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High-temperature polymorph of In2La
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Abstract

A polymorph of In2La was discovered by observing a change in the quadrupole interaction at nuclei of111In/Cd probe atoms at high
temperature using the technique of perturbed angular correlation of gamma rays. Point-symmetry information from the measured electric field
gradient and chemical considerations suggests that the high-temperature polymorph has the hexagonal AlB2 structure. The transformation
between the low-temperature phase, which has the CeCu2 structure, and the high-temperature phase takes place with hysteresis over a
temperature range from 200 to 450◦C.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

According to the In–La phase diagram[1], six inter-
etallic compounds are stable at room temperature. X-ray
iffraction measurements determined that In2La has the
rthorhombic CeCu2 structure at room temperature[2], and

t is shown in the phase diagram to be stable up to the melting
oint. In the course of a study of the neighboring In3La phase

3] using the method of perturbed angular correlation of
amma rays (PAC), a high-temperature polymorph of In2La
as discovered that was characterized more completely

hrough additional PAC measurements described in this
aper.

. Sample preparation

In2La samples were prepared by melting foils of In
99.999% pure) and La (99.9% pure, REM basis) with
arrier free111In under argon in an arc furnace. Extensive
easurements were made on two samples having final

33+3
−4 at.% La. The stated uncertainties in composition re

mass losses during melting and were calculated by assu
that decreases in mass were due entirely to the loss o
element or the other.

In2La is known to oxidize rapidly [2]. It was determin
in this laboratory to decompose into La2O3 and pure In a
follows. Samples left in contact with air at room tempera
showed a decrease of the PAC signal fraction for In2La and a
corresponding increase of a signal known to be due to In m
[4], indicating that La was lost from the In–La system. At
same time, a mass increase was observed that is quantit
consistent with formation of La2O3. Powder X-ray diffrac
tion measurements at elevated temperature were atte
but were unsuccessful due to rapid reaction with res
oxygen in the diffractometer. On the other hand, ingot
In2La could be studied conveniently using PAC without
tectable oxidation over a period of weeks under a pressu
5�Pa in a measurement oven.

3. Experimental method

asses of 27 mg and 83 mg, with compositions 33+2

−3 and
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The point symmetry at the site occupied by a PAC
probe atom can be partially determined through the nuclear
quadrupole interaction. In this study, a phase transformation
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was detected through a change in point symmetry at111In/Cd
probes.111In decays to an excited state of Cd via electron
capture. The Cd nucleus subsequently emits two�-rays in
succession with energies 171 and 245 keV. In between the
�-emissions, the nucleus is in a long-lived intermediate state
with spin 5/2 and a half-life of 85 ns. The electric field gra-
dient (EFG) due to charges in the crystal surrounding the
probe nucleus interacts with the nuclear quadrupole moment
Q, causing the populations of magnetic substates to evolve.
This leads to a time-dependent angular correlation of the sec-
ond�-ray with respect to the first that can be measured and
is characterized by a perturbation functionG2(t). For further
information about the PAC technique, see references[5,6].

The EFG at a nucleus is the second derivative of the elec-
trostatic potential due to extranuclear charges. The EFG is a
traceless, second-order tensorVij that, when diagonalized, is
fully described by its principal componentVzz and an asym-
metry parameterη ≡ (Vxx − Vyy)/Vzz. Partial information
about point symmetry comes from the observed values of
Vzz andη. For sites having cubic symmetry,Vzz = 0; for sites
having a unique axis with 3-, 4- or 6-fold rotational symme-
try, Vzz �= 0 andη = 0; and for sites having lower symmetry,
Vzz �= 0 and 0< η ≤ 1.

The perturbation functionG2(t) for spin 5/2 is

G
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pendent of time. Forη = 0,ω2 = 2ω1 andω1 = ω0 whereas for
η > 0,ω1 ≤ ω2 < 2ω1 andω1 > ω0. Analytic expressions for
ωn in terms ofω0 andη whenη > 0 can be found in reference
[7]. In this study, we useω0 andη to identify signals and are
not interested in specific values ofVzz.

When probes are in sites with different EFGs, the over-
all perturbation function is a superposition of functions for
probes in each site:

G2(t) =
∑

i

fiG2,i (t) (2)

in which the signal fractionfi is the fraction of probe atoms in
site i. As presented below, the signals observed in this study
are identified with probes in different phases. In general,fi is
not the phase fraction[8]. However, in these experiments, in
which the probe is a host element and the phases of interest
have the same composition,fi is equal to the phase fraction.

The perturbation functionG2(t) was measured using a
four-detector fast–slow spectrometer with samples mounted
in a measurement oven under a pressure of about 5�Pa. Mea-
surement time at each temperature was typically one day.
Spectra were fitted usingEqs. (1) and (2)in order to obtain
signal fractions and quadrupole interaction parametersω0
andη. When signal fractions were large (>30%), all param-
eters were fitted freely. When signal fractions were smaller,
o d
f
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F
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2 (t) = s0 +
∑
n=1

sn cos (ωnt) exp −1

2
σ

ωn

ω1
t (1)

The frequenciesωn are functions of the coupling fr
uencyω0 = 3π

10|eQVzz|/h and η [7], and the amplitude
0, s1, s2, ands3 sum to one. The exponential factors acco
mpirically for inhomogeneous broadening due to distan

ects or lattice strains. Frequency distribution widthsσ were
mall (<1 Mrad/s) in all measurements. In general,ω3 = ω1 +
2. For cubic symmetry, allωn are zero andG2(t) =1, inde-

ig. 1. PAC spectra and Fourier amplitude transforms exhibiting (a) th
T signal at 524.0◦C. The LT and HT signals are attributed in the text
ignal at 10.6◦C; (b) a superposition of LT and HT signals at 419.0◦C and (c) the
d HT polymorphs.

ne or more ofS1,S2,S3 andω1 were fixed to values obtaine
rom fits of other spectra.

