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The nuclear electric quadrupole interaction (QI) of the nuclear probe '''Cd on In sites of intermetallic
compounds of the Zr-In system has been investigated as a function of temperature (15 < T < 1200K) by
perturbed angular correlation (PAC) spectroscopy. Zr-In compounds were synthesized by arc-melting
of the metallic constituents and doped with ''In, the mother isotope of the probe nucleus by diffu-
sion at 1200 K. Strength, symmetry and temperature coefficient of the electric field gradient (EFG) were
determined for four In sites: the two 8e-sites of Zrln, and sites (2b, 4d) of B-Zrln;. The temperature
dependence of the relative intensities of these sites in the PAC spectra provides information on Zr-In
solid state reactions occurring during annealing of arc-molten Zr-In ingots.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The experimental information available on the five intermetal-
lic phases of the zirconium-indium system [1] is rather limited.
The structures and lattice parameters of Zrlns (tetragonal AlsZr-
type structure at low, Al3Ti-type structure at high temperatures),
Zrln, (tetragonal HfGa,-type), Zrin (cubic Cu-type), ZryIn (cubic
AuCu-type), and Zr3In (cubic AuCus-type) have been established
decades ago (Refs. [2-4]). Since then, only Zrln, has received
somewhat more attention. Meschel and Kleppa [5] have deter-
mined the standard enthalpy of formation of Zrln,. Zumdick et
al. [6] have extracted structure details of ZrIn, from single-crystal
X-ray diffraction data and investigated the charge distribution
and chemical bonding by electronic structure calculations. ZryIn
is mentioned in a study of the interaction between the com-
ponents of the Zr-Mn-In system by Gulay and Zaremba [7].
The information on the Hf-In phase diagram is even scarcer
[8]. Only Hf;Ins [4,9] has been studied in some detail. For
the Hf-In phase Hfln, a AuCu-type superstructure has been
suggested [8].

In this communication we report an investigation of Zr-In
intermetallic phases by measurements of electric quadrupole inter-
actions (QI) between the quadrupole moment of a probe nucleus
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and the electric field gradient (EFG) at the probe site. The EFG
reflects the charge distribution surrounding the probe nucleus.
Measurements of QI's may therefore provide information on the
structural and electronic properties of the host material.

The present study was carried out with the perturbed angular
correlation (PAC) technique. Among the numerous radioisotopes
suitable for PAC studies, 111Cd and 181Ta offer the most favourable
overall conditions and therefore take leading positions in statistics
on PAC measurements. The excited states of 111Cd are populated
in the EC decay of 'In (Ty/;=2.8d), those of 81Ta in the B~
decay of 8'Hf (T;,=42d). The recoil involved in these decays
is too small to dislocate the daughter isotopes from their lattice
position. It is therefore safe to assume that in Zr-In compounds
the PAC probe 11Cd resides on substitutional In sites. Because of
the pronounced chemical similarity of Hf and Zr, it can be pre-
sumed that 181Ta substitutes Zr in Zr-In compound. In spite of
this attractive situation of two different PAC probes on a priori
known sites of the same compound, Zr(Hf)-In phases are not found
among the many '''Cd and '8'Ta PAC studies of intermetallic
compounds.

One of the advantages of PAC when compared to other hyper-
fine spectroscopic techniques results from the fact that this method
does not depend - as NMR/NQR or nuclear orientation — on the
population differences of the hyperfine levels nor - as Mossbauer
spectroscopy - on the Debye-Waller factor of the investigated
compound. Therefore the sensitivity of PAC spectroscopy to hyper-
fine interaction is temperature independent and its temperature
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range in principle unlimited. This makes PAC a powerful tool when
material properties at high temperatures are to be investigated by
measurements of hyperfine interactions. PAC measurements up
to T~2350K have been reported [10]. Recent examples of high-
temperature PAC studies of intermetallic compounds include the
investigation of tracer diffusion [11], of solute site preference [12]
and solute EFG’s [13] up to temperatures T~ 1200 K.

Here we present a PAC investigation of the QI of 111Cd in several
Zr-In phases in the temperature range 15 <T<1200K. A similar
study with the PAC probe 181Ta is under way.

