Low-temperature spin waves in amorphous Fey, , Ni Zryg
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Enelastic neutron scattering measurements have been performed on rapid-quenched ribbons of
Fegy_  Ni, Zr,, (x = 1,5,10) to measure the small wave-vector spin-wave spectrum. At gl
three concentrations a quadratic dispersion relation typical of an isotropic ferromagnet is
observed, but with anomalous properties at low temperatures. For x = 5 and 10 the excitations
are found to broaden considerably for temperatures <0.3 7,. For x = 1 the spin waves not
only broaden for 7<0.57,, but the spin-wave energies decrease monotonically with decreasing
temperature while 2 resolution-limited quasielastic component of the scattering develops.
These results are consistent with a picture of competing ferromagnetic and antiferromagnetic
interactions, with reentrant spin-glass behavior evident if the frustration is sufficiently strong.

The unusual compositional dependence of the magnetic
properties of the amorphous Invar Fe,,  Ni Zr,, system is
of considerable interest. Bulk magnetization and susceptibil-
ity measurements show a paramagnetic to “ferromagnetic”
transition at a temperature 7, thatdecreoses with decreasing
Ni content.! Furthermore, small-angle neutron scattering
measurements have shown’ that in the iron-rich limit the
spin fluctuations are correlated over relatively short ranges
of about 100 A, but static domains also exist which are ap-
proximately five times larger. These resuits indicate that the
phase below T, is not a true ferromagnetic state. The appear-
ance of an irreversible susceptibility below 7. ~80 K has
been interpreted as a transition to a spin-glass-like phase’
and the low-temperature magnetization fails to saturate in
fields as large as 19 T.> These observations have suggested
the description of amorphous Feyy Zr,, as a “wandering axis
ferromagnet” with a low-temperature asperomagnetic
phase.” This unusual magnetic ordering would be a conse-
guence of strong competition between ferromagnetic and an-
tiferromagnetic exchange interactions originating from a
distribution of Fe-Fe nearest-neighbor distances.'

The partial substitution of Fe by Ni modifies this distri-
bution, which can result in drastic changes of the magnetic
properties, and favors long-range ferromagnetic order. To
obtain a better understanding of how this transition to con-
ventional ferromagnetism occurs we have undertaken a pro-
gram to study the spin dynamics of Fe,, _  Ni, Zr,, for var-
ious Mi concentrations x. For x =3, 10, 20, we have
reported® the existence of well-defined spin waves with a
quadratic dispersion relation of the form

E, =I(T)q" + A (1)

In this equation D is the spin-wave stiffness parameter and &
is a small effective gap in the spectrim originating from di-
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polar interactions. The stiffness parameter I} renormalizes
with temperature as

D(T) =D(O)[1 —A(T /T, )", (23

as predicted by the magnon-magnon interaction theory of a
Heisenberg ferromagnet. The value £(0) increases with in-
creasing Ni content x. In addition, D(0) is consistently high-
er than the value estimated from bulk magnetization mea-
surements, as found in other Invar alloys. The temperature
dependence of the spin-wave intrinsic linewidths was found
to be in disagreement with the 7'* form predicted from the
two-magnon interaction theory.” Imstead the linewidths
were found to be independent of T'in the range 0.55<T /T,
<0.90, indicating that there are relevant spin-wave broaden-
ing mechanisms other than two-magnon interactions.

In this paper we report new results obtained at lower
temperatures for x = 5, 10, as well as results for 2 new sam-
ple with x = 1,

