)] [(1—q, )X'F'(q, E)+(1+q, )X"F"(q,E)] .dodE ( )2 z (10)

In this equation k, and kf are the incident and scattered
wave vectors, q is the ath component of a unit vector
parallel to q, E is the energy transfer
[E=(R /2m„)(k, kf )], X~ is the—isothermal suscepti-
bility, and F (q, E) is the spectral weight function. This
cross section is the sum of two terms, which we denote
as longitudinal [i.e., along the direction of the magneti-
zation (z axis)] and transverse (i.e., perpendicular to the
z axis). The transverse term corresponds to the creation
and annihilation of spin waves.

In the ferromagnetic regime and at small q, the trans-
verse isothermal susceptibility is 7 ~ 7oq . However,
the theory does not predict the shape of the spectral
weight function F"(q,E). At low temperatures, where
the spin-wave linewidths are negligible, we can approxi-
mately write

F (q E)=
~~ [5(E Eq )+5(E +Eq )]

where E is the spin-wave energy. The two terms in this
spectral weight function correspond to the creation
(E&0) and annihilation (E&0) of infinite-lifetime spin-
wave excitations. At these low temperatures the longitu-
dinal term of the cross section is expected to lead to elas-
tic scattering only.

At higher temperatures, where the effects of spin-wave
interactions must be taken into account in describing the
spin dynamics, F"(q,E) is often approximated by a dou-
ble Lorentzian,

1 r, r,FL„(q,E)=—,, +4(E E, )'+ r,' 4(E+—E, )'+ r,'
(12)

or by a damped-harmonic-oscillator (DHO) form
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1 r, (E,'+ r', /4)
FnHo(M E)=

~ [(E E—) +I /4][(E+E ) +I /4]

(l3)
We have written Eq. (13) to explicitly display the real

and imaginary parts of its poles as the excitation energy
(E ) and the full width at half maximum (FWHM)
linewidth (I ). E in this equation reflects the actual
physical frequency of oscillation with damping present,
and corresponds to the renormalized spin-wave energy at
temperature T. E, on the other hand, corresponds to
the frequency at which the system would oscillate
without damping. They are related via E = [(E )

—(I /2) ]'~ . Note that for a mechanical oscillator
q

E ~&K/m, and would be independent of temperature
since it is independent of damping.

At these higher temperatures the scattering associated
with the longitudinal term of the cross section often has
been assumed to be purely quasielastic [i.e., scattering
that is strictly inelastic, but of very small energy transfer
so that F'(q, E) can be approximated by a single
Lorentzian centered at E=0], corresponding to spin
diffusion. However, Vaks et al. ' have suggested that at
small wave vectors a much more important effect is the
coupling of longitudinal fluctuations with the spin-wave

modes. As a consequence of this coupling, F'(q, E)
would consist of a pair of peaks at the spin-wave ener-
gies, in addition to a much smaller central peak corre-
sponding to spin diffusion. There is, however, no con-
clusive experimental evidence, as yet, of propagating lon-
gitudinal modes in ferromagnetic systems.

III. SPIN DYNAMICS OF INVAR ALLOYS

Inelastic neutron scattering techniques have been used
successfully to study the spin dynamics of many
transition-metal —based amorphous ferromagnets. ' In all
of these materials spin waves were observed at small
values of q, which obey a quadratic dispersion relation of
the form E =D(T)q . It has also been found that the
spin-wave stiffness parameter D (T) determined by neu-
tron scattering renormalizes with temperature according
to the two-magnon interaction prediction of Eq. (7). In
addition, the low-temperature magnetization measure-
ments usually are in agreement with Eq. (3), with a T
behavior up to 0.2 —0.4T& and a coefficient B which is
consistent with Eq. (4), indicating that the decrease of
the magnetization with temperature is due to the excita-
tion of spin waves.

There are some amorphous systems, however, whose
magnetization decreases with increasing temperature

System

Fe4o»4oP l4Be
(Fe,oNi, o )75P le BeA13

(FeesNi3s )7sP, eBeA13
Fe7oCr»P, 3C7
Fe7oNi2oZrlo

Fe72Si„B,o
(Fe93M07) 8oB ioP io

Fe75Si„B,o
Fe7s P I eBeA13

Fe75P»Clo

Fe7eB24

80 20

Fe8ISi9BIo
Fe8qBl8
FeseB~4

662"
617q
556~

192
165"
118'
138q
131"
122"

TABLE I. Some experimental results on
0

Tc (K) Dsw (meV A )

513' 116.9'
482 91
576 114'
360' 60'
455~ 113g
705" & 230"
450' 85'

710 220"
630" 134
597" 149"

120'
723~ ) 175q
647~ 170"

Remarks

Metglaso ~ 28261.2
1.0
1.0
1.1
1.6

) 1.8
1 ' 3
1.7
1.1
1.3
1.1

) 1.8
2.0
1.8
1.7
1.7
2.3
1.8
2. 1

2.0
1.9

In var'

Small Invar
In var?"
In var?
Invar

96"
83~
92'

110'
71I'
65"

In var'

In var?'
In var'
In var'

Fe-based amorphous ferromagnets.

D (meV A ) Dsw ~Drn

99
94

115'
54.2'
71 5"

130'

127'

116"

'Reference 50.
Reference 56.

'Metglas is Allied Corporation's registered trademark
for amorphous alloys of metals.
Reference 57.

'Reference 18.
Reference 19.
Reference 58 ~

"Reference 53.
'Reference 54.
'Reference 59.
kReference 60.

'Reference 17.
Reference 61.

