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Abstract. The electric-field gradient (EX) of dilute "'Cd nuclei in compounds of the Hg-In 
alloy system has been investigated by pmurbed angular correlation (PAC) measuremenls of the 
electric quadrupole interaction (QI) of lllCd on In sites. It has been found that, as in the pure 
melals Hg and In. the quadrupole frequency decreases with increasing temperamre according 
to the relation v,(T) = v,(O)(l - BT3I2). The strength constant B in the intermetallic phases, 
however, is up to 35% smaller toan in the pure metals. The QI parameters are consistent with 
an orthorhombic y-Pu-type lattice for p-Hg (Hgsolnm), but are difficult to reconcile with the 
smc tum proposed for Hgh. An in temtdl ic  compound HgInz has not been observed. 

Cenm Brasileiro de Pesquisas Fisicas, Rua Dr Xavier Sigaud 150,22290 Rio de Janeiro. 

1. Introduction 

In this paper we report on an investigation of the electric-field gradient (EFG) of the nuclear 
probe ll1Cd at the In site in compounds of the Hg-In alloy system, which has been 
carried out by perturbed angular-correlation (PAC) measurements of the electric quadrupole 
interaction (Qr) of "'Cd. 

A study of the EFG of Cd in Hg-In intermetallic compounds is of interest from two 
aspects. First, the EFG at nuclear probes in non-cubic sp metals has been found to decrease 
with increasing temperature according to a BT3f2  relation (Christiansen et al 1976), a 
behaviour generally attributed to the lattice vibrations of the host atoms (Nishiyama et al 
1976). This interpretation is supported e.g. by the observation of a correlation between the 
strength parameter B and the inverse spring constant (MO;)-' of the lattice, where is 
its Debye temperature and M the atomic mass (Mahnke et a1 1979). 

While pure sp metals and dilute impurity systems have been extensively investigated, 
much less is known about the temperahre behaviour of the EFG in sp intermetallic 
compounds (Radhakrishna and Mungunvadi 1969). It is for example an open question 
whether the T3I2 relation is maintained and as universally followed in compounds as in the 
pure metals. 

The Hg-In alloy system appears particularly interesting for a study of the EFG in sp 
compounds: both In and Hg are non-cubic metals, in both the EFG of dilute Cd probes 
follows the T3I2 relation (Haas and Shirley 1973, Mahnke et ol 1979, Christiansen et 
al 1976) and in spite of the large mass difference of these metals, for Cd probes they 
have practically the same strength parameter B,  which in the lattice vibration concept is a 
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consequence of the smaller Debye temperature of the low-melting Hg. The Hg-In system 
contains several non-cubic intermetallic compounds and therefore offers the opportunity 
to study the temperature behaviour of the EFG as a function of the concentration of two 
constituents with the same relative temperature dependence of the pure metals. 

The second aspect of interest concerns the crystal structure of some of the In-Hg 
intermetallic compounds. In is soluble in rhombohedral or-Hg up to about 15 at.%. For 
higher In concentrations the intermetallic compounds HgIn and HgInz and single-phase 
fields around HggoInZo @-Hg) and HgloInw @-In) have been reported to exist in the phase 
diagram (Gubbels 1990). 

There are discrepancies in the crystal structures proposed by different authors for HgIn 
and HgmInZo. According to Mascarenhas (1970) HgIn is a disordered compound with a 
rhombohedral unit cell, while Segnini and Giessen (1972) deduce an ordered CUR-L1 ]-type 
rhombohedral structure from the x-ray diffraction pattern. For the singlephase field around 
HgRohzo Mascarenhas (1970) proposes an F a  structure, while Mahy and Giessen (1979) 
find that the structure is orthorhombic, of y-Pu type, with eight random HggoInm atoms in 
position (Sa). The EFG is sensitive to the lattice symmetry and in the case of disordered 
compounds EFG distributions are expected. A study of the r%G in these compounds may 
therefore help to clarify their crystal structure. 

Using the PAC nucleus "'Cd as a probe, we have investigated the EFG in the In-Hg 
alloy system as a function of temperature at the compositions H g & g  (or-Hg), HgglInls 
(or-Hg), HgsoInm (B-Hg). HgIn, HgInz, HgloInw (B-In) and Hg&w @-In). 