RESULTS AND DISCUSSION

The samples used in our experiments were amorphous
ribbous of Fe,,  Ni,Zr,, (x =1, 5, 10) prepared by the
flow casting technigue in vacuum. The ribbons, approxi-
mately 25 pm thick and 0.5 cm wide, were loosely wound
between two aluminum posts to produce flat platelike sam-
ples. The samples were then placed in a Displex closed-cycle
refrigerator. The neutron scattering experiments were per-
formed on the BT-4 triple axis spectrometer at the National
Bureau of Standards Reactor, with pyrolytic graphite (PG
002) crystals used as monochromator and analyzer. The
neutron incident energy was fixed at 3.7, 4.9, or 13.5 meV for
x =1, 5, and 10, respectively. In order to suppress higher-
order wavelength contaminations a filter (cooled beryllium
for E; = 3.7 and 4.9 meV, and PG for E, = 13.5 meV) was
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placed in the incident beam. Suitable Soller slit horizontal
collimators were chosen to produce energy resolutions AE
(FWHM) of 0.065 meV {E, = 3.7 meV), 0.08% meV (E,
=49 meV), or 0.40 meV (£, = 13.5 meV).

In analyzing the spin-wave data, excitation energies and
linewidth information were obtained by least-squares fitting
the inelastic scattering spectra to a parametrized theoretical
cross section convoluted with the instrumental resolution
function. Two forms of the spectral weight function were
used in this analysis: Double-lorentzian and damped har-
monic oscillator. Both forms of the spectral weight function
yielded qualitatively similar results and in this paper we
make reference only to the results corresponding to the dou-
ble lorentzian-type cross section.

(a) FegoNi;Zr,, (T, = 248 X))

Constant-g scans for wave vectors 0.04 A 1¢g<0.10
A~ at temperatures 0.04 7, <T<0.91 T, were taken for
FegoNi, Zr ,. Figure 1 shows the constant-g spectra obtained
forg =0.08 A ~'at 7= 10, 30, 50, 75, and 125 K. The peaks
for energy gain (E < 0) and energy loss (¥ > 0) correspond
to annihilation and creation of spin-wave excitations, and
the (resolution-limited ) peak at £ = G corresponds to elastic
and quasielastic scattering from the sample and environ-
ment. Due to resolution effects and the fact that our mea-
surements were performed with fixed incident energy, the
peaks on the energy-gain side of the spectra appear larger
than the peaks on the energy-loss side. The solid lines shown
in the figure are the result of the least-squares fits.

In the analysis of the inelastic scattering data for this
concentration, we have identified three different tempera-
ture regions, corresponding to 7 = 125-225 K (0.57,-
0.917,), 50-125 X (0.27,-0.57,), and 1G-50 K (0.047T -
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FIG. 1. Constant-g scans at ¢ == 0.08 A=Y for several temperatures for
amorphous Feg,Ni, Zr . The intensities bave been normalized to 5 monitor
counts ( =35 min). The solid lines are the result of the least-squares fit to a
double lorentzian-type cross section convoluted with the instrumental reso-
lution, as explained in the text.
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0.27.). In the 7= 125-225 K region, weli-defined excita-
tions that are consistent with the dispersion relation of Eq.
(1) are observed. In addition, the temperature dependence
of the stiffness parameter D is consistent with Eq. (2), with
D(0) = (24.57 + 0.72) meV A% However, in this region
the spin-wave intrinsic linewidths appear to be temperature
independent.

in the 7= 50-125 K region well-defined excitations
which are consistent with Eq. (1) are also cbserved. How-
ever, the stiffness parameter D decreases with decreasing
temperature with a concomitant increase in the damping of
the excitations, while the intensity of the resolution-fimited
peak at E = 0 increases considerably. This increase of the
guasielastic scattering intensity is associated with the devel-
opment of a spin-glass-order parameter.® Hence we find in
this region a coexistence of spin-wave excitations and spin
freezing phenomena, similar to that found in other “reen-
trant spin-glass” systems.’

Below T = 30 K no well-defined excitations can be iden-
tified. In this region the inelastic scattering spectra can be
well described either by overdamped spin waves with ener-
gies that continue to decrease with the decreasing tempera-
ture and collapse at 7= 10 K, or by a spin diffusion cross
section with no propagating features. In both cases the in-
elastic scattering coexists with the intense resolution-limited
peak at £ = §, which continues to increase with the decreas-
ing temperature.

