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Mossbauer study of crystallographic and magnetic phase transitions, phonon softening,
and hyperfine interactions in Zr(A1„Fet „)2
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Mossbauer-spectroscopy studies of ' Fe in Zr(Al Fe& „)2 (x =0—0.825) at various temperatures, from
90 to 612 K have been performed. For x (0.25 the systems are of cubic Laves phase structure and or-
der magnetically above room temperature. Above x =0.25 the systems have a hexagonal structure and
do not order magnetically above 90 K. The Mossbauer spectra in the paramagnetic state are all very
well described by a model that assumes that the isomer shift and quadrupole interaction are linearly
dependent on the number of Al first-nearest neighbors to the iron nucleus (0.056 mm/s and —7% per Al
neighbor, respectively). The samples x =0.083, 0.167, and 0.20 according to the measured Mossbauer
recoil-free fractions, display increasing phonon softening. The efFective Debye temperature decreased
from OD =440(30) K for x =0 to OD =310(30) K for x =0.2. The compounds with x &0.25 harden
again and OD increases to 395(20) K.

I. INTRODUCTION

The rare-earth or Zr Laves phase compounds exhibit a
wide variety of magnetic phenomena. ' Mixed systems of
the Zr(A1 Fe, )2 type exhibit ferromagnetism, spin-
glass structure and crystallographic cubic (C15)-
hexagonal (C14) phase transitions. Recently it was sug-
gested that Zr(Al Fe, )2 may also exhibit phonon
softening for low values of Al concentrations. Since
Mossbauer spectroscopy of Fe yields information on
crystallographic structure (through quadrupole interac-
tions), on magnetic order (through the magnetic
hyperfIne interactions), and on local vibrational ampli-
tudes (through the recoil-free fraction), it was tempting to
study in great detail Zr(A1 Fe& )2 in a wide range of
temperatures and compositions.

arc-furnace remeltings. One of the samples (x =0.2) was
measured before and after annealing at 1000 'C for
several days. The Mossbauer spectra were not sensitive
to the allotropic transformation or to the annealing pro-
cedure. The Mossbauer studies of thin samples (less than
0.05 mg Fe/cm ) at temperatures 90, 298, 303, 423, 433,
and 612 K were performed using a constant acceleration
spectrometer and a 50-mCi Co:Rh radioactive source.
Some of the experimental spectra at 90, 298, and 423 K
are shown in Figs. 1 —3. The spectra at 612 K all look
like the high-x value spectra at 423 K.

III. ANALYSIS OF EXPERIMENTAL RESULTS
AND DISCUSSION

Spectra in the paramagnetic state

II. EXPERIMENTAL DETAILS

The Zr(A1„Fe& )2 (x =0, 0.04, 0.083, 0.167, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.825) intermetallic compounds were
prepared in an arc furnace under an argon atmosphere by
melting the weighted fraction of the pure metals on a
water-cooled copper hearth. The Laves-phase structure
of all the intermetallics was confirmed by x-ray
diffraction, and was in good agreement with previously
published results. ' There is a smooth transition from
the cubic MgCu2-type to the hexagonal MgZn2-type
structure at x =0.25. We were able to obtain a cubic
and probably a hexagonal allotrope of the
ZI (Ala s25Feo f75 )p compound monitored by the number of

The Mossbauer spectra in Figs. 2 and 3 in the
paramagnetic state (x + 0.2) display a gradual change in
the shape as a function of x. The spectra were analyzed
as composed of seven subspectra corresponding to the
number of Al first-nearest neighbors to the iron nucleus.
It was assumed that the isomer shift and quadrupole in-
teraction are linearly dependent on the number of Al
neighbors. It was also assumed that Fe and Al in
Zr(A1 Fe& )2 are randomly distributed, thus using a bi-
nomial expression for the probabilities of the number of
Al neighbors (0—6 in identical positions relative to the
central Fe nucleus).

The change in isomer shift per replacement of one Fe
neighbor by Al is determined to be +0.056(3) mm/sec,
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FIG. 3. Mossbauer spectra of Fe in r A „r Al Fe )2 at 423
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FIG. 1. Mossbauer spectra of Fe in Zr, AZr(A1 Fe „),at 90K.

and the respective change in quadruporu ole interaction is
—7.0(2)%, decreasing when Al replaces Fe.

~ ~

i t when Al substi-The observed increase in isomer s i t, w
tutes for Fe as first-nearest neighbors, indicates that the

1
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in the central Fe nucleus less than an Fe neighbor. is

d th observation that the electric fieldobservation an e o se
es when Ald' t t'

g on the Fe nucleus also decreases w en
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In Fig. 4 we see the change in isomer shift and quadru-
ole interaction of those iron nuclei with no Al neigh-
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Spectra in a magnetically ordered state