"Reference 62.
'Reference 63.
I'Reference 40.
qReference 47.
'Reference 64.
'Reference 65.
'Reference 66.
"This work.
"Reference 31.
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I ca I 0(l+cT )q (14)

where a=1. Thus the relatively rapid decrease of the
magnetization with increasing temperature would be a
consequence of the enhanced low-energy magnetic
scattering produced by a combination of the anomalous
linewidths and the thermal factors. We remark, howev-
er, that the proposed quadratic dependence in q for the
intrinsic linewidth of the spin-wave excitations can be
valid only over a relatively restricted range of q since in
the hydrodynamic regime we expect (I ~/Eq)~0, as

q —+0.
B. Low-lying magnetic excitations

1. Di+usiue modes

Continentino and Rivier have proposed that diffusive
modes originating from longitudinal spin-wave fluctua-
tions may give rise to an additional T term in the
low-temperature magnetization of amorphous ferromag-
nets. They argued that the strong competition between
ferromagnetic and antiferromagnetic interactions may
lead to a noncollinear ground-state arrangement of spins
that would result in longitudinal spin fluctuations as

more rapidly than would be expected from the measured
spin-wave dispersion relation. In these systems, the
zero-temperature stiffness parameter Dsw obtained from
neutron and/or Brillouin scattering techniques does not
agree with the D value inferred from the low-
temperature magnetization data and Eq. (4). Table I
summarizes the main results of experiments on several
Fe-based amorphous ferromagnets: Curie temperature
Tz, stiffness parameters Dsw and D, and the ratio
D s~ /D . These systems have been arranged in order of
increasing Fe content. In many cases, the values Dsw
and D were determined independently on different
samples of the same nominal concentration and there-
fore small departures of the ratio Dsw/D from unity
might be expected. A significant systematic departure of
this ratio from unity is observed at the higher concentra-
tions of Fe in alloys that are labeled as being Invar. The
same kind of departure has been found in the crystalline
Invar systems Fe3Pt, Fe65Ni35 and (Zro 7Nbo 3)Fe2.
Recently, Xianyu et al. have also reported a strong
correlation between the departure of Dsw/D from uni-
ty and the magnitude of the spontaneous volume magne-
tostriction that characterizes the Invar effect. It is ap-
parent that the discrepancy between the magnetization
and neutron scattering experiments may be intrinsically
related to the Invar anomaly. Several attempts have
been made to explain the origin of this discrepancy.

A. Anomalous spin waves

Ishikawa et al. ' ' ' have proposed that the rapid
demagnetization of Invar alloys with temperature is a
consequence of anomalous spin-wave damping mecha-
nisms. From their inelastic neutron scattering experi-
ments on crystalline Fe3pt, Fe65Ni35 and amorphous
Fe86B ~4 they have suggested that the spin-wave
linewidths do not obey Eq. (9), but rather follow the
empirical relation

strong as the transverse ones. Thus, both longitudinal
and transverse fluctuations would generate elementary
excitations that contribute to the decrease of the magne-
tization with temperature. This claim was based only on
the disorder of the amorphous state and did not intend
to explain the anomalous demagnetization of crystalline
Invar systems.

2. Stoner exci tati ons

It has been proposed by Wohlfarth that there are
two sufficient conditions for the Invar effect to occur.
The first one is the existence of weak itinerant magne-
tism, and the second one is the existence of strong
itinerant ferromagnetism near an alloy concentration
where the magnetic moment is unstable. The change of
magnetization with temperature in these systems would
be due to single particle (Stoner) excitations in addition
to spin waves. At low temperatures, if interactions be-
tween these two kinds of excitations can be neglected,
the temperature dependence of the magnetization can be
written as

M(T)=1 —(spin-wave terms) —(Stoner term) .

The spin wave terms are those of Eq. (3). The Stoner
term is proportional to T exp( —b,s/k~ T) for strong fer-
romagnets (b,s is the Stoner gap) or is proportional to
T for weak ferromagnets. Rode et al. , Nakai
et al. , and Cochrane and Graham have reported that
the relation (15) holds for Fe-Ni crystalline alloys. How-
ever, Rode et al. found that the contribution of the
Stoner term was of the strong ferromagnet type, while
Nakai et al. and Cochrane and Graham found that
the Stoner term was of the weak type. Similar
conflicting results have been reported for the Fe-B amor-
phous alloys: Yamada et al. concluded that the Stoner
contribution to the magnetization in Fe,oo B
(12 &x &21) alloys was of the weak ferromagnetic type,
while Babic et al. reported a contribution of the strong
ferromagnetic type in Fes082O and (Fe Ni80 )B,sSiz
(15 &x & 60). Furthermore, Hasegawa and Ray con-
cluded that no Stoner terms were necessary to describe
the temperature dependence of the magnetization of
amorphous Fe,oo B (12 &x & 28).

IV. EXPERIMENTAL DETAILS

A. Samples and temperature control

The samples used in this project were amorphous rib-
bons of Invar Fe&oo „B„(x=14and 18), approximately
25 pm thick and 0.5 cm wide, prepared by the planar
flow casting technique in vacuum. ' Because of the
high-neutron-absorption cross section of ' B, boron en-
riched to 98.5% "B was used to prepare the Fe-B sam-
ples. In this way the overall absorption cross section
was reduced by a factor of —13.

The amorphous ribbons (-20 g each) were loosely
wound between two aluminum (or copper) posts to pro-
duce flat platelike samples that were wrapped in thin
aluminum (or copper) foil to improve heat transfer. The
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transmission of 14.8-meV neutrons through one of the
Feg&B,4 samples was measured and found to be
(0.75+0.01). The elfective transmission of the other
samples was compatable.

