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Inelastic-neutron-scattering measurements have been performed on amorphous

(Fel „Mn„)75Pl686A13 alloys for several concentrations x bracketing the spin-glass —ferromagnetic

multicritical point found from magnetization measurements. For x=0.35, the alloy is nonfer-

romagnetic, and the inelastic spectra are dominated at all temperatures by a resolution-limited

quasielastic peak. We find no evidence for propagating modes of any kind. In a 10-kG applied

field, the central peak is substantially reduced, and dispersionless sidebands, centered at the Larmor

precession frequency, appear. Three samples (x=0.30, 0.25, and 0.20) on the ferromagnetic side of
the phase diagram have also been studied. Spectra were collected for one of these (x=0.25) above

its Curie point. These data are consistent with ordinary spin diffusion. For all three samples,

resolvable spin-wave peaks exist at temperatures below the Curie points but above the spin-glass

transitions established in bulk measurements. As the temperature is reduced, the spin-wave stiff-

ness first increases, as in normal ferromagnets, and then decreases. At the lowest temperatures,

resolvable spin-wave peaks are absent, and the spectra are dominated by a resolution-limited ( & 30

peV full width at half maximum) quasielastic peak. For the most iron-rich material (x=0.20}, true

inelastic scattering coexists with the central peak, even at 5 K. This inelastic scattering broadens

and decreases in intensity with increasing momentum transfer Q, in a manner consistent with simple

spin-wave theory. The central-peak intensity decays according to a power law Q ', with ct) 2. At

temperatures near the spin-glass —to—ferromagnetic crossover, direct inspection of the raw data for
x=0.20 unambiguously demonstrates the coexistence of the central peak with well-resolved spin-

wave peaks. Our experimental results are discussed in terms of existing theories on the dynamics of
spin-glasses and ferromagnets with frozen-in disorder. Also included are speculations on time-

dependent random fields, and their relevance to the crossover from ferromagnetic to spin-glass —like

behavior.

I. INTRODUCTION

In an earlier paper' (hereafter referred to as paper I)
we presented a small-angle neutron scattering (SANS)
study of the spin correlations in amorphous
(Fei „Mn„)75P,686A13 alloys. According to magnetiza-
tion measurements, ' these alloys exhibit spin-glass (SG),
ferromagnetic (FM), and paramagnetic (PM) phases as a
function of temperature T and manganese concentration
x. Of particular interest is the crossover from FM to SG
behavior, occurring as T is reduced in samples with
0.15&x &0.35. We also observed this crossover in our
SANS spectra, which at low temperatures assume a shape
significantly different from that associated with normal
ferromagnets.

The subject of the present paper is an inelastic neutron

scattering study of the spin dynamics of amorphous
(Fe& „Mn„)75P]686A13. Similar studies have already been
performed for several magnetic alloys displaying spin-
glass —like behavior at low temperatures and ferromagne-
tism at higher T. The first and most dramatic results
have been reported for polycrystalline Fe„Cri „, which
displays an FM to SG crossover with decreasing T for
0.2&x &0.3. The inelastic neutron scattering measure-
ments show that for x )0.26, well-defined spin waves ex-
ist for T between the Curie temperature Tc and the spin-
glass "transition" temperature Tg found from bulk mea-
surements. As T was decreased from Tc, their energies
initially increased, as they should in a normal ferromag-
net. However, as T approached Tg, the spin-wave energies
and lifetimes decreased to such an extent that at the
lowest temperatures, no resolvable spin-wave peaks
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remained. Analogous results have since been obtained
for the metallic alloys Fe„Au i „(Ref. 5) and
(Fe„Nii „)75Pi686A13. A neutron scattering study of the
spin dynamics of insUlating EU„Srj ~S near its PM-FM-
SG multicritical point has also been carried out. ' The in-

elastic spectra here were dominated by an intense
resolution-limited peak centered at zero-energy transfer.
Although some true inelastic scattering was also observed,
no resolvable sprn-wave peaks were found at any tempera-
ture for the sample (x=0.52) which was thought at the
time to display reentrant SG behavior. However, this re-
sult is consistent with a more recent high-resolution
neutron-diffraction study, which has demonstrated the ab-

sence of true long-range FM order in a single crystal of
EUO 52Sro 48S.

8

In paper I we have already pointed out why the FM to
SG crossover in (Fei „Mn„)75Pi686A13 is very suitable for
neutron scattering investigation. Specifically, the FM-
SG-PM multicritical point occurs for an Fe concentration
1 —x=0.65, which is three times higher than in any other
Fe-based alloy studied by this technique to date; this
means that in the region of interesting magnetic behavior,
the magnetic scattering intensity can be substantially
larger. Also because of the higher spin density, the
characteristic temperatures and excitation energies are
higher. Obviously, both of these features make inelastic
neutron scattering experiments easier to perform.

For the reader's convenience, we show again in Fig. 1

the magnetic phase diagram of (Fei „Mn„)75Pi686A13.
The solid lines represent the transition temperatures estab-
lished from a scaling analysis of ac susceptibility and dc
magnetization measurements. As a function of tempera-
ture, the SANS intensity measured at constant momentum
transfer Q exhibited two anomalies. ' The first of these, at
higher T, corresponds to the Curie point and is indicated
by the solid circles in Fig. 1. The second, indicated by the
open circles, occurs near the FM-SG crossover tempera-
ture given by the bulk measurements. We emphasize that
SANS data are collected for finite momentum transfers

(
~ Q ~

& 0.01 A '), and consequently do not bear a

model-independent relation to the results obtained using
Inacroscopic techniques.

We have performed inelastic neutron scattering mea-
surements for one sample (x=0.35) on the spin-glass side
of the phase diagram and three samples (x=0.30, 0.25,
and 0.20) on the ferromagnetic side. For all samples, we
have studied the temperature dependence of the scattering
i.n the spin-glass and ferromagnetic regimes indicated in
Fig. 1. The scattering in the paramagnetic regime was
briefly surveyed for x=0.35 and 0.25. Finally, we have
carried out a preliminary investigation of the effects of an
applied magnetic field for x=0.35.

This paper is organized as follows. In the next section,
we give a detailed description of the inelastic neutron
scattering cross section for random ferromagnets and
spin-glasses. Section III deals with our experimental tech-
nique and the procedures followed in the data analysis. In
Sec. IV, we present the data and the results of the analysis.
Section V contains a discUssion which is divided into two
parts. The flirs't (subsection A) ieviews existing theories oil
the dynamics of spin-glasses and random ferromagnets,
and relates our experimental results to these theories. Thc
second (subsection 8) gives an account of how the
random-field effects discussed in paper I might influence
the spin dynamics of reentrant spin-glass (RSG) alloys.
Finally, Sec. VI is a summary of our experimental results
and suggests directions for future research.

The neutron scattering technique measures directly the
Fourier transform in space and time of the spin-spin
correlation function. The cross section can be written as

B2 2

X g (5 p
—Q Qp)S ~(Q,~),

e,P

(Fe
t „Mn „)75 P (6 86 At ~

t T S ~(Q, co) = —— dt exp( icot)—
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Q.P
FERRGMAGNE

X(& (t)Sg(0)) . (2)

TEMPERATURE (K)

FIG. 1. Magnetic phase diagram for (Fe~. Mn„)75P~686Al3.
Solid lines are from Ref. 2. Closed circles represent Curie tern-
peratures Tc obtained from our SANS data (Ref. 1), open cll-
cles, the positions of the low-temperature anomalies in the
Q=0.02 A-' SANS data.

