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Observation of ferromagnetic spin waves in a "reentrant" Ni-Mn alloy
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Neutron scattering measurements in a "reentrant" Ni-Mn alloy reveal well-defined spin waves at all

temperatures below T, (330 K), particularly and for the first time, below Tf (40 K) the temperature of the
down turn in the ac susceptibility. The spin waves coexist with intense quasielastic scattering which

develops below —100 K, and the spin-wave damping, the stiffness constant, and the transverse suscepti-
bility are all enhanced. The results contradict the common hypothesis of a breakup of the infinite fer-
romagnetic network in the reentrant state at Tf.

Magnetic systems with competing ferromagnetic (FM)
and antiferromagnetic (AF) interactions such as Eu„Sr~ „S
(Ref. 1), Au~ „Fe„(Ref.2), and Pd~ „Mn (Ref. 3) usual-
ly freeze into a spin-glass (SG) state when positive and neg-
ative interactions roughly balance each other. When FM
bonds are predominant, long-range ferromagnetic order sets
in at a well-defined temperature, T, . Among the highly de-
bated questions in the domain of spin-glasses is that of the
behavior of these systems between these two limits close to
the critical threshold for ferromagnetic long-range order.
For intermediate composition, ac susceptibility (X„) mea-
surements exhibit a sharp increase at T, followed by a pla-
teau limited by demagnetizing effects down to a temperature
Tf where the ac susceptibility decreases again. While T, is

unambiguously ascribed to the onset of long-range order, Tf
has been tentatively associated with a breakdown of the FM
network and a transition to a spin-glass-like state. '

Such a "reentrant" behavior is indeed found in the
Sherrington-Kirkpatrick model for Heisenberg spins. The
calculated phase diagram shows transitions from FM to-
wards two mixed phases associating ferromagnetism and a
SG freezing of the transverse components of the spins.
Whether the real systems follow this pattern remains
controversial. It should be noted that X„, being strongly in-
fluenced by the onset of anisotropy and hysteresis behavior,
cannot give unambiguous information. ' However, the ex-
istence of a change in the magnetic state, when the tem-
perature is further reduced below T„ is strongly suggested
by small-angle neutron scattering experiments which reveal
in all these systems an anomalous increase of the scattering
below a characteristic temperature Tf higher than Tf.
The nature of the low-temperature state below Tf remains
unclear. Recent Mossbauer studies on Aul „Fe„(Refs. 9
and 10) shed some light as a progressive canting of the
spins was evidenced below Tf, No evidence for a sharp
transition could be found. Inelastic neutron scattering in
the Fe ~ „Cr„system" revealed well-defined spin waves
below T, in the FM state. However, an anomalous decrease
of their stiffness constant was observed on further reducing
the temperature and no spin waves could be detected in the
presence of the quasielastic peak. More recent results on
the amorphous Fe-Ni alloys" show that the spin waves and

the quasielastic peak coexist in a restricted range of tern-
perature. However, at lower temperature, below the down-
turn of the ac susceptibility, the spin-wave spectrum is
found to collapse. " These results are held as indicating a
breakdown of the long-range ferromagnetic order at low
temperatures. "'

In the following, we present a closely similar inelastic
scattering study of a Ni784Mn2~6 polycrystalline alloy. Ni-
Mn alloys are good examples of competing interactions sys-
tems: Their magnetic phase diagram, derived from ac sus-
ceptibility data, is quite similar to those of the other reen-
trant systems. For Mn concentrations CM„= 27-30 at. '/0

they behave as normal spin-glasses exhibiting a peak in the
ac susceptibility and usual remanence properties. ' For
20 ( CM„( 26 at. '/0 the X„data show the typical plateau
between T, and Tf (Ref. 14): For the Ni784Mn2~6 studied
here by neutron scattering T, = 330 K while Tf ——40 K (Ref.
15). In contrast to previous studies, we observed well-
resolved spin waves down to the lowest temperature, in par-
ticular, well below Tf, which demonstrates that the long-
range ferromagnetic order is preserved at all temperatures.
Below T = 100 K, the spin waves coexist with the usual
characteristic quasielastic scattering. No decrease of the
stiffness constant D is found when the spin waves are
described by a damped harmonic oscillator (DHO) function,
while a decrease of D is indeed found when using a double
Lorentzian (DL) model.