Amorphous materials are metastable and tend to
transform continuously towards more stable crystalline
states. Thus, when heating amorphous samples a tem-
perature T will be reached where rapid crystallization
occurs, producing drastic changes in most physical prop-
erties. It is generally assumed that for T & T amor-
phous alloys are stable against crystallization. However,
liquid-quenched materials generally contain a tiny num-
ber of incipient crystalline nuclei from which crystal
growth may proceed at temperatures far below T when
the samples are subjected to prolonged heating. The
question of how close to T a rapid-quenched sample
can be annealed for extended periods without resulting
in crystallization is an empirical matter. Arguments
from crystallization kinetic data suggest that heating
amorphous ribbons to temperatures up to about 100 K
below T for several days should not result in significant
crystallization. In Feg~B, 4, where T = 600 K and
Tc ——556 K (nominal values for the quoted composition),
the temperature range chosen for the measurements of
the spin-wave spectra was 300—500 K (0.5 —0.9Tc ),
which is adequate to probe the predictions of the spin-
wave theory presented above. In this temperature range,
no signs of significant crystallization (e.g. , dramatic
changes in the small angle scattering, or a significant in-
crease in the stiff'ness parameter) were found. However,
when we tried to measure the Curie temperature T&
(about 44 K below T ) using critical scattering tech-
niques the sample crystallized. As more measurements
on this system were desired, a second sample was made
of the same nominal concentration; the two samples
have been labeled Feg&8, 4-I and FeggB~4-II. After comp-
leting the measurements of the spin-wave
spectra on Feg&B,4-II up to T=520 K without signs of
significant crystallization, another attempt to measure
T~ also resulted in crystallization of the sample. No at-
tempt was made to measure T~ in FegpB

&
g. The nominal

values of T& and T for this sample are 617 and 660 K,
respectively.

When measurements below room temperature were
needed, the samples were attached to the copper block
of a cryostat containing liquid nitrogen as a temperature
bath. The combination of a variable flow cryostat with a
feedback-controlled heater in the copper block allowed
the temperature to be controlled within 0.1 K of the set
temperature. When measurements above room ternpera-
ture were made, the samples were attached to the copper
block of a vacuum furnace. Two chromel-alumel ther-
mocouples (type K) attached to the top and bottom of
the sample holder allowed measurements of the ternpera-
ture and temperature gradient of the sample. At 520 K
the thermal gradient in the Feg~B&4-II sample was & 2 K,
while at lower temperatures this gradient quickly be-
came less than 1 K. A feedback-controlled heater in the
copper block of the furnace allowed the temperature to
be controlled within 1 K of the set temperature.

9. The neutron scattering measurements

The inelastic scattering measurements were performed
on conventional triple axis spectrometers at the National
Bureau of Standards Reactor (NBSR), and at the High
Flux Isotope Reactor (HFIR). As mentioned earlier, the
only reciprocal-lattice vector available in amorphous sys-
tems is r= 0. —Hence Q=q and the measurements of the
long-wavelength (small q) excitations must be taken in
the small-angle scattering region, in the vicinity of the
incident beam. In a small-angle scattering experiment
the maximum energy that can be transferred to a
neutron for a given q has an upper bound
of E,„= 2. 88qE, ' meV, where q is in A and E, is
the incident energy in meV. The energy that can be
transferred is then restricted to a narrow range around
E=O.

Another feature of the small-angle scattering experi-
ments is that the background scattering from air may
become significant. The scattering from air involves
processes that are strictly inelastic, but with relatively
small energy transfers (quasielastic scattering) at small q.
The coherent scattering amplitudes of N and 0 are com-
parable to those of the elements present in our samples.
Therefore, when the mass of air M that contributes to
the scattering becomes significant with respect to the
mass of the sample, we might expect some additional
scattering that may distort the spin-wave line shapes. It
is important then to reduce the volume of air that con-
tributes to the scattering as much as possible to improve
the quality of the data. In order to accomplish this a
special large-diameter (d =68.58 cm) vacuum furnace
was built for the measurements on FeggB&4 II, where the
best instrumental resolution available was utilized in or-
der to perform a detailed study of the wave-vector and
temperature dependence of the spin-wave linewidths.
All the other measurements were taken with a vacuum
furnace of 17.5 cm diameter.

The inelastic scattering measurements were performed
with a fixed incident energy. This mode of operation al-
lowed the placement of a pyrolytic graphite (PG) filter
immediately after the monochromator. The PG filter
suppresses higher-order Brag g reflections from the
monochromator, but the transmission of the beam
through the filter produces significant small-angle
scattering. The choice of the position of the filter was
made to allow the neutrons to be collimated before strik-
ing the sample. A neutron monitor placed in the in-
cident beam allowed the counting to be performed
against a fixed monitor count, instead of fixed time.
This counting mode avoids the necessity of corrections
derived from fluctuations in the neutron flux in the reac-
tor. Most of the experiments were performed at the
BT-9 triple axis spectrometer at NBSR. In this instru-
ment the monochromator and analyzer were PG crystals
of mosaic spreads of 30' and 45' (FWHM). The horizon-
tal collimations were 15', 12', l l', 25' (FWHM in-pile, be-
fore sample, after sample, and detector positions). The
vertical collimations were relaxed in order to gain signal,
and were limited only by the vertical clearance of the
collimator housings and possibly by the vertical size of
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the monochromator, sample, and analyzer. The mono-
chromator used in this instrument was curved about a
horizontal axis in order to focus the neutron beam from
the NBSR. The use of this focusing monochromator is
advantageous because it makes more efficient use of the
beam, although it coarsens the vertical resolution. The
combination of the (002) re(lection of the PG monochro-
mator and analyzer and a fixed incident energy of 13.96
meV was selected because it provided access to an ade-
quate range of energy transfers for our experiments, and
relatively good energy resolution (-0.35 meV FWHM
at the elastic position). This choice of incident energy is
also far enough from 15.3 meV, where there is a large
dip in the PG(002) reAectivity, and allowed the mea-
surement of energy transfers of up to 1.2 meV without
making corrections for variations in the analyzer
reflectivity. When a larger range of energy transfer was
needed, the incident energy was fixed at 28.15 meV,
where the PG filter can also be used. In this case the
(004) reAection of the PG analyzer was used to improve
the energy resolution (0.70 meV FWHM at the elastic
position).