2. Experimental
2.1. Sample preparation and characterization by X-ray-diffraction

High-temperature reaction, frequently in sealed tantalum tubes, and arc-
melting of the elements are the routes mentioned in the literature [5-7,9] for the
synthesis for transition-metal indium compounds. In the present study we have
used arc-melting under argon atmosphere to produce Zr-In samples with a Zr/In
ratioof 1:2,1:3, 2:1 and 3:1. To ensure homogeneity, the molten ingots were turned
over, remelted several times and - encapsulated under vacuum in silica tubes -
subsequently annealed, usually at 1200K for 24 h.

To dope the Zr-In compounds with ''In, the mother isotope of the PAC probe
111 ¢d, two different procedures were tested: (i) '''In-doped In metal was used for
the arc-melting. Commercially available, carrier free '''InCl; was deposited onto a
thin In foil which was then heated in an H, flux for about 1h to 700 K. The room
temperature PAC spectrum of the In foil measured after this procedure corresponded
to the well known PAC pattern of ''1Cd in metallic In, with the quadrupole frequency
Vq(295K)=17.5(2) MHz in agreement with the value given in the literature [14]. (ii)
In the second procedure '''In was diffused into the molten Zr-In ingots by heating
them - together with "'InCls - for 24 h to 1200 K.

Prior to doping, the compounds were characterized by X-ray diffraction (XRD)
measurements, both as-molten and after annealing. It was found that in the as-
molten state the compounds were usually not obtained as single-phase materials.
In the following we therefore use the notation Zry/Iny to differentiate a multiphase
sample with Zr/In-ratio x/y from a single-phase compound ZryIny.

Fig. 1 shows the X-ray diffraction pattern - taken with Cu Ko radiation at room
temperature - of aZr /In, ingot as-molten (middle section in Fig. 1) and after anneal-
ing for 24 h at 1200 K. Comparing the XRD spectrum of as-molten Zr; /In, to that of
In metal (bottom-most section in Fig. 1) one finds that - although the sample was
remelted several times — most of its strong X-ray reflections originate from In metal.
Only a few weak, broad lines (red in the middle section of Fig. 1) belong to the inter-
metallic phase ZrIn,. By annealing at 1200 K, the X-ray pattern (top-most in Fig. 1)
changes to that of an HfGa,-type compound (space group 1 41/amd (14 1)), reflect-
ing a Zr-In solid state reaction leading to the phase ZrIn,. The room temperature
lattice parameters a=0.4381nm, c=2.722 nm derived from Fig. 1 are in very good
agreement with the values reported in the literature [2,6] for ZrIn,.

Fig. 1. XRD diffraction spectra (from bottom to top) of In metal, of a Zr;/In, com-
pound in the as-molten state, and of Zr;/In, annealed at 1200K for 24 h. For the
as-molten state of Zr;/Iny, only the red lines can be attributed to the phase Zrin;.
The other lines originate mainly from In metal. All spectra were taken with Cu Ko
radiation at room temperature. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

X-ray measurements were also performed for samples of Zry/Ins, Zr,/In and
Zr3[In. The XRD spectrum of Zry /Ins in the as-molten state was very similar to Zr /In,,
showing only broad reflections belonging — with comparable intensities - to In metal
and to the intermetallic compound Zrln,. When the Zr;/In3 ingot was annealed at
1200K, the reflections of In-metal disappeared as in the case of Zry /In,. The remain-
ing narrow lines, however, were those of the phase ZrIn, and not - as we expected
- those of Zrlns.

In contrast to Zry /In, and Zr /Insz, the XRD pattern of as-molten Zr,/In and Zr3 /In
contained no In-metal reflections. Apart from a few non-identified reflections, only
the broadened lines of the Au-Cu and Au; Cu-structure, respectively, were observed.
In these cases annealing at 1200 K reduced the line widths, but left the spectra other-
wise unchanged. The lattice parameters derived from these spectra are a=0.444 nm,
¢=0.453 nm for AuCu-type Zr;In and a=0.4457 nm for AusCu-type ZrsIn, in agree-
ment with the values previously reported in the literature [3,7].