Inelastic neutron scattering measurements were carried
out on cold source three-axis spectrometers: 4 F at the reac-
tor ORPHEE in Saclay and IN 12 at the high-flux reactor of
the Institut Laue-Langevin in Grenoble. On IN 12 we used
neutrons of incident wave vector 1.4 A '. Inelastic scatter-
ing has been measured at scattering vectors Q = 0.04, 0.045,
0.055, 0.065, and 0.075 A. ' between room temperature and
1.4 K. Careful attention has been paid to the subtraction of
the background and nuclear scattering and to the calculation
of the effective Q values. ' A set of corrected data for
Q =0.055 A is presented in Fig. 1 in order to illustrate
the temperature dependence of the scattering. Weil-defined
spin waves are observed in the whole range of temperature
down to T = 16 K. When the temperature is lowered below
180 K, an apparent shift of the spin-wave energy towards
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—1FIG. 1. Inelastic spectra for Q =0.055 A ' at several tempera-
tures: T = 180 K (+); 120 K (0); 100 K (6); 80 K {& ); 58 K (Q );
38 K (V). The background and nuclear scattering have been sub-
tracted. Spin waves are observed at all temperatures. Below about
100—120 K they coexist with a quasielastic scattering. The lines
drawn through the data are calculated intensities using the damped
harmonic oscillator model (see text). The left insert shows ihe de-
tailed variation of the inelastic scattering in the energy range
—0.08-0.03 THz at temperatures below 58 K. The right insert
shows the temperature dependence of the integrated intensity I of
the quasielastic scattering. The line drawn is a guide to the eye.

lower values is observed, associated with an increase of
their linewidth. However, at lower temperatures, below
about 70 K, the spin-wave energy is found to increase again.
Below about 100—120 K a quasielastic scattering appears
whose intensity increases rapidly as the temperature de-
creases. Spin waves coexist with the quasielastic signal at all
temperatures belo~ —100 K.

The scattering cross section for magnetic coherent inelas-
tic scattering from a FM can be expressed as'

S(g, co) = A xg(~ = 0)FQ(~)
1 —exp( tru/ks 'r)—

In the limit hew « k~T which is satisfied in our experi-
ments, Eq. (1) reduces to

S(g, cu)~ Txg'(o) =0)Fg'(o))

where Xg'(co=0) is the transverse part of the susceptibility
response to a static sinusoidal field of wave vector Q, and
Fg(cu) is the spectral function which describes the dynamics
of the system (dispersion and damping) and obeys the sum
rule f Fg'(cu) des = 1. In the FM state we can then
describe the scattering by using three parameters Xg, D, and
I, where D is the stiffness constant of the spin waves which
obey the dispersion law cotz=DQ and I' is their intrinsic

linewidth. Unfortunately, there is no definitive formulation
for spectral function F~(cu). We have analyzed our data
with the two commonly employed forms, namely, the dou-
ble Lorentzian (DL),

FQ (gp)
= 7T

2 2
+1 I r

2 2 (2)(~ —~g)'+I' (o)+o)g)'+I']
and the damped harmonic oscillator (DHO),

Fg(cu) =— (3)
(o) —a&

2 )2+ co 21 2
0

To analyze the quasielastic peak which appears below
T = 100 K we used a Lorentzian shape, namely,

S,(g, ~)=- ID
(4)

M +I 0

yielding two supplementary parameters I and I 0 which
describe, respectively, the integrated intensity and the
linewidth. The parameters were then adjusted in order to
get the best fit to the data. The lines drawn in Fig. 1 are
the results of the convolution of Eq. (I) with the spectrom-
eter resolution using the DHO form to Fg(cu). (The choice
of the DL form gives fits of similar quality. ) As for the
spin ~aves a comparison of the results obtained for dif-
ferent Q values at a given temperature shows that a quad-
ratic law cu~=DQ accounts for the data in the whole tem-
perature range.