In order to obtain the best energy resolution without
reducing the energy-transfer range accessible to the ex-
periments, monochromator and analyzer crysta1s of
smaller d spacings were needed. Measurements with im-
proved energy resolution were taken at the HB-3 triple-
axis spectrometer at the HFIR. In this instrument flat
beryllium monochromator and analyzer crystals of small
mosaic spread ( —16' FWHM) were used to study the
Fe86B~4-II sample. For these measurements the choice
of the incident energy was 14.8 meV. Horizontal col-
limations of 10' were placed before and after the sample,
and the in-pile and detector collimations were 60' each.
The vertical collimations were relaxed, as explained
above, but the relatively large distance between the reac-
tor and the detector and the use of a nonfocusing mono-
chromator resulted in substantially better vertical resolu-
tion in comparison with the BT-9 instrument. The ener-

gy resolution obtained with this arrangement was 0.22
meV (FWHM at the elastic position).

C. Data analysis

To determine the spectral shape of the inelastic
scattering cross section from the experimental data the
following steps were performed.

(1) The nonmagnetic inelastic background was mea-
sured and subtracted from the raw scattering data. This
was a small correction which was generally energy in-
dependent.

(2) A parametrized form of the scattering cross section
was chosen. The cross section was assumed to be the
spin-wave cross section [transverse term of Eq. (10)] plus
a 5 function centered at E=O. The central component
of the cross section represents the small-angle and in-
coherent scattering from the sample and environment.
The spectral weight function of the spin-wave cross sec-
tion was assumed to be one of the three most common
forms, double 5 [Eq. (11)], double Lorentzian [Eq. (12)],
or damped harmonic oscillator [Eq. (13)]. The parame-

V. EXPERIMENTAL RESULTS

A total of 71 constant-q energy scans were obtained in
0 0

the wave-vector range 0.05 A &q &0.14 A, and tern-
perature range 0.5Tc & T &0.94TC. Figure 1 shows an
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FIG. 1. Constant-q scans for Fe868&4-II at q=0.08, 0.10, and
o l0.12 A, and T=495 K. The solid curves are the result of the

least-squares fits as explained in the text, using a double
Lorentzian spectral weight function. An energy-independent
inelastic background of five counts per point has been subtract-
ed.

ters of this cross section are the following. (i) The exci-
tation energy E and linewidth I of the spectral weight
function. (ii) An overall amplitude parameter for the in-
elastic peaks. By explicitly including the population fac-
tor, the spin-wave energy, and the q dependence of
the transverse isothermal susceptibility in the spin-wave
cross section [Eq. (10)], this overall amplitude parameter
is proportional to the number of magnetic atoms and the
noninteracting susceptibility, and should be independent
of q and T. (iii) An overall amplitude parameter for the
central component of the cross section.

(3) A computer program was used to numerically con-
volute the spin-wave cross section with the (measured)
four-dimensional triple-axis spectrometer resolution
function. The parameters of the cross section were
then varied until the convoluted cross section provided
the best fit (in a least-squares sense) to the data.
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example of some inelastic scattering spectra taken at
T=495 K on Fe«B,4-II for q=0.08, 0.10, and 0.12 A
These data were obtained using beryllium monochroma-
tor and analyzer crystals, with a fixed incident energy of
14.8 meV at HFIR as explained above. The counting
time was about five minutes per point. The solid curves
are the result of a least-squares fit using a double-
Lorentzian spectral weight function [Eq. (12)] as ex-
plained above. An excellent fit was obtained (X about
one). The peaks on the energy gain (E&0) and energy
loss E ( ~ 0) sides of these spectra correspond to the an-
nihilation and creation of spin waves. The relative in-
tensity of these peaks is distorted due to the (kjcotj9„)
factor in the resolution normalization. This makes the
intensity of the peaks on the energy-gain side appear to
be higher than the intensity of the peak on the energy-
loss side (k, is fixed while kf is varying). Because of the
kinematical restrictions inherent to small-angle inelastic
scattering experiments it was not always possible to scan
the full line shapes.

The central peaks of the inelastic spectra are the result
of small-angle and incoherent scattering from the sam-
ple, sample holder, and furnace, and are elastic but q
dependent. Although this peak may contain some mag-
netic scattering from the sample, it was not possib1e to
resolve this component from the nuclear scattering. For
this reason no attempt was made to extract information
from this region of energy.

The inelastic background has already been subtracted
from the data of Fig. 1. The background was deter-
mined in the present case by making measurements with
the vacuum furnace and empty sample holder in place,
and then correcting for the transmission of the sample,
which was measured to be 75 jo. The inelastic back-
ground amounted to five counts per point, independent
of the energy. In the experiments on the other samples
of Fe-B, which were performed with pyrolytic graphite
monochromator and analyzer crystals at the NBSR, the
inelastic background was measured from constant-q
scans at liquid-helium teinperature (T=4.2 K). At this
temperature and for q )0.10 A ' the spin-wave excita-
tion energies fall outside the accessible range of energy
transfer, and therefore the measurement of the intensi-
ties at the inelastic positions is a direct measurement of

0
the background. For q (0.09 A ', the spin-wave excita-
tion energies are within the accessible range of energy
transfer, but the measured intensities on the energy gain
side of the spectrum ( —1 count/min) were considerably
smaller than the spin-wave intensities measured at
higher temperatures ( ) 100 counts/min). At this tem-
perature the spin-wave population factors are relatively
small, and the scattering from the annihilation of these
excitations is too small to be measured with the tight
collimations used in our experiments. For this reason
the measured intensities on the energy-gain side of the
spectra at this temperature were identified as the inelas-
tic background.

