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Softening of the phonon spectrum below the magnetic-phase-transition temperature
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Mossbauer studies of "Fe in DyFe, and YFe, at temperatures 0.5 T, & T & 1.1 T, were performed. Giant dips in

the temperature dependence of the recoil-free fraction and the thermal shift were observed below T, in DyFe, .
In YFe, a regular flat behavior was observed. These results are interpreted as evidence for the large influence

of the spin fluctuations on the phonon spectrum through the huge magnon-phonon coupling present in DyFe,
and absent in YFe,.

It has recently been shown' that in magnetostric-
tive materials in the magnetic critical region spin
fluctuations influence the phonon distribution and
cause sharp changes in the ultrasonic attenuation
coefficients. Other physical quantities which are
sensitive enough to the phonon distribution should
show similar phenomena. Two such quantities,
which are measurable by the Mossbauer technique,
are the Mossbauer recoil-free fraction' (f ) and
the second-order Doppler shift (5).' In crystals
with no magnon-phonon coupling the temperature
dependences of f(T) and 5(T) are smooth mono-
tonic decreasing functions of temperature. How-
ever, if a strong magnon-phonon coupling is pres-
ent, one may expect the spin fluctuations near the
critical temperature (T,) to influence the phonon
distribution and affect both f(T) and 6(T) We re-.
port here an experimental observation of this phe-
nomenon.

The material chosen for this study was DyFe,
because it has a large magnetostrictive coupling
constant. ' For comparison YFe, was chosen, as
it is a crystallographically equivalent and mag-
netically similar material but shows very low
magnetostriction. In practice we used samples of

Dy0»Tb0 „Fe,and Y, »Ho0 „Fe,which both have
the easy axis of magnetize. tion along the [001] axis.
This guarantees simple symmetric six-line spec-
tra. '

Mossbauer studies were performed on "Fe in
the temperature range 300-700 K. From these
studies the Curie points were determined to be
T,(Dy, »Tb, „Fe,) = 638+3 K, and T,(Y, »Ho, »Fe, )
= 554 + 3 K.' Some of the Mossbauer spectra. ob-
tained are displayed in Fig. 1. One observes in
Fig. 1 that for T & T, the spectra are composed of
one symmetric well-resolved six-line pattern,
though the quadrupole interaction is nonzero (—,eqQ
is 0.15 mm/sec for DyFe, and 0.2 mm/sec for
YFe, at 300 K). Such a pattern is expected when
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FIG. 1. Mossbauer spectra of Fe in Dyp p5Tbp p5Fe2
(26 mg/cm ) (a), and Yp 95Hop p5Fe2 (31 mg/cm ) (b). The
solid curves represent theoretical best fit spectra com-
posed of six Lorentzian absorption lines.

the magnetization is along the cubic [100] axis. '
As the temperature is raised towards T, the mag-
netic splitting decreases to zero, the quadrupole
interaction also slightly decreases, but the spectra
stay symmetric proving that the easy axis of mag-
netization is [100] up to T,. The broad line ob-
served at 1.02T, is consistent with the presence
of a quadrupole interaction. Above T, the quadru-
pole interaction slightly increased. We determined
T, as the point where the spectrum reached its
minimum width. The fact that this determination
agrees so well with magnetization measurements'
proves that the method is valid and that no changes
occurred to our sample while the temperature was
raised. The center shift of the spectra was deter-
mined by two methods, direct center of mass cal-
culation and from the six-line least-square-fit
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procedure. Close to T, only the first method could
be applied. This method is justified for symmetric
spectra even if intensity saturation effects are
present.

In addition to the ordinary Mossbauer spectra,
the integrated (over the velocity range of the Moss-
bauer spectra) transmitted intensity through an
opening angle of 1' was recorded by the method
described in detail in a previous publication. ' In
Fig. 2 we present the integrated transmitted in-
tensity (corrected for -90/p background'), 2(a),
and the area under the Mossbauer absorption
curve 2(b) as a function of temperature. We ob-
serve in Fig. 2(b) that in DyFe, below T, a, sharp
decrease in resonant absorption occurs, accom-
panied of course by an increase in transmitted in-
tensity, Fig. 2(a). In fact, Figs. 2(a) and 2(b) yield
the same information, however, Fig. 2(a) is ob-
tained with much less effort. Since the Mossbauer
absorbers were not very thick (-0.2 mg/cm' "Fe)
the area under the Mossbauer absorption curves
is approximately proportional to the value of the
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FIG. 3. The temperature dependence of the center of
gravity of the 1VCossbauer spectra.