The temperature dependence of the stiffness constant
evaluated through the DHO and the DL models is sho~n in
Fig. 2(a). The two fits yield different values of D when the
spin-wave linewidths are comparable to their energy [see
Fig. 2(b)]. When using a DL model we observe a decrease
of D between 180 and 80 K which corresponds to the obser-
vations in other systems"' using the same model. Howev-
er, in the same temperature range the choice of the DHO
form yields a constant D value as already noticed. ' In the
present case, as distinct from all previous studies, "' ' fur-
ther lowering of temperature below —70 K shows a re-
markable increase of D. It is important to note that this in-
crease in D is seen irrespective of the spectral form used in
the analysis. The spin-wave linewidth I [Fig. 2(b)] reaches
a constant minimum value between 180 and 240 K. At
higher temperatures I increases as expected in a FM when
approaching T, but I also increases progressively at lower
temperatures and reaches a maximum value somewhere
between 60 and 100 K. At a given temperature, I increases
rapidly with g. However, because of the limited Q range of
the data, no simple law relating I and Q could be estab-
lished with certainty. An anomalous increase of the
linewidth has also been observed in the Fe-Cr and amor-
phous Fe-Ni systems. ""The static transverse susceptibili-
ty Xg obeys a I/Q law at all temperatures in the
experimental-Q range, as in usual FM, but shows an
anomalous temperature dependence [Fig. 2(c)]. The quan-
tity W = Xg Q2 which is usually constant below T„progres-
sively increases in the present case below 180 K and reaches
a constant value below 100 K.

Another interesting feature of the data is the appearance
of quasielastic scattering below —100 K which we denote as
TJ. (to be compared with T~ —40 K, the reentrance tem-
perature). The linewidth of the quasielastic scattering de-
creases as T is lowered and becomes resolution limited
below 40 K. Its integrated intensity increases when the
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FIG. 2. Temperature dependence of (a) the transverse static sus-
ceptibility as deduced from the fits using the DHO model and as-
suming X~ = W/0, (b) the spin-wave damping for 0 = 0.055 A

(DHO model), and (c) the stiffness constant evaluated through the
damped harmonic oscillator (DHO) and the double Lorentzian
(DL) model. The lines are guides to the eyes. The error bars,
when not indicated, are included in the size of data points.

temperature is lowered. As already pointed out for the oth-
er reentrant systems, '8 the simple law I~ (Q +K )
where E is the inverse of a correlation length, cannot ac-
count for the Q dependence of the integrated intensity. In
the present case, the experimental Q range is too restricted
to ascertain any other law.

The present results call for some comments on similar ex-
periments in Fe-Cr (Ref. 11) and amorphous Fe-Ni (Ref.
12), where no spin waves were detected at low tempera-
tures. A significant difference is perhaps that the stiffness
constant D in these systems is about half that in the present
Ni784Mn2~6 alloy, The nonobservation of spin waves below
Tf is possibly related to the fact that measurements were
made at Q values for which the spin waves are strongly
damped. For example, in the present experiment, no
resolved spin waves could be detected below 100 K for
Q ~ 0.075 A

In conclusion, we have observed we11-defined spin waves
in a reentrant ferromagnet at all temperatures below T, (330
K) particularly and, for the first time, below Tf, the tem-
perature of the down turn in the ac susceptibility which is
thought to mark the reentrant temperature. The spin waves
coeexist with a quasielastic scattering which appears below. a
temperature T ( —100 K) which is higher than Tf ( —40
K). At some intermediate temperature ( —70 K) between
T and Tf (neither of which are sharp) the spin-wave stiff-
ness constant shows a marked increase with decreasing tem-
perature, a feature which may or may not be particular to
Ni-Mn alloys. Thus, although the spin dynamics reveals
some anomalous features, namely, an increase of I and
X'(Q) below 180 K and an increase of D below 70 K, it
clearly contradicts the common assumption of a breakdown
of ferromagnetisrn at Tf made in earlier studies. "" The
persistence of ferromagnetic correlations is corroborated by
resistivity measurements which probe spin correlations on
the scale of the electron mean free path and show no ano-
maly either at T~ or at Tf. ' It is plausible that the so-called
reentrant state is simply a coexistence of SG and FM order-
ing as suggested by Gabay and Toulouse.
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