In Eq. (1), k; and kf denote the wave vectors of the ingo-
+

ing and outgoing neutrons, respectively; Q= kf —k;,
Q =Q/

~ Q ~, and f(Q) refers to the atomic form factor of
the magnetic species; in Eq. (2), r represents the posi-
tions of the spin S~. The correlation function is a sum of
contributions due to dynamic (oscillatory and relaxational)
processes and the equilibrium arrangement of the spins:
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Xp 'fico/kT
S ~(Q,co)= 5 ~[(1—5 )Xi(Q)Fi(Q, co)

+5™X~~(Q)F~~(Q,co)]

+5(co)S (Q) . (3)

Xp is the susceptibility of the free iona, and is usually pro-
portional to (kT} '. We are considering disordered

Heisenberg ferromagnets, so Xi(Q) and X~~(Q) are the
zero-frequency susceptibilities measured perpendicular

and parallel to the magnetization vector. Fi(Q, co) and

F~~(Q,co) are the corresponding spectral functions, whose

integrals with respect to co are unity. Finally, S ~~(Q) is
the static (infinite time) spin-spin correlation function. In
this section, we discuss in more detail first the dynamic
and then the static terms in Eq. (3).

We begin with the transverse susceptibility Xi(Q),
which is due to spin waves and generally takes the form

(for small Q)

A,
Xi(Q) =Xp- —

2 (4)

where, ordinarily, A, -T. For Q=O, spin waves corre-
spond to uniform rotation of all of the spins in the system.
Because of the rotational symmetry of the Heisenberg
Hamiltonian, such a rotation, even when it has an arbi-

trarily small amplitude, costs no energy. Consequently, as

is evident from Eq. (4), Xi(Q) diverges as Q~O for all
T & Tc. Note incidentally that it makes no sense to define

Xi and X~~ separately for T & Tc, where no magnetization
vector exists.

Within molecular-field theory, the longitudinal part of
the susceptibility is (again for small Q)

B
X(((Q)= Q2+~2

which does not diverge as Q—+0 for T&Tc, where the
inverse correlation length ic is finite. A more refined
analysis, ' which includes the effects of spin waves on the
correlation function (S'(r)S'(r') ), shows that in addition

to a term like (5), X~~(Q) also includes a term proportional
to

'2

G(Q)= (6)
Q +ic

Expression (6) does diverge as Q~O, but much less

strongly than Xi(Q} [Eq. (4)]. Furthermore, as T ap-
proaches the Curie temperature Tc, Eq. (5) represents the

dominant component of X~~(Q) at accessible values of Q.
Indeed, after subtraction of the estimated contribution
of X&, the SANS spectra, shown in paper I, for

(Fep 7sMnp 2s)7sP,6B6A13 with T & Tc are very well

described by the Lorentzian form (5).
While the static Q-dependent susceptibilities X~~(Q) and

Xi(Q) for Heisenberg ferromagnets are well understood,
no universally accepted spectral weight functions exist.
Three forms are commonly used for Fi(Q,co): (i) a double

spin waves at a given Q have an energy

E,„(Q)=2S[J(0)—J(Q)],
where

J(Q) = g J„exp[iQ (r„—r )] .

E,„(Q) for small Q can be expanded as

E,„(Q)=DQ2+ FQ'+ (10)

In cubic systems, D is an isotropic stiffness constant. At
nonzero temperatures, the spin waves interact with each
other, and D is reduced from its value at T=O according
to the well-known law

D(T) =D(0)(l aT + —)
Also because they interact, the spin waves are damped,
with an estimated inverse lifetime given by the formula'

I (Q) =}'.tiQ'

where

y,it=I pT ln [kT/E, „(Q)] .

Hydrodynamic spin-wave theory' gives Eq. (12), but not
the detailed form (13}for y,tt. Equations (10)—(13) have
been found to be consistent with data taken well below Tc
for both crystalline and amorphous ferromagnets. '

Including dipolar interactions in addition to the ex-
change terms modifies the spin-wave dispersion relation
Eq. (8). Assuming that the domains in the ferromagnet

are needlelike and point parallel to the magnetization M,
the spin-wave energy becomes, for 4ngps

~

M
~

&&E,„(Q),

~p(Q)=E,„(Q)+sin 8 2irgps
~

M
~

(14)

where 8 is the angle formed between Q and M. In a
Q

powder sample, or for randomly packed amorphous rib-
bons, as in our experiment, a constant Q inelastic scan
measures the average of the transverse spectral weight

Lorentzian, (ii) a damped harmonic oscillator, and (iii) an
expression suggested by Halperin and Hohenberg. " For
fixed Q, these forms depend on two parameters which are
essentially the frequency cop and inverse lifetime I of a

spin wave with wave vector Q. If I' «cop, all three forms
reduce to a pair of sharp peaks, centered at co=+cop allcl

with half widths at half maximum (HWHM) of 1. For
cop & I, the three forms are not identical and efforts to fit
experimental data will yield different results for cop aild I
depending upon the form used in the analysis. It is well
known that this ambiguity makes verification of dynami-
cal scaling near an ordinary FM transition difficult. '

There is even less theoretical guidance on the form of
Fi(Q, co) near the FM-SG crossover.

We now recapitulate the results of elementary spin-
wave theory for cop and I . Firstly, in a purely exchange-
coupled ferromagnet with Hamiltonian

Hp= g J~~Sn'Sm
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function over all directions of M. The dipolar interactions
thus lead both to a broadening of order mgp+M in the ob-
served sPIII-WRvc sPcctIR, Rlld R shift 6=(4IT/3)gPsM III

the mean excitation energy. Thus, for the momentum
transfer typically probed in neutron scattering experi-
ments on polycrystalline and amorphous ferromagnets, '

the observed spin-wave dispersion is described by the form

6 is usually called the dipolar anisotropy gap, although,
strictly speaking, Sicko(Q) vanishes linearly (rather than
quadratically as in the purely exchange-coupled case) with

~ Q ~, unless Q~ ~M. It is sometimes convenient to rewrite
(15) as

+oo DeffQ
2

scattering must have a purely elastic component at all Q.
In Practice, as we have seen for (Fco soMno zo)75PI686AI&
in paper I, this component is only observable in the vicini-

ty of a maximum in p(Q). The maximum is usually not
far from where a Bragg peak for the corresponding crys-
talline material would occur. The measurements to be
described below were performed for small Q (

~ Q ~

&0.1
0
A ), where p(Q) is known, from our x-ray and neutron-
diffraction work, ' to be small.

A more interesting contribution to S~~(Q) is derived
from frozen fluctuations in the directions, rather than the
positions, of the spins. The simplest way to produce such
fluctuations is to impose a random field on the system.
The magnetic Hamiltonian is then changed from Ho [Eq.
(7)) to

H =Ho+h g h„.S„. (20)

D ff=bQ +D . (17)

If the spins S„are aligned ferromagnetically, for example

along the z axis, S ~(Q) vanishes except when a=P=z, in
which case it is directly proportional to the Fourier
transform p(Q) of the pair-correlation function for the
magnetic ions:

S (Q)=
~

(S')
~

gexp[iQ (r —r„)]

In general, there are two contributions to the longitudi-

nal spectral weight function F~~(Q, co). The first is due to
spin diffusion and appears as a single peak centered at
fr=0. The second is derived from the coupling of longitu-
dinal fluctuations to spin waves and consists of a pair of
peaks centered at co=+foo, where foo is the spin-wave fre-
quency. In oIdlnaly ferromagnets below Tc, thc clif-

fusive central peak has never been observed: The inelastic
neutron scattering spectra only show two spin-wave peaks.
This is in contrast to the situation for Heisenberg antifer-
romagnets, where a central peak is indeed present at tem-
peratures close to, but below the Ncel temperature. '

Thus, for a system such as (Fei „Mn„)75Pi686A13, with
mixed ferromagnetic and antiferromagnetic interactions,
there is no a priori reason to exclude a central peak from

We turn now to the Fourier transform S ~(Q) of the
static spin-spin correlation function introduced in Eq. (3):

S ~(Q)= gexp[iQ (r —r„)](S (t = co)sg(t =0)) .
m, n

In (20), the random-field directions h (
~

h
~

=1) at dif-
fcI'cnt sites arc uncorrclatcd, i.c.,

where [ ], denotes the average over all possible random-
field configurations.