. Results

Representative PAC spectra are shown on the le
ig. 1. The spectrum measured at 10.6◦C (Fig. 1a) exhibits
low-temperature (LT) signal withω0 = 78.7(2) Mrad/s an
= 0.317(1). The spectrum measured at 524.0◦C (Fig. 1c)
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exhibits a high-temperature (HT) signal withω0 = 101.0(1)
Mrad/s andη = 0. The spectrum measured at the intermediate
temperature 419.0◦C (Fig. 1b) exhibits a superposition
of LT and HT signals. On the right inFig. 1 are Fourier
amplitude transforms. It can be seen thatω2 < 2ω1 (η > 0)
at low temperature (Fig. 1a) whileω2 = 2ω1 (η = 0) at high
temperature (Fig. 1c). Relative amplitudes of the frequency
harmonics of each signal indicate the presence of significant
non-random texture such as in a sample composed of a small
number of large grains.

The coupling frequency for each signal decreases linearly
with increasing temperature, as shown inFig. 2. Lines in-
dicate results of fits toω0 = ω0 (0◦C) (1+aT), giving ω0
(0◦C) = 78.92 (6) Mrad/s anda = −2.30 (3)× 10−4 ◦C−1

for the LT signal andω0 (0◦C) = 111.4(1) Mrad/s anda
= −1.80(3)× 10−4 ◦C−1 for the HT signal. The decreases
are attributed to thermal expansion. The asymmetry param-
eter for the LT signal is plotted versus temperature inFig. 3.
The line is the result of a linear fit withη(0◦C) = 0.320(1)
and dη/dT= −4.45(8)× 10−4 ◦C−1. The asymmetry param-
eter of the HT signal was zero in all measurements. Large
error bars inFigs. 2 and 3are associated with small signal
fractions.

Determination of the two signal fractions is complicated
by the presence of non-random texture because thes0 terms
o hed.
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Fig. 3. Temperature dependence of the asymmetry parameterη of the LT
signal.

surements after heating and downward-pointing triangles
after cooling. Curves indicate approximate limits of the
hysteretic temperature range. It was noted that points near the
middle of the range were measured after high heating rates
(≈0.6◦C/s) while points close to the curves were measured
after low heating rates (≈0.1◦C/s). Thus, the heating rate
between measurements appears to have influencedfHT.

5. Discussion

The non-zero asymmetry parameterη of the LT signal
is consistent with the known CeCu2 structure of In2La, for
which there is a unique In-site havingm..-point symmetry. In

F g tri-
a ointing
t

f the two perturbation functions can not be distinguis
e estimated signal fractions using amplitudes of the

essional harmonics, which can be distinguished. The s
raction at low-temperaturefLT was obtained by multiplyin
he sumS1 + S2 + S3 for the LT signal by a normalizatio
actor that makesfLT = 1 at low temperatures for which the
s no HT signal.fHT was calculated in a corresponding w
ith its own normalization factor. The sum (fLT + fHT) was
enerally consistent with 1, indicating that this method
stimating signal fractions was satisfactory.

The temperature dependence offHT shown in Fig. 4
xhibits hysteresis. Upward-pointing triangles indicate m

Fig. 2. Temperature dependence ofω0 for the LT and HT signals.
ig. 4. Site fraction of the HT signal vs. temperature. Upward-pointin
ngles indicate measurements made after a heating step; downward-p

riangles indicate those made after a cooling step.
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principle, point defects formed at HT might disturb EFGs at
probe nuclei, leading to new signals. In such a case, one would
observe inhomogeneous broadening, multiple signals due to
different local arrangements of defects, and signals withη >
0. The HT signal has none of these characteristics and can
only represent a new polymorph with higher symmetry (η =
0). Coexistence of LT and HT phases indicates a first-order
phase transformation.

Candidate structures for the HT phase were identified
from a survey of MX2 compounds (M: metal; X: groups
IB, IIB, IIIB, IVB elements). Four structures have symme-
tries at the X site that giveη = 0: AlB2, Cd2Ce, CaIn2 and
MoSi2 [9]. The structures of Cd2Ce and CaIn2 (as well as
CeCu2) can be described as slight distortions of the more
symmetrical AlB2 structure while MoSi2 has an unrelated
structure[10–12]. Examination of the numbers of occur-
rences of these structures for various metal valences helps
to identify the structure of the HT phase. The CaIn2 structure
is considered unlikely because 91% of known representa-
tives are formed between divalent M and trivalent X. Sim-
ilarly, the Cd2Ce structure is considered unlikely because
93% of known representatives are formed between triva-
lent M and divalent X. Neither CaIn2 nor Cd2Ce has rep-
resentatives with trivalent M and trivalent X. The MoSi2 and
AlB2 structures are observed for wide ranges of M and X
v a-
l uc-
t
h ).
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perature phases, which occur with hysteresis in the range
200–450◦C. The In-site in the high-temperature phase has
higher point symmetry than in the low-temperature phase.
Evidence was presented that the high-temperature phase has
the hexagonal AlB2 structure. Other compounds having the
CeCu2 structure at room temperature may transform to a
high-temperature structure in the same way as In2La. For
example, recent experiments in this laboratory indicate that
such a transformation takes place in CeIn2 below 524◦C.
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