In the analysis of the data, three forms of the spectral
weight function for the spin-wave cross section were
used: the double 5 function [Eq. (11)], double Lorentzi-
an [Eq. (12)], and the damped harmonic oscillator

(DHO) [Eq. (13)]. In order to illustrate the differences
between the double 6 function and double Lorentzian
spectral weight functions, we have plotted in Fig. 2 the
results of the least-squares fits (solid curves) for Fe86Bt&-
II at T=495 K for q=0. 10 A ' for these two spectral
shapes. The 7 values for these fits are 21.36 and 1.05,
respectively. It is evident from Fig. 2(a) that there is
substantial broadening that cannot be accounted by the
instrumental resolution alone. Similar fits were obtained
at all temperatures and wave vectors under study, indi-
cating that the double 6 spectral function is not adequate
to describe the scattering cross section in our experi-
ment. The fit to the double Lorentzian form was in all
cases satisfactory, as in the case of the example shown in
Fig. 2(b). This figure also shows the double Lorentzian
spectral function (dashed line) before the four-
dimensional convolution with the instrumental resolu-
tion function, and the intrinsic linewidth I (FWHM of
the Lorentzian line shape). Typically, reliable linewidth
data can be obtained when the linewidths I are greater
than about 30%%ui of the instrumental energy resolution
AE (FWHM of the projection of the resolution function
onto the energy axis at the elastic position, which in this
case is 0.22 meV and is also shown in Fig. 2). Equally

Fes~ BI~ q=0. IQ 4 T=49g K
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FIG. 2. Results of least-squares fits using two forms of the
spectral weight function: (a) double 5 function, which contains
no intrinsic linewidth, and (b) double Lorentzian with
linewidth I . The dashed curve in (b) is the double Lorentzian
spectral function before the four-dimensional convolution with
the instrumental resolution function. hE is the instrumental
energy resolution (FWHM of the projection of the resolution
function onto the energy axis) which is 0.22 meV.
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satisfactory fits to our data were obtained with the DHO
spectral shape in all cases. Furthermore, due to the fact
that the spin-wave scattering intensity near the elastic
position is difficult to separate from the (elastic) back-
ground scattering, it was not possible to accurately dis-
tinguish experimentally between the double Lorentzian
and DHO spectral shapes.

A. Spin-waves energies

The values of the spin-wave excitation energies ob-
tained from the least-squares fits are significantly lower
than the observed positions of the peaks. This effect is
due to the finite vertical resolution that makes the mean
value of q greater than the nominal value at which the
center of the resolution is positioned. The magnitude of
these resolution corrections have been illustrated in Fig.
2(b), where arrows indicate the observed maxima of the
scattering (short arrows) and the calculated spin-wave
excitation energies (long arrows).

In order to study the wave-vector and temperature
dependence of the spin-wave energy E, we have plotted
E versus q for the three samples of Fe-B at all temper-
atures under study. As an example, Fig. 3 shows the
plot of the spin-wave energy E versus q, obtained from
the Lorentzian line-shape analysis, for the Fe86B]4-I sam-
ple. In all cases, the spin-wave energies obtained from
the Lorentzian and DHO fits could be well described by
a quadratic dispersion relation in q (plus a small energy
gap) with no indication of higher-order terms. The ab-
sence of higher-order terms in q in this q range is not
surprising since the largest wave vector used was q=0. 14
A ' (for FeszB&s ), which is only about 5% of the posi-
tion of the first peak of the structure factor. The magni-
tude of the contribution of higher-order terms in the
spin-wave dispersion relation can be estimated in the
quasicrystalline approximation (@CA) of the Heisenberg
model. From Eq. (1) it can be seen that the ratio of the

quartic to quadratic terms in the dispersion relation is
R = ( —,

'
q ( r ) ). If ( r ) is assumed to be of the order of

a, where a is the average nearest-neighbor distance
[which in the case of Fes6B,4 is a =2.6 A (Ref. 46)], then
for q=0. 14 A ' we have R =6/10, i.e., the quartic
term is negligible.

The energy gaps in the dispersion relation, using the
double Lorentzian analysis, were -0.04 meV for all
three samples. This value is of the same order-of-
magnitude as the pseudogap expected from dipolar in-
teractions (the calculated dipolar pseudogap for an
amorphous ribbon of Fe86B &4 at T=0 K is 6=0.07
meV). These energies are much smaller than the instru-
mental energy resolution, and an accurate determination
of their magnitude or temperature dependence was not
possible.

It is convenient to express the results of Eq. (7), corre-
sponding to the low-temperature spin-wave energy re-
normalization due to dynamic interactions, as the renor-
malization of the stiffness parameter D, i.e.,

D (T)=D (0)[1—A'(T/Tc)'~ ] . (16)

In this equation A ' = A T&, where A is given in the
Heisenberg model by Eq. (8). The stiffness parameters
D(T) were obtained from the slopes of the E versus q
curves, and then plotted against (T/Tc )

~ . In all cases,
good least-squares fits to the T ~ dependence of Eq. (16)
could be obtained at least up to T=0.9T, . Figure 4
shows, for example, the plot of D (obtained from the
Lorentzian spectral weight function) versus ( T/T, )

~

for all samples. The results of the fits to Eq. (16) are
shown as solid and dotted lines, and the values Dsw (the
extrapolation of D to T= 0 K) and A ' obtained from the
fits are listed in Table II. The agreement with this form
in such a broad temperature range is remarkable, consid-
ering that this equation is obtained from a low-
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FIG 3 Eq vs q for Fe,6B,4-I ~ The values of the spin-wave
energy Eq have been obtained using the double Lorentzian
form of the spectral weight function.
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FIG. 4. D vs (T/Tc) for Fe,6B,~-I (O), Fe«B,4-11 (Q),
and Fe82B, ~ (O). The values of D are obtained using a double
Lorentzian spectral weight function. The solid and dot ted
lines are the result of the least-squares fit to Eq. (16).
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TABLE II. Experimental results for Fe-B.