Ifh))
i J„„i,

(S„)T h„coth——
h

=h„L (h/kT),

and from (21),

[(s„)(st') ],= ,
' s„.n t'L, '(h-/kT),

which immediately implies that S (Q) is both nonvanish-

ing and Q independent. What happens when h (
~
J„~ is

a sub)cct of considclablc CUII'cnt lntcrcst, FoI' cxchangc-
coupled Heisenberg systems in less than four dimensions,
long-range ferro- or antiferromagnetic order is thought to
be unstable with respect to infinitesimal h. Even at zero
temperature, the 5-function Bragg peaks comprising
S~~(Q) are expected to become the sums of various
powers of Lorentzians with finite widths. '

A spin glass with nonvanishing Edwards™Anderson or-
dcl parameter QE~ Is another system wllicll displays 11011-

vanishing static spin fluctuations. Recall that the Hamil-
tonian here is giver" by Eq. (7), where the exchange, con-
stants J„~ are randomly selected from some distribution. '

The Edwards-Anderson order parameter QE& is precisely
equal to the average of g S (Q) over reciprocal
space:

=
I
&s')

l
'p(Q) . (19) Q,.=—'y. &s.(o) s.(t =.))

For a crystalline system, p(Q) is a sum of 5 functions cen-
tered at reciprocal-lattice points and vanishes elsewhere.
On the other hand, p(Q) for an amorphous solid generally
vanishes nowhere in reciprocal space. Therefore, in prin-

ciple, S ~(Q) will never be strictly zero for an amorphous
fcrromagnct below its Curie temperature. Because
S ~(Q) represents static spin correlations, the Inagnetic

f d Qexp[iQ (r„—r )]

f d'Q

X&S (0) S„(t=

fdQQ S (Q)

f d'Q
(24)
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Neutron scattering measurements of purely elastic mag-
netic scattering should therefore give QEA directly. Real
experiments are characterized by finite energy resolution
hE, and so all processes with relaxation times r&A'/b. E
will contribute to the nominally elastic scattering. The or-
der parameter scattering in normal ferro- and antifer-
romagnets is easy to identify, since it is located at particu-
lar (discrete) reciprocal-lattice vectors, whereas in the
canonical spin-glass it is by definition uniformly dispersed
throughout reciprocal space and correspondingly less in-

tense at any given Q. Furthermore, as shown both by
computer simulations and real experiments, ' spin-
glasses display many excitations with extraordinarily low
frequencies. Recent theoretical studies have related
these excitations to the difficulties encountered in previous
analytic approaches to the spin-glass problem. The same
studies have also emphasized that averages like (24) which
involve t +ao—, are not uniquely defined in the thermo-
dynamic (N~ oo ) limit.

In spite of the problems mentioned above, neutron
scattering has been a very useful tool for investigating the
behavior of ordinary (nonreentrant) dilute spin-glasses,
such as Cu-Mn. This is particularly true because of the
large variety of available instruments, which have resolu-
tions b,E corresponding to time scales w varying from
10 " sec (standard triple-axis or time-of-flight spectrom-
eters) to 10 sec (spin-echo spectrometer). Murani and
Heidemann' carried out a detailed study of the "elastic"
signal from the classical SG alloy, CuMn, for which the
ac susceptibility has its characteristic cusp at Ts'=39 K.
This signal was temperature independent for T larger than
an apparent freezing temperature Ts, while for T & Ts it
increased monotonically. As b,E was reduced from 230
peV to 1.5 peV, Ts fell from a value of roughly twice Tg"
to only 20% more than T~". We are not aware of mea-
surements perforined with similarly good resolution (1.5
iMeV) in the SG regimes of more concentrated alloys with
or without higher-temperature FM states. Of course,
RSG systems are even more suited for neutron scattering
studies than the classical SG alloys. This is because the
order parameter scattering will be relatively more intense

in certain special regions of reciprocal space, i.e., near
Bragg peaks and the forward direction.

III. EXPERIMENTAL

A. Samples and crJJastats

The (Fei „Mn„)75P]sBsA13 samples used were the same
as those described in paper I. Table I gives a list of these
samples and the corresponding magnetic transition tem-
peratures, established from our previous neutron scatter-
ing measurements. ' Table I also shows the transition tem-
peratures obtained from bulk susceptibility data for sam-
ples with the same nominal concentrations, i.e., ratios of
starting materials. The discrepancies between the neutron
and bulk results are probably due to differences in the real
concentrations. On the ferromagnetic side of the phase
diagram, the Curie temperature is probably the best indi-
cator of the true concentration. The amorphous ribbons
were packed into —,-in. -diam tubes, masked with cadmium
at either end to leave a sample volume with 1-in. height
matched to that of the incident neutron beam. The sam-
ple tubes were mounted in closed-cycle Displex cryostats
whose temperatures T could be controlled to better than
0.1 K between 10 and 325 K. To study behavior at lower
temperatures, we installed the tubes in He flow Dewars
which allowed temperatures as low as 5 K to be reached.
Investigations of magnetic field effects were carried out
using a spirit-coil superconducting magnet and a conven-
tional electromagnet.

B. Neutron scattering technique

Our neutron scattering technique was similar to that
employed in previous studies of the spin dynamics of
amorphous ferromagnets. ' Owing to the lack of transla-
tional order in such materials, the measurements were all
carried out around the (000) "Bragg peak, " i.e., near the
forward direction.

Neutron scattering measurements were performed on
various spectrometers at the Brookhaven National Labo-

TABLE I. Magnetic properties of (Fe& „Mn„)q5Pj686A13 alloys.

SANSb
T, (K)

BULK BULK' SANS
r, (K)

IENS' BULK2 BULK
max

(K)

Spin waves

Dmax

(meVA ) (qeV)

0 35'
0.30
0.25
0.20

143+2
221+1
340+53'

42+2
107+2

293+4

114

280

42+ 10
20+3 80

65
30

42
31+2

14+2

42
54

34

125
145
150

8.5+1.0'
21.0+0.7
47.1+0.7

16+4
21+2

Nominal concentrations, given by ratios between starting materials.
0

Small-angle neutron scattering results for Q=0.02 A ', reported in paper I.
Inelastic neutron scattering, reported in present paper. These temperatures are the highest temperatures in the regime where no

resolvable spin-wave peaks were found.
Spin-wave stiffness D and anisotropy gap 6 at temperature T,„where spin-wave energies are highest.

'Bulk measurements are reported for x =0.34.
Measurement of D,ii for Q=0.075 A

NMeasured on a conventional triple-axis spectrometer for Q=0.03 A
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ratory High Flux Beam Reactor. PyI'olytic graphite crys-
tals, set for the (002) reflection, were used as monochro-
mators and analyzers ln all of our experiments. The m-
cldcQt ncutfoQs had cncfglcs E; ~5 mcV; to cllmiQRtc
higher-order contamination, they wcI'c passed thI'oUgh a
liquid-nitrogen-cooled beryllium filter.

Much of the data was collected at the cold neutron
source of the HFBR. The spectrometer here is equipped
with a double crystal monochromator which allows in-
cldcnt cncfglcs Eg as low Rs 2.3 IDcV to bc reached. ThI'cc
sets of collimating blades —one before the first crystal, one
between the two crystals, and one after the second
crystal —define the angular divergence of the neutron
bcRID impinging on thc saIDplc. The analyzcI' assembly
for this spectrometer is identical to that for standard
triple-axis spectrometers: It consists of one pyrolytic gra-
phite crystal mounted on a motorized goniometer, and en-
trance and exit collimators. Inelastic scans are performed
by scanning F.; while keeping the final energy Ef fixed.
We varied. Ef and the collimator confi.guration to obtain
different combinations of resolution and intensity. The
resulting values of the energy resolution hE were between
0.025 and 0.060 meV, numbers which represent full
widths at half maximum (FWHM) of the inelastic spectra
that would be collected for a purely incoherent (Q-
independent) clastic scat tcl'cr.

Ordinary triple-axis spectrometers with single-pass
monochromators were used for our other measurements.
We carried out constant Q energy scans by varying the fi-
nal energy Ef while keeping E; fixed at either 3.5 or 4.5
meV. The corresponding energy resolutions AE were be-
tween 0.05 and 0.10 meV (FWHM).