2.2. PAC equipment and data analysis

The PAC spectra were recorded with a standard 4-detector set-up equipped
with fast BaF, scintillators. Temperatures were varied between 290K and 1200 K
with a PAC furnace described in Ref. [10], for temperatures 15K < T<290K we used
a closed-cycle He refrigerator. Figs. 2 and 3 show as examples the 11 Cd PAC spectra
observed in Zr; /Iny- and Zry [Ins-ingots, respectively, at different temperatures.

For polycrystalline samples the modulation of an angular correlation by hyper-
fine interactions can be described by a perturbation factor Gy(t) which depends
on the multipole order, the symmetry and time dependence of the interaction,
and on the spin of the intermediate state (for details see, e.g., Frauenfelder and
Steffen [15]). For a pure static electric quadrupole interaction between the nuclear
quadrupole moment Q and an electric field gradient (EFG) at the nuclear site, Gy(t)
depends - apart from the nuclear spin I - on 2 parameters: the quadrupole frequency
vq=eQV./h and the asymmetry parameter n=(Vxx —Vyy)/V,, where Vj; =d?V/di?
(i=x,y, z) are the principal-axes components of the EFG tensor. When several frac-
tions of nuclei subject to different hyperfine interactions are found in the same
sample, the effective perturbation factor is given by:

Gult) = Y Giy(® (1)

Here f; with Zlf] = 1 is the relative intensity of the ith fraction.
2.3. PAC measurements

2.3.1. Zr¢/In, compounds

Fig. 2 shows '"1Cd PAC spectra of Zry/In, samples for the two doping proce-
dures described in Section 2.1. Sample I (SI) was prepared by diffusing ''In into the
Zr-In ingot, sample II (SII) was produced by melting Zr metal with '''In-doped In
metal.

In the as-prepared state of SI (top-most spectrum in the left-hand column of
Fig. 2) the time dependence of the anisotropy with a spin precession period of
~380ns is characteristic for a perturbation by an axially symmetric QI. A least-
squares fit analysis leads to a quadrupole frequency of v4(295K)=17.4(2) MHz. The
slow decay of the base-line suggests that a small fraction of the probe nuclei (<10%)
is subject to a broad distribution of much weaker QI’s.

Measurements of SI at temperatures 15 <T<295K revealed a pronounced
increase of the dominant QI with decreasing temperature from vq=17.4(2) MHz
at 295K to vq=24.7(1)MHz at 15K (see middle section, left-hand column). This
temperature dependence of the QI is identical to the one reported [14] for '''Cd in
In metal. It may therefore be concluded that - although SI was produced by arc-
melting of the metallic constituents and subsequent '''In diffusion at 1200K/24 h
- the dominant fraction of ''In/1'Cd probes of sample I resides on substitutional
sites of In metal.

After melting sample I two more times, fast oscillations appeared in the spec-
trum (middle section, left-hand column) at the expense of the In-metal fraction. A
similar pattern - superposition of an In-metal fraction of about 50% and fast oscilla-
tions - was found with sample SII (melting of Zr with '''In:In metal) already in the
as-prepared state (bottom section, left-hand column).

The right-hand column of Fig. 2 illustrates the changes in the PAC spectra when
the samples are heated from 290K to 1100 K and cooled back to 15 K. The samples
were kept for several hours at each temperature. The data shown in Fig. 2 refer to SII,
the same trend was observed with SI. At T~ 450K, near the melting point of In metal,
the oscillatory In-metal component gave irreversibly way to four components with
different sharply defined QI parameters. For 1'Cd in liquid In metal one expects an
unperturbed correlation [16]. The absence of a sizeable time-independent compo-
nent in the PAC spectra therefore indicates that at T> 450 K the In metal is consumed
in a solid state reaction leading to Zr-In phases.

The relative intensities f, the quadrupole frequency vq and the asymmetry
parameter 7 of these components, determined by a least-squares fit analysis based
on Eq. (1) are listed in Table 1 for T=500 K. The QI of two of these components (I, II)
is axially asymmetric, of the other two (III, IV) axially symmetric. At T>800K, two
components are sufficient to describe the experimental data. As shown in Table 1
for T=1100K, the axially symmetric components (III, IV) have disappeared. Upon
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Fig. 2. PAC spectra of 1''Cd in two different Zr; /In, samples. Sample I (SI) was synthesized by diffusing '''In at 1200K/24 h into the intermetallic compound produced by
arc-melting of the elements Zr and In. For sample II (SII), In metal was first doped with 'In by diffusion at 700 K/4 h in an H, atmosphere and then melted with Zr metal in

an arc-furnace.

cooling from 1100K, these components do not recur, only components I, II persist
with constant intensities.