Sample
Lorentzian fit

Ds~ (meVA )

DHO fit
0

sw (me (r2)b (g 2)

Fe86B&4-I

Fe,6B,4-II
Fe„B„
Ni'

Permalloy
(Fe22»78)

130.8+2.4
122.2+ 1.3
165.1+1.2

0.82+0.02
0.79+0.01
0.64+0.01

124.7+2.0
117.6+ 1 ~ 1

0.78+0.01
0.73+0.01

17
13
17
67

120

'Coefficient A' of Eq. (16).
Range of the exchange interaction defined in Eq. (2).

'Reference 12.
Reference 48 ~

temperature approximation. The least-squares fits yield-
ed values of Dsw of (131+2) and (122+1) meVA for
Fe86B,4-I and Fe«B,4-II, indicating that there might be
some small differences in the composition of the samples.
These Dsw values are to be compared to 118 and 138
meV A obtained by Ishikawa et al. ' and Rhyne
et al. , respectively, from previous neutron scattering
experiments on samples of the same nominal composi-
tion, and a double Lorentzian cross-section analysis simi-
lar to ours.

The stiffness constant at T=O K calculated from the
coefficient of the T term of the bulk magnetization
measurements is D =65 meV A ." The discrepancy
between the values of Dsw and D is typical of Invar
systems, and indicates that the magnetization decreases
with increasing temperature more rapidly than would be
expected from the measured spin-wave dispersion rela-
tion as discussed in Sec. III. The Dsw value obtained

0

for Fe&2Bis was (165+1) meVA, which is also approxi-

Fe86 8

mately a factor of 2 greater than the value D =71
meV A obtained from magnetization measurements.2

The temperature dependence of the stiffness parameter
D of Fe86B,4-II, obtained from the least-squares fits to
the DHO spectral weight function, is illustrated in Fig.
5. In this figure the values of D from Fig. 4, obtained
from the Lorentzian fits, have also been included (open
squares) for comparison purposes. The values of D ob-
tained from the slopes of the DHO excitation energy E
versus q fits (open triangles) appear to follow the T ~2

dependence rather well in the same range as the
Lorentzian values, although with a slightly different
slope and smaller value of D(0) (see Table II). In all
cases the results obtained from the fit to the double
Lorentzian and DHO spectral line shapes are qualita-
tively the same. For simplicity then, we present the re-
sults of our analysis primarily in terms of the double
Lorentzian spectral weight function.

From the experimental values of A' and Eq. (8) we
have calculated (r ), the second moment of the effective
exchange interaction defined in Eq. (2), which is an indi-
cator of the range of the exchange interaction. These
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FIG. 5. D vs (T/Tc) for Fe86B&4-II. The values of D cor-
respond to a damped harmonic oscillator (triangles) and a dou-
ble Lorentzian (squares) spectral weight function analysis. The
solid and dotted lines are the result of the least-squares fit to
Eq. (16).

FICs. 6. D(T)/D(0) vs (T/Tc) for several ferromagnetic
systems where S—1. Curve A: Calculation by Bloch for a
Heisenberg system with nearest-neighbor interactions (after
Ref. 49). Curve B: (Fe65Ni35)75P&6B6A13 (Ref. 18). Curve C:
Fe4pNi4pP, 4B6 (Metglas " 2826, Ref. 50). Curve D:
Fe7pCrlpP, 3C7 (Ref. 19). Curve E: (Fe93MO7)8pBlpPlp (Ref. 17).
Curve F: Fe«Bl4 (this work).
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values (shown in the last column of Table II for the
three samples of Fe-B) are of the order of 15a, where a
is the average nearest-neighbor distance obtained from
diffraction experiments. These values can be compared
to 67a and 120a obtained for crystalline Ni, ' and
Permalloy (Fe2pNisp), respectively. If the Heisenberg
model is applicable to these systems, the qualitative con-
clusion is that the range of the exchange interaction in
the amorphous Fe-B alloys is significantly longer than
expected for nearest-neighbor interactions, but shorter
than the range for crystalline Permalloy or pure nickel.

In order to compare the range of the exchange in-
teraction of the Fe-B and other amorphous systems, we
have plotted D/D (0) versus (T/Tc ) for several sys-
tems in the temperature ranges where data were avail-
able. This plot is shown in Fig. 6. Curve 3 is the result
of the calculation performed by Bloch for a cubic
Heisenberg ferromagnet with nearest-neighbor interac-
tions (i.e., (r ) =a, where a is the lattice parameter),
and S=1. Curves B—E show the experimental values of
D on amorPhous (Fe65Ni35)&5P, 686A13, ' Fe4pNi4pP, 4B6
(Metglas 2826), Fe7pCr~pP &3Cp (very small Invar
anomaly), ' and (Fe93MO7)spB]pP&p (small Invar anoma-
ly). ' Curve F shows the values of D from our experi-
ments on Invar Fe«8, 4-I. In all systems we have as-
sumed S= 1. The values of (r ) for the systems of
curves B E, calcul—ated from Eq. (8), are (r ) (7a
awhile the corresponding value for curve F is
( r ) —15a . The longer the range of the exchange in-
teraction, the faster the spin-wave energies renormalize
with temperature within the Heisenberg model. It also
should be noted that there appears to be a relation be-
tween the steepness of the renormalization curve and the
Invar eff'ect, i.e., that amorphous Invar ferromagnets re-
normalize with temperature more dramatically than the
non-Invar systems (A' is larger in Invar than in non-
Invar systems). As a consequence of this steepness of
the curve, the T ~ dependence of Eq. (16) is found in a
rather broad range of temperatures in amorphous Invar
systems: Indeed this T dependence is expected to
hold in all the temperature range (up to T, ), when the
coefticient A' is one.