B. Data analysis

For the purposes of our data analysis, we assume a
cross section consisting of a transverse (spin-wave) relaxa-
tion spectrum and a quasielastic component. From Eqs.
(1) and (3),

fuulkT
Xo XI(Q)EI(Q,oi)

1 —exp fico kT—

+ [S(Q)+8(Q)]5(~) (25)

background are essentially teIDperature independent but
can be strongly Q dependent. For normal ferromagnets,
the most common procedure' ' is to identify the elastic
backgmund 8(Q) with the total elastic scattering ob-
served within the ferromagnetic phase, where the spin-
wave peaks are at several half-widths distance from the
elastic position. This procedure is inherently unreliable
for random ferromagnets. Both in principle, as discussed
in Sec. II, and in practice, as described belo~, such sys-
tcIDs can cxhlblt consldcl able quaslclastlc IDagnctlc
scattering in addition to well-resolved spin-wave peaks.
Nevertheless, the standard procedure, which entails

measuring 8(Q) when the spin-wave stiffness is highest,
does give upper bounds on 8 (Q). For
(Fe, „Mn„)I5P1686A1» these bounds are sufficiently low
so that more precise knowledge of the elastic background
woUld Qot change oUI' conclUsloQS aboUt thc IDagnctlc
scattering. This will become evident when we present our
data in Sec. IV.

C. Background

There are two different types of background signals in
inelastic neutron scattering measurements. The first is de-
rived from ambient fast neutrons in the experimental area
and is therefore independent of energy and momentum
transfer. To reduce this background, considerable efforts
wcI'c made to shield oUI' apparatus from nclghborlng bcaID
ports at the HFBR. Wc have established the background
level with the neutron shutter at our experimental station
open, and both the sample and cryostat in place, by
measuring the scattering at relatively large momentum
and energy transfer (e.g.„g=0.1 A ' and Ef E;=0.5—
meV). True inelastic scattering from our sample was re-
dllccd by golllg to 'tllc lowest tclllpclaturc (5 01" 10 K) Rc-

cessible with the cryostat in question. The resulting back-
ground count rates were between 1 and 2.5 counts per
minute.

Thc second type of background ls R puI'cly clastic signal
which is ordinarily due to incoherent isotopic scattering
from the sample and scattering from the sample holder
and cryostat. In our experiment, which was performed
near the forward direction, the direct beam is another pos-
sible background source. Furthermore, in amorphous sys-
tems such as (FCI „Mn„)15PI686A13, the structure func-
tion p(Q) is nonvanishing throughout reciprocal space and
therefore contributes to the nonmagnetic elastic signal.
Wc emphasize that the various constituents of the elastic

In Eq. (25), c is a constant, independent of Q, oI, and T.
Since our measurements are performed over a very small

range in Q (
I Q I

&0.1 & '), we neglect the Q-dependent

ionic form factor
~ f(Q)

~

which appears ln Eq. (1). The
various terms in Eq. (25) have the same meaning as in Sec.
II. Recall that the transverse susceptibility XI(Q)
=X+,Q [Eq. (4)]. We have chosen the I.orentzian
form for the spectral function,

h

+I(Q,~)= I
I 1+ I

(Io —bio) +I (~+oio) +I
because It ls tllc form Illost flcqllcIltly llscd 111 tllc study of
normal ferromagnets. ' Shapiro and co-workers have also
used this form in their extensive survey of the spin
dynamics of FC,Crl „. The spin waves were assumed to
obey the quadratic dispersion law (16). For each Q, we
varried the effective spin-wave stiffness D,g to obtain the
best fit, as described below.

For our analysis of the x=0.25 and 0.30 data, the spin-

wave damping coefficient I was a Q-independent quantity
in each of our fits. For x=0.20, we assumed that I
behaved as in the hydrodynamic theory of spin waves [Eq.
(12)] and varied y,II (for each spectrum) instead.

The term S(Q)+8(Q) in Eq. (25) includes contribu-

tions from (i) the elastic nonmagnetic background 8 (Q),
(11) frozen spill cllls'tcl's Rnd (111) ally pRrt of tllc lllag11ct"
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S(Q)+& (Q) =~G &Q' .

Note that if Sicko and 1 « kT,

(gG+gs)g-'= f dco[XO 'Xi(Q i Q, ~

+[s(Q)+8 (Q)]&(~)I

(27)

ic response peaked at co=0. The reader should refer to
Secs. III C and II for extensive discussions of each of these
contributions. Because we have no a priori knowledge of
how S(Q)+B(Q) varies with Q and T, we allowed it to
vary freely in most of our fits. After some experimenta-
tion, we selected the trial form

I I I I

0.35~7'5 I6BS

E; = Eg = 35meV

COLL: 20' —20'-20'-40'

zoo
C)

g) 200—
LLI X ihI- W

IOO—

ENERGY RESOLUTION = ~E = 0.05 meV F|III)tHM

Q = 0.03 11

(28)

is what would be measured in a quasielastic scattering ex-
periment.

The cross section (25) cannot be directly compared to
the experimental data because it has not been corrected for
the finite resolution of the spectrometer. Resolution ef-
fects are particularly important in experiments such as
ours where the excitation energies are small and the nomi-

nal momentum transfer Q has a magnitude comparable to
the vertical (out of the scattering plane) resolution b,Q, of
the spectrometer. As discussed before, in the context of
measurements of spin waves in amorphous ferromag-
nets, ' the generally poor b,Q, ( & 0.05 A ' FWHM) of or-
dinary triple-axis spectrometers will cause the spin-wave

peak observed at a certain Q=(Q„,O,O) to appear at an en-

ergy E &ficoo(Q). Fortunately, the resolution function is

well described by a four-dimensional Gaussian in Q and
co. The covariance matrix and multiplicative prefactor for
the Gaussian can be calculated analytically. The input
parameters from this calculation include the acceptance
angles of the collimators, the energies of the incident and
scattered neutrons, and the nominal momentum transfer
for which the spectrometer is set. The theoretical form
that we actually compare to the data is then the convolu-
tion of Eq. (25) with the Gaussian resolution function.
The convolution is performed using a 5000- to 10000-
point Monte Carlo integration routine.

In our nonlinear least-squares-fitting procedure, the
mean-square deviation of the computed cross section from
the data is minimized with respect to the four parameters
AG As D ff and I' (or y, i'f). We do this independently
for each constant Q spectrum, which allows us to check if
the Q dependence of the theoretical cross section is con-
sistent with the data.

IV. RESULTS AND ANALYSIS

Iii

40
I

20
I

I 20

ture scan taken on a triple-axis spectrometer set for con-
stant Q and zero-energy transfer. The data, which ac-
count only for scattering within the narrow window of en-

ergy transfers given by the spectrometer resolution (0.05
meV FWHM), are very similar to those obtained in our
quasielastic SANS measurements. Figure 3 shows
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FIG. 2. Elastic intensity at Q=0.03 A ' as a function of
temperature. The 10-kG field was applied perpendicular to the
horizontal scattering plane.

A. x=0.35

Recall that our SANS measurements for this concentra-
tion, ' as well as recent bulk susceptibility measurements,
give no evidence for ferromagnetism in this compound.
However, a spin-glass transition is thought to occur at
T =Tg' ——42 K, which is also where the SANS signal ex-
hibits a broad maximum. In Fig. 2, we show a tempera-

o-o I I I

-0.3 -0.2 -O. I 0 O. I O. 2 0.3
ENERG Y (rneV)

FIG. 3. Inelastic spectra for the x=0.35 sample at T=32 and
100 K. The 12-kG field was applied in the scattering plane such
that at E=O, it was nearly perpendicular to Q. Lines through
the data points are guides to the eye. These data have not been
corrected for background.



constant-Q energy scans for one temperature well above
(T=100 K) and another well below (T=32 K) the anoma-
ly at Tg-50 K. The dominant feature of our spectra is a
resolution-limited peak centered at E=O; the sole identifi-
able difference between the T=100 and T=32 K results is
an increase in the amplitude of this peak.

We have also carried out a preliminary study of the
magnetic field dependence of the scattering. In a normal
ferromagnet, a nonzero field H shifts the spin wave
dispersion curve Eq. (9) to higher energies by an amount

gpiiH, and increases Bragg scattering at the expense of
diffuse scattering. Note that gpsH is simply the Larmor
precession frequency for a free spin. For the purposes of
our discussion here, we always take g=2, which is the g
factor for an electron.