The variation of the QI parameters vq, n of components I, Il with temperature is
shown in Fig. 4. While the asymmetry of component I n(I) is practically temperature
independent, n(Il) decreases slightly with linear slope dInn/dT~—1.0(2) 10~4K-'.
The slope of the linear decrease of frequencies vq(I) and vy(II) with temperature is
of the same order of magnitude.

2.3.2. Zri/In3 compounds

The evolution of the 1'1Cd PAC spectra of Zr;/Ins-ingots with temperature is
illustrated in Fig. 3 for a sample prepared by arc-melting of Zr metal with ' In-doped
Inmetal. Samples prepared by '''In doping of the molten ingot showed a comparable
behavior. The left-hand column of Fig. 3 shows the experimental spectra, the right-
hand column their decomposition into different components (shifted relative to
each other for clarity) by a least-squares fit analysis based on Eq. (1). As in the

Fig. 3. PAC spectra of 1''Cd in a Zr-In ingot produced by arc-melting Zr metal with ''In-doped In metal in the Zr/In ratio 1/3. The assembly of the spectra from top to bottom
corresponds to the sequence of measurements: after melting, the compound was taken to 1080K and subsequently cooled down. Up to four components with different
QI parameters are required to describe the experimental spectra at different temperatures (left-hand column). These components are displayed in the right-hand column,
shifted relative to each other for the sake of clarity. The comparison of the QI parameters (see Fig. 4) indicates that the blue components are identical to those characteristic
for the phase ZrIn,. The red components are assigned to the phase Zrlns. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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Table 1

The relative intensities f and QI parameters vq, 7 of the different components in the ''Cd PAC spectra of a Zr /In,-ingot at 500K and 1100K, respectively, observed when

the sample was heated from the as-prepared state to 1100 K.

Component T=500K T=1100K

Relative intensity f vq (MHz) n Relative intensity f vq (MHz) n
1 0.144 1104 0.98, 0.34, 1024 0.98,
Il 0.144 1414 0.59¢ 0.37, 1344 0.57;
111 0.314 644 0 = = =
1\% 0.15¢ 137, 0 - - -

Note: Here we only consider components with sharply defined QI parameters. An amorphous component characterized by a broad frequency distribution has been neglected.

Therefore Z:f,- <1

Fig.4. The quadrupole frequency vq and the asymmetry parameter n of ' Cd on the
different sites observed in the PAC spectra of Zr;/In, and Zr;/Ins samples, respec-
tively, cooled from T~ 1100K.

case of Zry/Iny (SII and SI remelted), the spectrum of as-molten Zr; /In3 (top-most
in Fig. 3) consists of an In-metal component with fast oscillations superposed. As
for Zry /In,, the In-metal component disappears irreversibly when the compound is
slowly heated. As shown by the decomposition in Fig. 3, at T> 1000 K the spectrum is
well described by two sharply defined components (I, Il of Zr; /In3 ). Their intensities
fand QI parameters vg,  at 1080K are listed in Table 2. However, upon cooling
from 1080 K, two more components (III, IV of Zr,/In3) appear in the PAC spectrum
at T~ 800K. This increase in the number of components is reversible, upon heating
again to T> 800K only components I, II persist. The QI parameters vq, n of these new
components III, IV are given in Table 2 for T=15K. The temperature dependence of
vq and 1 of all four components of Zr; /Inz is shown in Fig. 4.

Table 2

In addition to Zry /In, and Zr /In3, samples of Zr3 /In; and Zr, /In; were doped with
11n, Besides the unperturbed component expected for cubic AuCus-type Zr3In, the
PAC spectrum of Zr3/In; contained a slight In-metal fraction. The case of Zr,/In;
requires further studies. Here we observed only a broad QI distribution without any
oscillatory components.