It is obvious from Figs. 1 —3 that Zr(A1„Fe, „)2 for
x 0.20 orders magnetically at relatively high tempera-
tures, above room temperature. Below T, the
Mossbauer spectra of ZrFe2 exhibit two well-defined six-
line pattern subspectra with an intensity ratio of 3:1, as
expected for an easy axis of magnetization along the [111]
axis. The spectra were fitted under this assumption, and
thus the free hyperfine parameters, were only the quadru-
pole interaction ( —,'eqg =0.2 mm/s) and the two magnetic
hyperfine fields, 219 and 203 kOe at 90 K, 202 and 188
kOe at 298 K, and 171 and 168 kQe at 423 K. This de-
crease in hyperfine fields as a function of temperature ap-
proximately follows a spin- —, Brillouin function, assuming
T, =630 K. The spectra for Zr(A1 Fe, „)2,
0(x (0.25, Figs. 1 —3 exhibit a large distribution of
hyperfine fields on top of the distribution of isomer shift
and quadrupole interaction discussed above. This distri-
bution may also result from Al first-nearest neighbors. In
addition, the local presence of Al neighbors affects the
iron local magnetic anisotropy, leading to a distribution
of local iron magnetic-moment orientations.

Softening phenomena

Finally we come to the problem of possible phonon
softening. In order to test the change in Debye tempera-
ture (8D) as a function of x, we measured very accurately
three ratios of the Mossbauer spectral areas at two tem-
peratures, 298 and 423 K, 303 and 433 K, and 303 and
612 K. Since we used relatively thin absorbers (less than
0.05 mg Fe/cm ), the spectral area is almost propor-
tional to the Mossbauer recoil-free fraction f (T) of the
absorber. The nonlinearity can be corrected by well-
known methods. The spectral area is proportional to the
expression

2 (z ) =ze '[Io(z ) +I, (z )],
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FIG. 5. The relation between the spectral area of a single
Mossbauer Lorentzian absorption line and the dimensionless
thickness of the absorber t, .
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Since the Mossbauer spectral area, even when correct-
ed for absorber thickness, is only proportional to f, a
single-temperature Mossbauer measurement is not
enough to determine OD. However, two measurements
at two different temperatures enable the reduction of OD
from the ratio of the spectral areas. A major advantage
of this procedure is that one avoids most of the uncer-
tainties in absorber thickness and in calculating the non-
resonant background corrections, all necessary for deter-
mining absolute values of the recoil-free fractions. To
test the validity of this procedure we measured iron metal
(25 pm thick) at the three sets of two temperatures. After

where z = ,'t„ t, =n( Fe)craf(T—). t, is the dimension-
less thickness of the absorber, n(Fe ) is the number of
Fe nuclei in the unit area of the absorber, o 0 is the nu-
clear resonance cross section, and I„are modified Bessel
functions. An approximate estimate of t, allows the cal-
culation of A( —,'t, ) and its deviation from ,'t, itself, Fig. —
5. In most of our cases these nonlinearity corrections for
a doublet spectrum were less than 12%, much less for a
magnetically split spectrum. The correction for the ratio
of spectral areas was certainly less than for the areas
themselves; it was less than 5%%uo in the most extreme case.

In the Debye model approximation f(T) depends, be-
sides on the nuclear properties, only on the Debye tem-
perature of the crystal:
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where Ez is the nuclear recoil energy.
FIG. 6. The ratios of spectral areas for pairs of temperatures

of "Fe in Zr(Al Fe& &)2.
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FIG. 7. The correspondence between the ratio of the Fe
recoil-free fractions at 423 and 298 K, 433 and 303 K, and 612
and 303 K and the Debye temperatures of Zr(Al Fe& )2.

those cases where it was absolutely necessary. Mostly
these were the cases where at one temperature the spec-
trum is magnetically split and at the other temperature it
is a pure quadrupole doublet. The experimentally mea-
sured ratio of the spectral areas of Zr(Al„Fe& )2, Fig. 6,
assisted by the theoretical curves given in Fig. 7, yield the
corresponding Debye temperatures. One obtains that for
the Al-rich hexagonal compounds, all three ratios yield
almost the same Debye temperature, O&=395+20 K.
This proves that for these compounds the Debye model is
valid up to 612 K. For the Al poor (x (0.2) cubic com-
pounds as we11 as for pure ZrFez and Fe metal itself, the
ratios f(433K/f(303K) and f(612K)lf(303K) yield
slightly different Debye temperatures. However, the
dependence of the two ratios on Al concentration exhibit
the same behavior, softening of the crystal up to x =0.2,
the effective Debye temperature decreases from Oz =440
K for x =0 to OL, =310 K for x =0.2. At the crystallo-
graphic phase transition (between x =0.2 and 0.25) there
is an abrupt increase in O& to the constant value of the
Al-rich hexagonal structure, 395 K. However, since the
Al-rich absorbers contained less Fe, thickness correc-
tions (not done for these absorbers) will lead to a slight
increase of Oz as a function of x. This general behavior
confirms the expectations suggested by the data of the
Ni bonding strength of Ni in LaNi& Al„and the hydro-
gen sorption properties of Zr(A1 Fe, )2 (Ref. 4) and
LaNis „Al, (Ref. 10).

correcting for thickness the ratios for the three pairs of
temperatures correspond to O&=390+20 K in perfect
agreement with the value obtained from a full tempera-
ture dependence of the recoil free fraction and isomer
shift. The ratios of the experimental spectra1 areas of
Zr(A1 Fe, )2 were corrected for finite thickness in
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