The solid circles in Fig. 2 represent measurements per-
formed while warming the sample in a 10-kOe field ap-
plied perpendicular to the scattering plane. It is apparent
that this relatively small field (gpaH=0. 12 meV=1.35
K) completely suppresses the temperature dependence of
the scattering found for H=O. Figure 3 shows the infiu-
ence of a 12-kG field on the inelastic spectra. In this case
H was in the scattering plane and nearly perpendicular to

Q at zero-energy transfer. For both T= 32 and 100 K, the
field reduces the quasielastic scattering substantially.
Furthermore, inelastic sidebands, centered at +0.14
meV=+gp&H, appear. Spectra collected for other Q and
H are similar, and the positions of the inelastic sidebands
deviate negligibly from the free spin values +gp&H.

8. x=0.30

This composition is on the ferromagn«ic side of the
SG-PM-FM multicritical point, and according to our
SANS measurements, has a Curie temperature Tc ——143
K. Figure 4(a) displays energy scans taken at 125 K
for Q=0.060 and 0.075 A '. The Q=0.075 A ' spec-
trum (open circles) shows inelastic sidebands, in addition
to a central peak. As Q is reduced to 0.06 A ' (solid cir-
cles), these sidebands move to lower-energy transfer and
become more difficult to resolve. The spectra thus consti-
tute evidence for spin waves in this material, and are
indeed well described by the cross section (25) with

D,ran=8. 5 meVA, folded with the instrumental resolution
function.

In Fig. 4(b), we show inelastic scans collected for
Q=0.06 A ' at 60 and 10 K, temperatures which are,
respectively, above and below the spin-glass freezing tem-
perature Ts ——54 K found from macroscopic measure-
ments. As for the x=0.35 material, the dominant feature
of both of these spectra is a resolution-limited peak cen-
tered at E=O. (Note that the energy resolution is more
than three times better in Fig. 4 than in Fig. 3.) Even so,
discernible inelastic scattering, absent at. 10 K, is clearly
present at 60 K, as evidenced by the temperature-
dependent wings in the spectra. In view of the large
quasielastic peak and the small D of this material, inter-
plctat1on of thc 1nclastlc scattcr1ng hcI'c 1s drfflcult. FOI-
tunately, the alloys with higher iron content exhibit quali-
tatively similar behavior which is more amenable to
analysis.
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FIG. 4. Inelastic spectra for x=0.30. A constant background
(1.8 counts/IQin), indcpcndcnt of energy and momentum
transfer, has been subtracted from the raw data to yield these
spectra. Lines for T=125 and 60 K represent computed cross
sections resulting from four-parameter fits described in text.
Dashed line for T=lo K [frame (b)] is a resolution-limited
Gaussian. Note the narrow energy scale and resolution window
(25 peV FTHM).

-O. io

C. x=0.25

The Curie temperature for this alloy is Tc —221 K.
Figure 5 shows the evolution of the inelastic scattering at
Q=0.07 A ' in the ferromagnetic phase. There are clear-
ly resolvable spin-wave peaks in addition to a relatively
weak quasielastic peak. With decreasing T, the spin-wave
peaks first move towards higher energies, as they should
in a normal ferromagnet. However, below 100 K, they re-
turn to lower energies. At the same time, the scattering at
E=O grows, and for T&65 K, there are no resolvable
spin-wave peaks. Figure 6 shows spectra collected at
T=50 and 10 K. These data are very similar to those
given in Fig. 4(b) for x=0.30: at the higher temperature,
considerable true i~elastic scattering is still observed.
Also, as T is lowered to 10 K, the Gaussian resolution
function (dashed line) adequately accounts for the scatter-
ing profile.

We have analyzed our data following the procedures
described in Sec. III. The solid lines in Pigs. 5 and 6
represent the computed cross section for the final values
of the parameters D,rr, As, I', and Ao given by our data
fitting routine. Figure 7(a) shows the Q dependence of the
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FIG. 5. Temperature dependence of inelastic spectra in fer-
romagnetic regime for x=0.25. Solid lines represent computed
cross section resulting from four-parameter fits described in

text. These spectra have been corrected for a flat background of
1.5 counts/min.
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FIG. 6. Low-temperature spectra for x=0.25. These spectra
have been corrected for a Aat background of 1.5 counts/min.
Solid line represents computed cross section resulting from
four-parameter fit described in text. Dashed line is a
resolution-limited elastic peak.
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FIG. 7. Q dependence of parameters describing spectra for
x=0.25. The solid lines in (a) represent the results of least-
squares fits of hcoo(Q) to the form b+DQ . The solid lines in

(b) and (c) have been drawn as guides to the eye.

spin-wave energy Iricop(Q)=D ffQ at T=145 and 80 K.
The standard form (17) is sufficient to describe %cop(Q) at
all temperatures where the spin-wave peaks are resolvable.

We present our results for the integrated spin-wave in-
tensity in the manner used to present our SANS data in
paper I. Namely, we plot the inverse intensity
I '(Q)=Q iA, against Q, as shown in Fig. 7(b) for
T=145 and 80 K. In agreement with simple spin-wave
theory, which predicts that I(Q)-Xi(Q)-Q, we see
that the data points fall on a straight line passing through
the origin.

Simple spin-wave theory (see Sec. II) also predicts that
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the damping I should obey Eq. (12). Accordingly, we
liavc plotted, iii Fig. 7(c) tlic vRllics of I, givcii by oiii' fii'ts,

against Q ln [kT!f2coo(Q)]. While oui i'csiilts Ri'c coil-
sistcnt wifli Eq. (12), tlicy do iiot cxcludc otllci' foriiis foi
the Q dependence of the damping.

We now turn to the temperature dependence of D,ff, As,
AG, and As+AG, shown in Fig. 8 for Q=0.07 A '. Re-
call [see Eq. (28)] that for RcuoggkT and I ~~kT,
A&+A~ corresponds to what is measured in R quasielastic
scattering experiment, such as our SANS study of paper I.
To obtain the results reproduced in Fig. 8, the four pa-
rameters Ag, AG, I, Rnd B~ff have bccn allowed to vaI'y

freely for all T~ 10 K. As pointed out above, there is no
discernible inelastic scattering at 10 K (see Fig. 6), so here
wc sct thc spin"wave amphtude Ag =0 Rnd varied only AG
to obtain the best fit.

The results shown in Fig. 8 have several important
features. Firstly, as T is reduced from Tc, the spin-wave
stiffness D,ff increases while the integrated spin-wave in-
tensity As falls roughly in proportion to T. This of course
is the behavior associated with a normal ferromagnet. At
T= 145 K, D,ff reaches its maximum value of 23 meV A,
after which it begins to decrease with decreasing tempera-
ture. Concomitantly, A~ drops much more slowly than it
would in an ordinary ferromagnet where As-T. For
T~ 70 K, the energy %coo D,rfQ b——ecomes comparable to
both the inverse lifetime of the spin-wave excitation and
the spectrometer resolution. Consequently, the results in
this temperature range should only be interpreted as
parametrizations of the data by the form defined in Eqs.
(25)—(27). Even so, it is interesting to note that D,rf does

~"'O.75 M"O. 25~75 "I686AIZ
0

Q=0.07 A-'

t0-

I I
I I

ilot vary sigiiificantly with T&65 K. Furthermore, thc
lntcgI'Rtcd lnclastlc lntenslty, glvcn by Ag, dccrcascs again
roughly ln pIopoxtlon to T. On thc other hand, thc clastic
component AG increases by an order of magnitude as T is
lowered from 80 to 10 K. Consequently, the large up-
swing, which characterizes both the integrated intensity
AG+A@ in Fig. 6 and our quasielastic SANS data,
described in paper I, is due to scattering which is elastic
on the scale of our 65 peV (FWHM) experimental resolu-
tion.