3. Results and discussion

The picture projected by XRD for the as-molten ingots is that of
poorly crystallized Zr-In phases embedded in a matrix of In metal.
When the samples are annealed at 1200 K, the In metal is expended
in solid state reactions leading to well crystallized phases such as
ZrIny. As a result, the XRD pattern of non-doped ingots annealed at
1200K contain - if at all - only traces of non-reacted In metal (see
top-most spectrum in Fig. 1).

The heat treatment to which the PAC samples of Zrq/In, and
Zr1/Inz were exposed during the diffusion process is comparable
to the annealing conditions of the XRD samples (1200K/24 h). It
is therefore surprising that in contrast to the absence of sizeable
In-metal reflections in the XRD spectra, the room temperature PAC
spectra of the as-molten samples are dominated by the In-metal
component (see Figs. 2 and 3). At least 50% of the 111In/111Cd probes
(concentration > 10~8 probes/host atoms) reside on substitutional
sites of tetragonal In metal. In the case of Zry /In, doped by diffusing
1111n (1200 K/24 h) into the ready ingot (SI in Fig. 1), the In-metal
fraction reaches as much as 80%.

This apparent variance of the PAC and the XRD results probably
reflects a pronounced preference of the 11In probes for substitu-
tional sites of In metal over In sites in Zr-In intermetallic phases
- possibly the consequence of slower diffusion in the intermetal-
lic compound. PAC selectively reflects the local environment of the
probe nuclei while XRD averages over the entire sample. Therefore,
in case of a marked preference of '1In for In metal sites, the PAC
spectrum may still be dominated by the In-metal component, even
if the heat treatment has reduced the In-metal concentration of the
sample to a level where it escapes XRD detection.

The PAC spectra of Zrq{/In, and Zrq/In3 contain up to four
components I-1IV with different QI parameters vq, 7. Their tem-
perature dependence displayed in Fig. 4 and the values listed in
Tables 1 and 2 clearly show that components I, II of Zr; /In, (equal
intensities and axially asymmetric EFG; see Table 1) are identical to

The relative intensities fand QI parameters vq, n of the different components in the "' Cd PAC spectra of a Zr; /In; ingot at 1080 K and 15K cooled from 1080K, respectively. In
the last column, the components [-IV are assigned to In sites of the intermetallic phases ZrIn, and (3-ZrIns, respectively. This tentative identification is based on the relative

intensities and the symmetry of the QI (see Section 3).

Component T=1080K T=15K Compound - site (x, y, z)
Relative intensity f vq (MHz) n Relative intensity f vq (MHz) n

I 0.424 106, 0.96¢ 0.19, 1234 0.97, ZrIn,-8e-In; (0, 1/4,0.28717)

1l 0.40, 137, 0.59; 021, 152, 0.57; ZrIny-8e-In; (0, 1/4, 0.12556)

il - - - 0314 70, 0 B-ZrIns-4d

v - - - 0.15¢ 151, 0 B-ZrIns-2b
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those of Zry /In3. In both compounds these components show iden-
tical trends vq(T), n(T). The same conclusion holds for components
III, IV: when present, they have the same intensity ratio 2:1, axial
symmetry and identical frequencies in Zry/Iny and Zrq /Ins.

In Zrq/Iny all components I-1V appear during heating, but only
[, Il persist at T>800 K and subsequent cooling. We therefore asso-
ciate components I, Il with the intermetallic phase ZrIn, which is
consistent with their intensity ratio and QI symmetry. The HfGa,-
type structure of ZrIn, contains two In sites [6]: In; (8e, coordinates:
0, 1/4,0.28717) and In, (8e, coordinates: 0, 1/4, 0.12558). The EFG
at both sites is axially asymmetric. A point-charge lattice sum esti-
mate of the EFG contributions of both the Zr and the In sublattice
suggests a larger asymmetry for siteln;. We therefore tentatively
attribute component I to site In; and component II to site In, of
ZrIn; (see last column of Table 2).

Components III, IV (intensity ratio 2:1, axial symmetry) were
observed with identical QI parameters in Zrq/Iny during the first
heating cycle at 450 <T<800K and in Zry/In3 (reversibly) at T <
800 K. We associate these components with the intermetallic phase
ZrInz which is reported to exist in two modifications: a-Zrlns with
a ZrAlz-type structure (D0,3) at low temperature, 3-Zrlns with a
TiAl3-type structure (DO,,) at higher temperature. The transition
temperature between these modifications has not yet been deter-
mined.