recoil free fraction f(T). A numerical estimate
of the absolute value of f(T) in DyFe, and its
changes according to Fig. 2(b) show that f(0.6T,)
-0.6 and f(1.1T,)-0.6, whereas f(0.9T,)-0.2.
These results imply that in the region of 0.9T„
strong effective softening of the phonon spectrum
occurs. ' As observed in Figs. 1 and 2, the YFe,
system shows no anomaly in the whole temperature
range, leading us to believe that the observed phe-
nomenon is to be associated with the large mag-
netostrictive coupling present in DyFe, and absent
in YFe,.

The large change in the phonon distribution in

DyFe, should also influence the thermal shift
[6(T)].' This shift is experimentally determined
by measuring the center of gravity of the Moss-
bauer spectrum. Our results show that in the
region where phonon softening occurs the thermal
shift does change drastically (Fig. 3). As expected,
no anomaly in the thermal shift was observed for
YFe, (Fig. 3).

In order to express the observed phonon soften-
ing in some quantitative manner let us present
f(T) and 6(T) in the Debye-model approximation,
though we do not imply that this model should
really describe the phonon distribution in the RFe,
systems. In the Debye model approximation f(T)
and 6(T) can be expressed by simple closed form
formulas
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FIG. 2. (a) The transmitted intensity (normalized to
room-temperature transmission) as a function of tem-
perature. (b) The temperature dependence of the area
under the Mossbauer absorption spectra, normalized to
the area at room temperature.
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E, is the Mossbauer-transition y energy, M is the
mass of the Mossbauer nucleus, R is the recoil
energy of a free nucleus, and 0 is the Debye tem-
perature. One observes that f(T} and 5(T) are in-
deed smooth monotonic decreasing functions of
temperature, in particular for T &0 one obtains

f(T) = exp [-(6R/k8) (T/6)]

6/Eo = —(3kT/2Mc') [1+-' (6/T)'] .

Using the Debye formula for f(T) (assuming 6
-300 K) the decrease in f at 0.9T, can be inter-
preted as a decrease in the effective Debye tem-
perature by about 40%. The decrease in 8 is not
consistent, according to Eq. (2}, with the observed
direction of the change in 5(T).

Thus we are led to the conclusion that our ex-
perimental observations of 5(T) and f(T) cannot be
explained in a consistent way within the Debye-
model approximation. In fact, it was suggested'
that the observed change in 5(T) can be a result of
changes in the isomer shift produced by the re-
arrangement of conduction electrons when magnetic
order sets in. However, it is also known' that
the magnetostrictive coupling should introduce
changes in the thermal shift below T,. Thus the
origin of the irregular behavior of 5(T) is not yet
clear.

The irregular behavior of f(T), 5(T), and eq(T)Q
in pure TbFe„HoFe„andErFe, reported by

Kimball et aL' agrees well with our observations.
The change in the electric field gradient at T, is
probably due to the disappearance of the magneto-
strictive distortion.

Though a detailed theory of the effects of the
magnon-phonon coupling on f(T) still does not exist
we can understand the experimental decreases of
f(T) below T, qualitatively. Below T, the spin
fluctuations coupled to the phonon bath introduce
new channels to absorb the recoil energy of the
Mossbauer nucleus. The density of the spin fluc-
tuations decreases as T decreases and thus f(T}
increases again at low temperatures.

Our measurement of f(T) in DyFe, and YFe, does
indicate that in systems in which large magneto-
striction is present effective phonon softening is
expected below T,.' It is obvious that this phe-
nomenon can be studied also by measuring other
physical quantities such as x-ray and neutron-dif-
fraction line intensities, specific heat, sound ve-
locity, and sound attenuation coefficients. How-
ever, the measurement of the temperature depen-
dence of the Mossbauer recoil-free fraction is ex-
tremely simple if one uses the "integrated inten-
sity" method suggested in the present paper. Our
present results should also encourage theoreticians
to work out a full theory of the magnon-phonon cou-
pling effect on the temperature dependence of the
Mossbauer recoil -free -fraction parameter.

We are grateful to S. G. Cohen for his helpful
suggestions and comments.
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