For this concentration, we have performed a brief sur-
vey of the inelastic scattering for T & Tc ——221 K. Figure
9 shows spectra collected at T=325 K. T11csc spcctIR
broaden as Q is increased, which is suggestive of ordinary
paramagnetic spin diffusion. To analyze the data, we
have used thc form

[AE(g,a))+85(a) )]
g20 [kf /

BQ BN
(29)

instead of Eq. (25). The spectral function F(g, m) is the
I.orentzian given by the simple theory of spin diffusion,
1.C.,

Fe0 75M 00 25 )75PI686A IP

l 1 I

ca G.8

~ Oe
E; = 4.5 meV

0=0.07A
Q=O. IOA '

In our fits, we have allowed A, A, and the elastic back-
ground amplitude 8 to vary freely. Apart from our choice
of the cross section (29), the resolution and background
corrections„and the fitting procedure itself are exactly as
described in Sec. III D. The solid lines in Fig. 9 represent
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FIG. 8. Temperature dependence of fitting parameters D,fg,

Aq, and AG for x=0.25
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FIG. 9. Inelastic spectra in paramagnetic phase for x=0.25.
These spectra have been corrected for a Aat background 1.5
counts/min. Solid lines represent calculated intensity based on
fits described in text. Inset shows fitted Lorentzian inverse am-

plitude A ' and half width I' plotted against g~.



SPIN CORRELATIONS AND REENTRANT SPIN-GI.ASS. . . . II.

the resulting theoretical spectra. Gratifyingly, the
I.orentzian half-width I", shown in inset (b) of Fig. 9, rises
with Q in a manner consistept with Eq. (31). The dif-
fusion constant A=10 meVA, which is comparable to
the spin-wave stiffness constants D found below Tc. The
inverse amplitude A ', shown in inset (a), also increases
with Q, as it should for ferromagnetic critical scattering.

D. x=0.20

T= 1 50 K

COLL: o o

This is the most iron-rich and consequently the most
ferromagnetic material that we have studied. Even so, the
Rc susceptibility HlcasurcHlcIlts indicate 8 sp1Il-glass tran-
sition at Tg=34 K. The Curie temperature Tc-342+5
K, which we find from a survey of the critical scattering
at Q=0.03 A ', is higher than the values of 280—293 K
given by bulk measurements. ' Again, this probably fol-
lows from slight differences among the Mn concentrations
of the samples studied.

Figure 10 shows energy scans taken at Q=0.06 A ' for
various temperatures below Tc. Well-resolved spin-wave
peaks are apparent in all but the lowest temperature (5 K)
data. As for x=0.25, the spin-wave energy first increases,
RIld subsequently decreases %ith decrcas1Ilg T. Hwvcvcr,

the excitations here are sufficiently sharp and energetic on
the scale of the experimental resolution that we can identi-
fy certain new features fmm direct inspection of the data.
Notably, comparison of Figs. 10(b) and 10(c) shows that in
addition to spin-wave softening, the quasielastic peak in-
tensity independently undergoes a twofold increase. This
of course justifies the use in our analysis of the nonstand-
ard form for 8 o/BQ Bco, Eq. (25), which includes a peak
at iris' =0 in addition to spin-wave sidebands at
~o=+D.wQ'.

In Fig. 11 we display the low-temperature evolution of
the Q=0.07-A ' spectrum. Note that the spin-wave
peaks cease to bc rcsolvRMC bet%'ccH 35 Rnd 20 K. Anoth-
er important point is that the range of energy transfers
over which inelastic scattering exists does not shrink no-
t1ccably %'ltIl TQ 35 K. Th18 suggests that Rs the spln-
glass regime is entered, the effective stiffness does not
vanish. Instead, the spin waves become highly damped.

Figure 12 shows inelastic scans for several Q at T=5
K. The spectra clearly become wider as Q is increased,
which demonstrates the dispersive nature of the thermal
fluctuations. We emphasize that the energy scale for these
fluctuations in the spin-glass regime is similar to the
spin-wave energy (at comparable Q) for the lowest tem-
perature (35 K) in the ferromagnetic regime.

The solid lines in Figs. 10—12 represent the results of
fitting the data to the theoretical cross section (25). Fig-
ure 13 shows the Q dependence of D,rfQ and y,f at
two various temperatures in the ferromagnetic regime.
For fixed T, elementary spin-wave theory gives an excel-
lent description of these data. Notably, the spin-wave en-

ergy iriaio(Q)=D, rfQ obeys the dispersion law, Eq. (15).
Furthermore, the damping I =y,riQ increases with Q in
a manner consistent with Eq. (12). Finally, at each T, the
spin-wave amplitude As (not shown) is independent of Q,
to within experimental error. Consequently, the integI'at-
ed inelastic intensity AzQ follows the familiar Q law.

In Fig. 14, we show the Q dependence of the results

FIG. 10. Evolution with temperature of 1nclast1c spcctia foi
Q=0.06 A ' and x=0.20. Corrections have been made for a
flat (Q- and E-independent) background. 100 monitor counters
corrcspond to coUnting times of roughlY 30 scc for (a), (c), and
(d), and I min for (b). Solid lines represent the results of fits to
the data.
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Hnes represent the cofnputed cross section resUlting from the fits
described in the text.
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FIG. 12. Evolution with Q of spectra collected at T=S K for
x=0.20. The background signal subtracted is 2.4 counts/min.
Solid lines represent the computed cross section resulting from
the fits to Eq. (25) with D,ff allowed to vary freely. Dashed line

in (b) corresponds to fit with D,ff fixed at zero.

from our fits to data collected near and below the cross-
over temperature Tg-30 K. Even though no resolvable
spin-wave peaks exist for T & T», spin-wave theory is con-
sistent with these results, which must only be regarded as
parametrizations of the data. Interestingly, the spin-wave
damping and stiffness parameters do not change signifi-
cantly below Tg, while As scales in roughly linear fashion
with T. In the range of experimentally accessible momen-
tum transfers, the dynamics in the spin-glass (SG) and
lower-temperature ferromagnetic regimes differ primarily
because of the larger damping in the SG regime.

The quasielastic scattering increasingly dominates the
spectra as T approaches zero. Figure 15 shows the Q
dependence of the amplitude factor AG. At temperatures
above 30 K, we find that AG is independent of Q, so that
the inelastic and quasielastic scattering intensities both
obey a Q law ouer the range of accessible Q. For T& 30
K, deviations from this law appear and the decay of the
quasielastic intensity AoQ is better described by a
power law Q with a & 2. However, the statistical errors
are such that AG ——c, where c is a Q-independent constant,
is not excluded as a possible interpretation of the data.

To assure ourselves of the significance of the above re-
sults, we have fitted some of the low-temperature spectra

I I

0.5 1,0
Q~(10 2

A ~)
FIG. 13. Q dependence of parameters describing spin-wave

spectra in ferromagnetic regime for x=0.20.

to Eq. (25) with D,tt held at zero. In this case, only &o,
As and 1 ff were treated as free parameters. Note also

that Fz(g, tu) becomes a single Lorentzian, centered at
co=0 and with half-width y,ttQ . The dashed line in Fig.
12(b) indicates the computed cross section obtained from
this procedure for Q=0.07 A ' and T=S K. Note that
the data are in somewhat better agreement with the solid
curve, obtained from a fit where D,tt was allowed to vary.
Thus, the use of D,tt as a free parameter is justified even

at the lowest temperature studied.
To summarize our measurements on the x=0.20 sam-

ple, we show in Figs. 16 and 17 the temperature depen-
dence of the four fitting parameters for Q=0.06
A '. These results are qualitatively very similar to those
shown in Fig. 8 for x=0.25. However, the energy scale,
as measured by the maximum stiffness D,tt ——54 meVA
at T= 150 K, is more than twice that for x=0.25. As the
temperature is reduced from 150 to 50 K, the principal ef-

fects are a reduction in D,tt and corresponding increases
in As/T and I'. Below SO K, there is large growth in the
quasielastic scattering amplitude, and this accounts for
the upswing in the integrated intensity AG+Aq. For
T& 30 K, the spin-wave peaks become very broad.
Nonetheless, the fitted value for D,gf remains constant to
within statistical errors which increase considerably with

decreasing T. Furthermore, A~ now decreases towards
zero linearly with T. AG continues to rise sharply, and
exceeds A~ for T&25 K.
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FIG. 14. Q dependence of parameters describing inelastic
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above, we have carried out some high-resolution (DE=26
peV FWHM) measurements at temperatures below 30 K.
The important result is that in all of the spectra collected,
the central peak is resolution limited. We conclude that in
the RSG regime, this peak must be caused by spin fluctua-
t1OIlS %1th rClRX8t1OQ tlIDCS CXCCCdlQg 10 SCC.
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V. DISCUSSION

A. Dynamics of spin-glasses and random ferrimagnets

Considerable theoretical literature exists on the dynam-
ics of spin glasses without higher-temperature ferromag-
netic phases. The conventional analytical wisdom is
that at long wavelengths, propagating spin ~aves with a
linear dispersion law should exist, as in other systems,
such as antiferromagnets, where the order parameter does
not commute with the Hamiltonian. However, computer
simulations of Heisenberg spin-glasses described by the
Hamiltonian (7) where J„~ is a random variable with zero
mean, have produced no evidence for such modes.