An interpretation of the relatively large value of the
coefticient 3' in these systems is that there might be ad-
ditional low-lying excitations that contribute to the rath-
er rapid decrease of D with increasing temperature. The
T dependence of D suggests that these excitations
have the same form for the (energy) density of states as
that for spin waves. One possibility is that these addi-
tional excitations are superimposed on the spin waves,
such as has been suggested by Vaks et al. ' for the cou-
pling of longitudinal spin fluctuations with spin-wave
modes. Normally, longitudinal spin fluctuations are ex-
pected to appear only at high temperatures, but there
may be magnetic systems where longitudinal modes are
significant at low temperatures. One possibility is a sys-
tem where there is strong competition between fer-
romagnetic and antiferromagnetic interactions, which
could lead to a noncollinear configuration of spins in the
ground state. This spin configuration could have longi-
tudinal fluctuations with amplitudes as large as the

transverse ones, and would result in an additional T
temperature term in the low-temperature magnetization,
explaining the Dsw/D & 1 anomaly found in Invar sys-
tems. Continentino and Rivier have proposed the
above argument as a property for amorphous systems,
although it is known now that many amorphous fer-
romagnets do not exhibit the D sw /D ~ 1 anomaly,
while some crystalline systems (Fe65Ni35 Fe3Pt) do. It
has been suggested that the Invar systems Fe3Pt (crystal-
line), ' and Fe-Ni-Zr (amorphous), are systems
where competing interactions are important. Recently,
Ishikawa has also suggested that there are additional
magnetic excitations superimposed on the spin-wave ex-
citations in crystalline Fe65Ni».
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FIG. 7. I ~ (FTHM of the Lorentzian spectral weight func-

tion) vs q for Fe«BI4-II at T=470 K, taken with an energy
resolution of 0.22 meV. The solid curve is the result of the fit
to the prediction of the two-magnon interaction theory of a
Heisenberg ferromagnet [Eq. (9)]. The dotted curve is the re-
sult of the fit to the empirical q dependence suggested by Ishi-
kawa et al. (Ref. 31). The open diamonds are the data points
of Ref. 31 at T=463 K, taken with a much larger energy reso-
lution of 0.60 meV.

B. Spin-wave linewidths

%e have also performed a detailed analysis of the
wave-vector and temperature dependence of the spin-
wave intrinsic linewidths for Fe86B&4-II, where data with
the best resolution were obtained. The object of this
analysis was to probe the claim that anoma1ous spin-
wave damping mechanisms are linked to the Invar effect.
In particular, Ishikawa et al. ' reported that the spin-
wave linewidths in amorphous Fe86B&4 and crystalline
Fe65Ni35 and Fe3Pt do not follow the conventional
q [T In(kz T/E )] dependence [Eq. (9)] predicted by
the two-magnon interaction theory of a Heisenberg fer-
romagnet, but rather follow the empirical form of Eq.
(14).

Figures 7—9 show plots of the spin-wave linewidths
I (FWHM of the double Lorentzian spectral weight
function) of Fes6B,4-11 versus q at temperatures of
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FIG. 8. I ~ vs q for Fe«B,4-II at T=49S K. The solid and
dotted curves are the same as in Fig. 7.

T=470, 495, and 520 K, respectively. Also shown in
Fig. 7 are the data points of Ishikawa et al. (open dia-
monds) at T=463 K for a sample of the same nominal
concentration. The solid lines are the result of a least-
squares fit to the two-magnon interaction theory result
of Eq. (9), while the dotted lines are the result of a least-
squares fit of our data to the empirical I ~q form of
Eq. (14). From these figures it is evident that the two-
magnon interaction prediction fits our linewidth data
better than the q dependence. Figure 7 also shows that
our linewidth data are significantly larger than
Ishikawa's at T =470 K. However, it must be remarked
that the instrumental resolution employed in our experi-
ments was much better, and therefore we believe our
data are considerably more reliable. In order to illus-
trate this claim we have listed the instrumental parame-
ters in Table III. R is a number proportional to the

FIG. 10. I
q

vs T for Fe«B&4-II for q=0.08, 0.10, and 0.12
I

A . The solid curves are the result to the fit of the prediction
of the two-magnon interaction theory of a Heisenberg fer-
romagnet [Eq. (9)].

!.00
86 14

overall volume of the resolution ellipsoid, which has
been included for comparison purposes. The main infor-
mation to be extracted from this table is that the overall
volume of the resolution ellipsoid of our experiments on
Fe&68&4-II is 13.6 times smaller than the resolution em-
ployed in Ref. 31. Furthermore, all the linewidth values
obtained from those data are smaller than about 25% of
their instrumental energy resolution, and we believe
these values are too small to obtain reliable quantitative
information. In our own analysis we have discarded, as
unreliable, any intrinsic linewidths smaller than about
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FIG. 11. I ~
(FWHM of the Lorentzian spectral weight

function) vs q [T ln(kBT/E~ )] for Fe,68,4-II. The solid curve
is the result of a fit to the prediction of the two-magnon in-

teraction theory of a Heisenberg ferromagnet [Eq. (9)]. The as-

terisks are the linewidths for Fe«Bl4-I.
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TABLE III. Comparison of the instrumental parameters of three neutron inelastic scattering exper-
iments on amorphous Fe«B&4.