There are three In sites with axial symmetry (2a, 4e and 4d) in -
ZrIns and two In sites, equally of axial symmetry (4d, 2b), in 3-ZrIns.
As the number of In sites and their intensity ratio 2:1 coincides
with that of components III, IV (see Tables 1 and 2), we propose to
attribute component III to site 4d, component IV to site 2e of ZrIns.
A definite identification of components I-IV will have to await an
electronic structure calculation of the EFG’s of the various In sites
of ZrIn,, a-Zrlnz and B-Zrins.

On the basis of the proposed correspondence of components
I-IV to In sites of the phases ZrIn, and Zrins, the temperature
dependence of the relative intensities f provides some information
on the solid state reactions in the Zr-In system.

In an ingot with Zr:In ratio 1:2, the formation of ZrIn, passes
through the phase Zrins. As shown by the data in Table 1, com-
ponents III, IV (=ZrIn3) are the dominant contributions to the PAC
spectrum, when a Zry/In, ingot is heated for the first time to
T~ 450-500K. Upon further heating, ZrIns transforms irreversibly
into Zrln, (components I, II), as indicated by the disappearance of
components III, IV at about 800 K. The Zr-In reactions occurring in a
Zr1/Iny ingot upon heating may thus be expressed by the sequence:
2Zr+4In — (400K) — Zrlns + Zr +In — (800 K) — 2 ZrIn,.

The solid state reactions taking place in a Zry /In3 ingot are illus-
trated by the temperature dependence of the relative intensities
fI)—f(IV) in Fig. 5. In this experiment (Section 2.3.2) the Zry/In3
ingot was heated in one step to T~ 1100 K and subsequently cooled
to 15K. At T~1100K, the phase ZrIn, - rather than $-Zrlns - has
formed as evidenced by the fact that only components I, II are
found in the PAC spectrum. Upon cooling, components III, IV appear
at about 800K, indicating the partial transformation Zrln, < 8-
Zrlns. This transformation is fully reversible. In the temperature
range 800>T>400K, B-Zrlns and Zrln, coexist with a ratio
[f(aOV) + fI)]/[f1) + f(I1)] ~ 1/2.5. At T~300K, another decrease of
the Zrln, fraction occurs. It is rather improbable that this decrease
reflects the emergence of a fraction of a-Zrlns: there is no evidence
of a fifth component in the PAC spectra at T<300K, as required
by a a-ZrIns contribution. Instead, the relative intensities f{III) and
f(IV), increase without substantial changes in the frequencies of
these components. Therefore the decrease of the Zrln, fraction
more likely mirrors an increase of the 3-ZrIns/ZrlIn, ratio to ~1/1.
For a test of the proposed interpretations a high-temperature XRD
investigation of samples of Zry/In, and Zr;/In3 would be of great
interest.

Fig.5. Therelative intensities of the components I, I (red) and III, IV (blue) observed
in the 1"1Cd PAC spectra when an arc-molten Zr;/Ins ingot is cooled from 1080 K.
Components I, Il (red) can be assigned to the phase ZrIn,, components III, IV (blue)
to the phase ZrIns. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

4. Summary

We have studied the nuclear electric quadrupole interaction of
the nuclear probe ''Cd on In sites in intermetallic compounds
of the Zr-In system in the temperature range 15 <T<1200K by
PAC spectroscopy. Compounds with a Zr/In ratio of 1/2 and 1/3
were synthesized by arc-melting of the elemental constituents —
usually not as single-phase material — and doped with the probe
nuclei by diffusion of 111In at 1200 K. In addition to a large fraction
of non-reacted In metal, up to four components with different QI
parameters vq, 1 were observed in the PAC spectra. Using their rel-
ative intensity and asymmetry parameter, these components have
been assigned to In sites of the phases Zrln, and (-Zrlns. Based
on this assignment, the temperature dependence of their relative
intensities was used to investigate the Zr-In solid state reactions
occurring during annealing of arc-molten ingots.
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