Much less work exists on the dynamics of ferromagnets
which display spin-glass-like behavior at low tempera-
tures. Halperin and Saslow briefly considered the hydro-
dyllaIllic modes ill wliat may bc called R 1alldoII1 fcrrlmag-
net. Such a system is characterized by both a nonvan-
ishing net magnetization and random static fluctuations in
the spin direction and displays two kinds of (gapless) hy-
drodynamic modes. Not surprisingly, the first is an SG-
like mode with linear dispersion law, while the second cor-
responds to ferromagnetic magnons with quadratic disper-
sion. Fischer ' has recently studied the dynamics of the
random ferrimagnet in greater detail and reached essen-
tially the same conclusions as Halperin and Saslow. How-
ever, he also found that the ferromagnetic mode, even
while retaining its quadratic dispersion, can be damped
quadratically rather than quartically, as is usually the
case. We add parenthetically that Gabay and Toulouse
have found that the reentrant SG state discovered by Sher-
rington and Kirkpatrick (SK) for their Ising model be-
comes a random ferrimagnet in the Heisenberg version of
the SK model.

On the numerical side, Krey ' has performed a study of
the T=O spectral function S(Q,co) for Eu„Sri „S. In
this work, very broad peaks, with positions described by a
ferromagnetic dispersion law, were found at large momen-

ta Q. As
~ Q ~

was decreased below 0.4 (in reduced lattice
units), the widths of these peaks became comparable to
their energies, and the primary feature in S(Q,co) was an
intense quasielastic peak, as seen in the inelastic neutron
scattering measurements. Again there was no evidence
for a propagating spin-wave mode obeying a linear disper-

sion law at small Q.
Thc lnclastlc spcctla foi' (Fci „Mn„)7gPI686A12 ill tllc

RSG regime are very similar to those computed for
Eu„Sri „S by Krey. Namely, we find sharp quasielastic
peaks coexisting with inelastic scattering which can be at-
tributed to highly damped ferromagnetic spin waves. Of
course, our data are also consistent with the analytical re-
sults for a random ferrimagnet, where a highly damped
FM-like spin-wave mode is predicted. However, the bulk
measurements indicate the absence of a net FM moment
at the lowest temperatures. Hence it is unlikely that the
inelastic scattering in the RSG regime is due to true FM
modes. At higher temperatures, spin-wave peaks coexist
with resolution-limited quasielastic scattering (see Fig.

If this second branch is indeed what we have observed for
x=0.35 at finite fields (Fig. 3), we can place an upper
bound of 2 meV A on c.

B. Random-field model and spin dynamics

In paper I, we presented a model for the crossover from
ferromagnetic to spin-glass behavior in random magnetic
alloys like (Fei „Mn„)75PI686A12. The model is based on
a decomposition of the spin system into spin-glass (SG)
and ferromagnetic (FM) networks, containing spins which

we labeled as o.; and Sz, respectively. The SG network is
defined to be frustrated with respect to the FM network.
Operationally, this means that if the FM network is fully
ordered, the ground state of the SG network is sufficiently
degenerate so that a freezing process involving substantial

relaxatlon times can occul aIDong t4e 0J. Once this

freezing occurs, the o; impose a random field on the SJ.
Random fields are known to destroy magnetic order in
three-dimensional, short-range coupled systems. The
magnetic Bragg reflections observed by neutron diffrac-
tion are converted into diffuse scattering of the form'

+8
Q

2 +~2

1

Q2+ 2

10), and the FM moment is nonvanishing. Here it would
be more reasonable to identify the magnetic state as a ran-
dom ferrimagnet, or equivalently, a Gabay-Toulouse (GT)
state. Within this interpretation, the central peak in our
spectra corresponds to randomly frozen spin fluctuations,
while the inelastic peaks are derived from the hydro-
dynamic spin waves associated with the net FM moment.
Needless to say, the phase diagram shown in Fig. 1 would
be complicated by the addition of a boundary separating
RSG from Gabay-Toulouse states. Also, random-field ef-
fects, as described in paper I, would destroy the FM order
in the GT state, and thus make the GT and RSG states in-
distinguishable.

An important conclusion of the analytical work is that
in spin-glasses and random ferrimagnets, there is a
(Heisenberg) symmetry restoring mode obeying the linear

dispersion law Irioio ——c
~ Q

~

. We have found no evidence
for such a mode (with c&0) in the ferromagnetic and
spin-glass regimes of all four of our samples. There is of
course always the possibility that such a mode actually ex-

ists at very small Q, but that it is overdamped in the range
of momentum transfers accessible in our experiinents.
Another interpretation is that our experimental resolution
is too coarse, and the order-parameter scattering at co=0
too strong, to allow direct observation of the Halperin-
Saslow modes. However, if the modes were to exist, an
applied magnetic field H would lift the degeneracy be-
tween them to yield two excitation branches. The results
are the same as for an antiferromagnet in an applied field.
For small H, the first mode is still described by
fuuo ——c

~ Q ~, while the second is characterized by the
disper sion Ielation

(32)
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QEA(t) =eoexp( —
I
t

I «o) . (35)

As discussed in paper I, QE& induces a random field on
the spins S; through the exchange bonds also responsible
for frustration. For T & Ts, this random field h; is time
dependent and has autocorrelations

(h (t') 11.(t)) =Ii'5 "exp( —
~

t' t
~

lro)—(36)

While there exists a substantial body of literature dealing
with static random fields, ' to our knowledge, no work ex-
ists on the subject of random fields with finite relaxation
times. Consequently, we give here some speculations on
the spin dynamics of a normal Heisenberg ferromagnet in
the presence of time-varying random fields h(r, t) satisfy-
ing Eq. (36).

At wave vectors Q such that the inverse relaxation time
~o

' is considerably smaller than the spin-wave frequency

too(Q), the spins should respond to h(rt) mu, ch as they
would to a static random field. We therefore expect to see
quasielastic scattering with Q dependence as given by for-
mula (33). The width of an energy scan through this
scattering should simply by the inverse autocorrelation
time ro for the random field. As far as the spin waves
are concerned, they are propagating through a medium of
randomly distributed static scattering centers. In analogy
to meany other situations where waves propagate through

Our random-field model for the SG-RSG crossover
provides a natural explanation for many experimental
features common to a wide variety of magnetic alloys,
ranging from insulating Eu„Sr, „S to metallic
Fe~Cri „.' In particular, it accounts for the nearly
identical results obtained for all RSG alloys in quasielastic
neutron scattering measurements. At first glance, the sit-
uation as far as neutron scattering studies of spin dynam-
ics are concerned seems less universal. Thus far, only
the inelastic measurements on the metallic systems
Fe„Aul „, Fe„Cri „, (Fei „Ni„)7qPi686A13, and
(Fei Mn„)7sPi686A13 have explicitly demonstrated the
appearance, and subsequent disappearance of FM spin-
wave peaks with decreasing T. However, these Fe-based
alloys are also the RSG systems with by far the highest
Curie temperatures. Furthermore, their low-temperature
spectra, which consist of a sharp quasielastic peak coexist-
ing with relatively broad inelastic scattering, are very
similar to the inelastic spectra for Eu„Sri „S. We there-
fore believe that with improvements in spectrometer reso-
lution and discoveries of insulating, or at least non-
itinerant, magnetic alloys with higher Curie tempera-
tures, it will become apparent that the spin dynamics of
RSG systems are as universal as the statics.