Parameter

Fixed E; (meV)
Monochromator
Analyzer
E resolution (meV)

o
Vertical resolution (A )

R

Experiment'
at HFIR

14.8
Be(101)
Be(002)

0.22
0.1

1.0

Experiment'
at NBSR

13.98
PG(002)
PG(002)

0.35
0.2
5.2

Experiment
of Ref. 31

14.5
PG(002)
PG(002)

0.60'
0.2'

13.6'

'This work.
FWHM at elastic position.

'Estimated.
Number proportional to the overall volume of the resolution ellipsoid.

Figure 10 shows the temperature dependence of our
linewidth data for q=0.08, 0.10, and 0.12 A '. The
solid line is the result of the least-squares fit to the two-
magnon interaction theory of Eq. (9). Our linewidth
data are in good agreement with this prediction, and
there are no indications of the almost linear dependence
in T of Eq. (14).

A better overview of the wave vector and temperature
dependence of the spin-wave intrinsic linewidths can be
obtained by plotting I versus q [Tin(k&T/E )] as
shown in Fig. 11. This figure contains our linewidth
data for Fe«B&4-II at T=445, 470, 495, and 520 K, for
values of q between 0.08 and 0.13 A '. The solid line is
the result of the fit to the two-magnon interaction form
[Eq. (9)], which is seen to agree with our linewidth data
in the entire range of T and q under study. Also includ-
ed in Fig. 11, for comparison purposes, are the linewidth
data from our Fes68, 4-I sample (asterisks), which are in
good agreement with the data for Fe~6Be,4-II, taken with
better resolution. The slope of the solid line of Fig. 11 is
(0.506+0.009) & 10 meV A K, which is about 38%
lower than the slope for amorphous (Fe6sNi35)75P, 6B6A13
(of comparable Curie temperature and stiffness parame-
ter) obtained by Tarvin et al. (see Fig. 4 of Ref. 18, cor-
responding to the plot of the half width at the half max-
imum (HWHM) linewidths versus q [ln (kz T/F~ )]).

In order to illustrate that the results of Fig. 11 are not
dependent on the form of the spectral weight function
used in the analysis, we have plotted the linewidths ob-
tained from the fits to the DHO spectral weight function
versus q [Tin(k&T/E )] in Fig. 12. An equally good
fit is obtained, but with a slighter smaller slope of
0.480)&10 meVA K

The parametrization of the scattering cross section in-
cluded an overall amplitude parameter for the inelastic
spin-wave scattering spectra as described in Sec. II. As
expected, this amplitude parameter was found to be tem-
perature independent in the entire range of temperature
under study, regardless of the spectral weight function
used in the analysis.

I.OO

0.80—

E 060—

520 K

~ 495K
~ 470K
&& 445 K

0.40—

0.20—

O.OO &
0

I I

400 800 I 200
T I n(AT/Eq)

I600

(x=14 and 18) at small wave vectors (q &0.14 A ') at
all temperatures studied (T &0.92Tc). The spin-wave
excitation spectra were well described by a quadratic
dispersion relation in q, with a very small energy gap.
The spin-wave stiffness parameter D showed a tempera-
ture dependence consistent with the T dependence
predicted (at low temperatures) from models that ac-
count for magnon-magnon interactions. However, the
T=O stiffness parameter D(0) (also referred in this paper
as Dsw ) is almost twice as large as the value D derived
from low temperature magnetization measurements.
The comparison of the D(T)/D(0) versus (T/Tc) ~

curves of several amorphous systems suggests that the
renormalization of the spin-wave stiffness parameter
with temperature is more dramatic in Invar than in the
non-Invar systems. This is rejected in the relatively
large coefficient 3' of Eq. (16). Within the Heisenberg
ferromagnet model this means that the range of interac-
tion, defined as the second moment of the exchange in-
teraction ( r ), is relatively large in Invar systems.

VI. SUMMARY OF CONCLUSIONS AND DISCUSSION

Well-defined spin-wave excitations have been observed
in amorphous rapidly-quenched samples of Fe&oo B

FIG. 12. I
q

(FWHM of the damped harmonic oscillator
spectral weight function) vs q [TlnlksT/E )] for Fes6B,4-11.
The solid curve is the same as in Fig. 11.
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Ho~ever, a long-range exchange interaction in amor-
phous systems seems to be unphysical due to the strong
disorder present. Another interpretation of the rather
large value of the coe%cient 2' is that there might be
additional excitations in the Invar systems that contrib-
ute to the rapid decrease of D with increasing tempera-
ture. These excitations would evidently have the same
density of states as the spin-wave excitations, and might
be of the kind suggested by Vaks et al. ' for the cou-
pling of longitudinal spin fluctuations with spin waves.
At lower temperatures, longitudinal modes might be
significant due to the mechanism proposed by Continen-
tino and Rivier for systems where there is strong com-
petition between ferromagnetic and antiferromagnetic
exchange interactions.

A detailed analysis of the wave-vector and tempera-
ture dependence of the spin-wave linewidths has been
performed on Fe86B&4. At all temperatures and q's stud-
ied, the linewidth data were in agreement with the pre-
diction of the two-magnon interaction theory of the
Heisenberg ferromagnet. Thus there was no indication
of the empirical q dependence of the spin-wave
linewidth suggested by Ishikawa and collaborators. The
relatively rapid decrease of the magnetization with tem-
perature in these Invar systems appears to derive from
additional excitations in the system, as suggested from
our analysis of the temperature dependence of the

stiffness parameter, and not from anomalous spin-wave
linewidths.

Further experiments are needed in order to single out
the nature of these excitations. In particular, neutron
polarized beam experiments at low temperatures would
be useful to determine if there are longitudinal spin fluc-
tuation modes as predicted by Continentino and Rivier.
Higher incident neutron energy experiments would also
be useful to increase the wave-vector range of the experi-
ments and hence study the contribution of higher-order
terms in the spin-wave dispersion relation.
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