(b) Fey NiZr,, (T, =306 K)

Constant-¢g scans for wave vectors 0.04 A~ ‘<q<0‘10
A~ Uin the temperature range 0.07 7, < 7<0.337, were tak-
en for this sample. Figure 2 shows the spectra obtained at
g =0.08 A "for T =20, 40, 60, 100 K. Atall temperatures
under study well-defined spin waves were identified that are
consistent with Eq. (1). Unlike the case for x = ! no indica-
tion of softening of the spin-wave modes at low temperatures
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FiIG. 2. Constant-g scans at ¢ = 0.08 A ' for amorphous FegNisZr,,. The
solid lines are from the fits.
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was observed, and the temperature dependence of the stiff-
ness parameter £ was consistent with Eq. (2) with
D(0) = (46.90 £ 0.72) meV A% In addition, the resolu-
tion-limited peak at £ = 0 showed no significant tempera-
ture dependence, unlike the findings for x = . The lower-
temperature excitatious, however, are considerably
broadened and this broadening is strongly ¢ dependent. This
low-temperature broadening causes the apparent increase of
the elastic peak intensity with decreasing temperature evi-
dent in Fig. 2.

{c) FegoNioZr o (7, =333 K)

Constant-g scans for wave vectors 0.06 A~ '<g<0.09
A~ and temperatures 0.067, <7<0.287, were taken for
this sample. At the lowest temperature studied (7= 20 K)
no excitations could be identified due to the coarse resofu-
tion of these measurements (AF = 0.40 meV) and the small
thermal population factor in the spin-wave cross section.
For all the other temperatures the resclts are qualitatively
similar to those for the x = 5 sample. Above 40 K well-de-
fined spin waves were identified, with no indication of soft-
ening at low temperatures. The spin-wave stiffness param-
eter D renormalized with temperature according to Eq. (2),
with D{(0) = (74.2 + 1.3) meV AZ Noindications of a low-
temperature elastic {(or resolutiop-limited quasiclastic)
component of the magnetic scattering were found, but the
spin-wave excitations broadened considerably at lower tem-
peratures.

In order to illustrate the enhancement of ferromagnetic
ordering by the partial substitution of Fe by Ni in
Fey,_ . Ni Zr,,, we have plotted in Fig. 3 theratio B /4T, vs
/T, forx =1, 5, 10, 20. The higher-temperature values of

D /ET, forx = 5, 10, 20 have been taken from our previous
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F1G. 3. Plotof D /KT, vs T /T, forFey,  Ni, Zrforx = 1,5, 10,20. The
decrease of D /T, with decreasing Ni content is indicative of strong compe-
tition between ferromagnetic and antiferromagnetic interactions.
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measurements. The solid lines are the result of least-squares
fits to the two-magnon interaction form of renormalization
of the stiffness parameter {Eq. (2}]. The ratio D /&T, is
directly related to the mean-square range of the exchange
interaction, and clearly decreases with decreasing x. The
substitution of Fe by Niincreases the average Fe-Fe distance
and thereby decreases the competition between ferromagne-
tic and antiferromagnetic interactions. A similar enhance-
ment of ferromagnetism has also been obtained Dy partial
substitution of Fe by Co and by hydrogenation. ' 2

The onset of the low-temperatore softening of the spma
wave energies for x = 1 occurs at a temperature (7= 125K)
considerably higher than the reported temperature where
FeyZr,, (no Ni) enters a asperomagnetic phase {7 =40
K ).’ The lack of low-temperature spin-wave softening for
x = § and 10 would indicate that, at these Ni concenirations,
the short-range asperomagnetic phase is gradually replaced
by a more aligned structure. The low-temperature broaden-
ing of the spin waves at these concenirations, however,
would indicate that there remains some noncollinearity of
the spins in the ground state. The origin of this broadening
might be the superimposition of spin waves and a diffusive
component, such as the elementary excitations of the non-
collinear configuration of spins suggested by Continenrtino
and Rivier.® These additional modes would cause zn addi-
tional 7 ** decrease of the magnetization and would explain
the discrepancy between the stiffness parameter 2(0} ob-
tained from neutron scattering and magnetization measure-
ments.
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