We turn now to the implications of our random-field
model for the spin dynamics of RSG alloys. Recall that
one can define the time-dependent generalization of the
Edwards-Anderson order parameter for spins cr; in the
SG networks as

Q (t) =(;(0);(t)) (34)

For T above Tf, the glass transition temperature, QE~(t)
at large t is characterized by some finite relaxation time

0

'70, 1.e.,

random media, we expect the lifetime of the spin waves
here to decrease as the random-field amplitude rises.

For ro
' » too(Q), the ferromagnetic network will

respond as to ally wliite (frequency-independent) iloise.
Specifically, as energy is transferred from the noise source
to the ferromagnetic spins, the observed spin-wave ampli-
tude will increase, and the magnetization and stiffness will
decrease correspondingly.

%e now apply these ideas about time-dependent ran-
dom fields to the spin dynamics of RSG alloys like
(Fei „Mn„)75Pi686Alq. As the temperature is reduced
below Tc, the system should initially behave —at least in a
qualitative sense —like an ordinary ferromagnet. This
means that the magnetization M and spin-wave stiffness D
will both increase, while the spin-wave amplitude A, will
decrease. Following the description of paper I, the SG
spins o;, when considered independently of the FM net-
work, undergo a freezing process with some characteristic
temperature Tz ETC Ther. efore, reductions in T should
also lead to increases in the SG relaxation time ~0. Let us
consider the case where Tg ~T ~Tc and vo

' is larger
than the energies of observable spin waves. The primary
effect of increases in vo will then be an increase in As rela-
tive to what it would be in the absence of coupling be-
tween SG and FM networks. There should be a corre-
sponding decrease in M and D Becaus. e of the competi-
tion between this effect and the ordering tendency of the
FM network with decreasing T, we can expect a max-
imum 1n M and D at a temperature TM between Tg and
Tg 0

No major qualitative change in the form of the inelastic
spectra themselves needs to occur near T~, as long as ~0

—1

is still larger than too(Q). However, as T approaches the
SG freezing point Ts, ro must by definition become very

large. Thus, for the relatively large Q studied in experi-
ments such as ours, coo(Q) »~o '. According to our dis-
cussion of time-dependent random-field effects, the inelas-
tic spectra in this case will display a quasielastic com-
ponent, in addition to the usual spin-wave peaks. The
quasielastic component should decay with Q according to
the random-field form, Eq. (33), which at large Q is sim-

ply BQ . Another important change which occurs as
T~Ts is that the time-dependent random field, imposed
by the SG network, appears static to the spin waves, with

the result that the effective damping I (Q) increases.
An important driving mechanism for the changes in the

spin dynamics as T approaches Ts from above is the cou-
pling between the relaxation processes among the SG
spins and the spin waves in the FM network. Once SG
order is established, i.e., the relaxation time vo has
diverged, the remnants of FM spin waves will of course
still be coupled to the finite frequency excitations of the
SG network. However, these excitations in pure, nonfer-
romagnetic, spin-glasses are well known to have very low
characteristic frequencies. Therefore, the spin-wave —like
excitations among FM spins at Q »x will essentially be
decoupled from tlie SG excltatioils. T11is liiiplles tliat, as T
is reduced in the RSG phase, no substantial change in the
parameters D and I describing the inelastic part of the
spectra (for Q»a) is expected. At the same time, the



amplitude Aq should simply be proportional to T. We
emphasize that the observation of spin-wave-like features
in neutron scattering spectra collected at finite Q by no
means indicates the presence of long-range FM order, as
has recently been suggested in the context of RSG
behavior in FC„AU1

The qualitative picture presented above is an excellent
agreement with our data for the x=0.25 and 0.20 alloys.
Notably, it accounts for the maximum in D which occurs
at a temperature TM well above the characteristic tem-
perature Ts for the FM-RSG crossover. Furthermore, it
explains why significant quasielastic scattering, obeying a
Q law is present at T larger than Tf but less than T~.
Finally, it provides some insight into why the spin dynam-
1cs do not change noticeably w1th T (Tg.

Very recently, Continentino" has considered a fer-
romagnet where the spin waves are coupled to an ensem-
ble of two-level systems, which might represent the
"decoupled clusters" in our treatment of the RSG prob-
lem. He also finds that the spin-wave energies and life-
times dccrcasc with T. However, bccaUsc his model, Un-

like ours, does not explicitly couple all three "ferromag-
netic" spin components to the two-level systems, he fails
to predict the central peak which coexists with the spin-
wave sidebands in our data.

Before concluding, we comment briefly on our field-
dependent measurements for x=0.35. As the applied
field H was increased froin zero, most of the quasielastic
scattering disappeared while inelastic sidebands developed
at E =+gp&II, independent of the momentuin transfer.
It is likely that this absence of noticeable dispersion arises
because at this x, many spins reside in small ferromagneti-
cally coupled clusters, frustrated with respect to each oth-
er. By small we mean smaller than the size corresponding
to the largest momentum transfer (Q=0.1 A ') probed.

VI. SUMMARY AND CONCI. USIONS

We have performed inelastic neutron scattering mea-
surements on amorphous (Fei „Mn„)75Pi686A1& for four
manganese concentrations near the crossover from fer-
romagnetic to spin-glass-like behavior. Table I lists these
concentrations, and corresponding spin-wave parameters
and char'acteristic temperatures given by our data. For
x=0.35, which is on the spin-glass side of the phase dia-
gram (see Fig. 1), the spectra were dominated by a
resolution-limited quasielastic peak, and no evidence was
found for propagating modes. The other samples
(x=0.30, 0.25, and 0.20) were on the ferromagnetic side
of the phase diagram. For all three, resolvable spin-wave
peaks werc observed at intermediate temperatures. Furth-
ermore, simple spin-wave theory gave an excellent account
of the Q dependence of the inelastic spectra. However,

the temperature dependence of the spin-wave parameters
was not in accord with simple theory. For example, the
spin-wave stiffness was found first to increase, and then to
deci'ease as T was reduced. As the spiii-glass i'eglilie was
approached, resolvable spin-wave peaks disappeared alto-
gether, and the spectra resembled those for the nonfer-
romagnetic spin glass with x=0.35. Accordingly, the
principal component of the low-temperature scattering
was a resolution-limited quasiclastic peak. For the most
iron-rich sample (x=0.20), true inelastic scattering sup-
plemented this central peak, even at 5 K. Furthermore,
direct inspection of the data near the FM-SG crossover
showed the coexistence of quasielastic magnetic scattering
with well-resolved spin-wave peaks. Over the range of
momentum transfers probed (0.04(Q(0.08 A '}, the
central peak intensity I always decayed according to a
power law Q with a) 2.

Our previous paper, which dealt with the instantaneous
spin correlations in (Fei Mn„)75Pi6B6A13, contained a
heuristic model, based on random-field effects, for the
FM-SG crossover. In the present paper, we have dis-
cussed the implications of this model for the spin dynam-
ics of RSG alloys. The reduction of the spin-wave stiff-
ness with temperature, and the appearance of a central
peak in the spectra are easily explained within the context
of our random-field model. We emphasize that in the fer-
romagnetic regime, the random field in question is time
dependent, and the FM-SG crossover occurs because the
autocorrelation time for this random field becomes very
large.

Considerable work on RSG dynamics remains to be
done. On the experimental side, ultrahigh resolution neu-
tron scattering measurements of the central peak in an al-
loy such as (FeosoMn020}75Pi686A13 would be very in-
teresting. According to our random-field model, this peak
should acquire a finite width in energy which grows with
temperature above the SG-FM crossover. On the theoreti-
cal side, studies of spin dynamics in both static and time-
varying fields are clearly needed.
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