P R J Silva et a1 

2. Experimental details 

The PAC measurements were carried out with the 172-247 keV cascade of "'Cd, which is 
populated in the EC decay of the 2.8 d isotope "IIn. The radioactivity was produced via the 
reaction 'wAg(or, 2n)"'In by irradiating a natural Ag foil in a cyclotron with 28 MeV or- 
particles. The irradiated spot of the Ag foil was dissolved in concentrated HNO3 and AgCl 
was precipitated by adding HC1. M e r  separating the precipitate, the radioactive solution 
was dried and washed several times with distilled water and then dropped onto a thin In 
foil. The foil was melted in an HZ flux and kept at 400°C for about 1 h. After cooling, the 
sample was briefly washed in dilute HNO3. The PAC spectrum measured after this procedure 
(the topmost spectrum in figure 1) corresponds to the well known PAC pattern of l"Cd in 
metallic In, with the quadrupole frequency ~ ~ ( 3 0 2  K)=17.6(2) MHz in agreement with the 
values given in the literature manden 1987). At room temperature, metallic In was found 
to dissolve readily in liquid Hg up to concentrations of about 70 at.%. For the preparation 
of the compositions Hg92h8, Hg87hl3, HggoInm, HgIn and HgInz the "'In-doped In metal 
was brought into contact with a drop of liquid Hg at room temperature on a thin teflon foil 
and after at most a few minutes the In metal was completely dissolved. For the compositions 
HgloInw and Hg&.d the constituents were heated in vacuum to about 200°C. 

The PAC measurements were canid out with a standard four-NaI(T1)-detector set-up. 
A closed-cycle He refrigerator was used to vary the sample temperatures between 26 K and 
300 K. qpical  spectra for the different compositions are shown in figure 1. 

3. Data analysis and results 

The electric quadrupole interaction (QI) between the nuclear quadrupole moment Q and 
the EFG tensor can be expressed by two independent parameters, the quadrupole frequency 
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Figure 1. PAC spectra of ll'Cd in compounds of the Hg-In aUoy system 

vs = eQV,/h and the asymmetry parameter 11 = (V, - Vyy)/&,  where Vi; (i = n, y ,  z) 
are the principal-axis components of the EFG with I V, I < I V, I < I V, I. 

The time modulation of the angular correlation caused by a hyperfine interaction can 
be described by the perturbation factor G&) (see e.g. Frauenfelder and Steffen 1965 for 
details). Here we are dealing with perturbations by dynamic and static QIs in the liquid and 
solid phases of the investigated compounds, respectively. 

Rapidly fluctuating, isotropic interactions caused by the Brownian motion in a liquid 
lead to an exponential attenuation of the angular correlation: G&) = exp(-Akr), with 
the relaxation parameter A+ cx w2rc, where w is the average interaction frequency and zC 
the correlation time of the fluctuation (Abragam and Pound 1953). For all compositions 
Hglw-& we observed practically unperturbed angular correlations in the liquid phase 
(A2 < 3 MHz), consistent with the fact that the correlation times in liquids are usually 
much shorter than the time window of the PAC probe "lCd (- s). As an example the 
spechum of liquid HgszIW at 302 K is shown in figure 1. 

For a static QI in a polycrystalline sample the perturbation factor Gk&) has the general 
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Figure 2. The temperature dependence of the 
quadrupole frequency vq of "'Cd in compounds of 

0 1000 2000 3000 40aO L e  Hg-In alloy system. The solid lines are fiu of the 
relation wq(T) = v,(O)(l - BT3iz)  to the experimental 

T3"(KY2) data. 

form 

~ ~ ( t ;  us, v.6) =~~+CS~~COSW,~~X~~-~/Z(~W,~)* I .  (1) 
n 

The hyperfine frequencies con are the transition frequencies between the hyperfine levels 
into which a nuclear state is split by the QI. These frequencies depend on the quadrupole 
frequency uq and the a s m e t r y  parameter 7- In polycrystalline samples the amplitudes skn 
are functions of q only. The number of terms in (1) depends on the nuclear spin of the 
nuclear state under consideration. The exponential factor accounts for possible distributions 
of the hyperfine frequencies caused by defects and other imperfections. The parameter 6 is 
the relative width of a Gaussian distiibution. Frequently, several fractions of nuclei with 
different QIs are found in the same sample. The effective perturbation €actor is then given 
bY 

G d i )  = f ,Gdi ;Uqi . ,  S, 6;) (2) 

where fi (with xi fi = 1) is the relative intensity of the ith fraction with thc Ql parameters 
[us;, vi, 41. These parameters were determined for the different compositions Hg,~-zIn, 
and temperatures by a least-squares fit of (2) to the measured PAC spectra. 

At practically all compositions the amplitudes skn of the various oscillatory terms of the 
perturbation factor (1) were found to differ more or less strongly from the theoretical values 
for polycrystalline samples, which occurs when the interaction has a preferred orientation 
relative to an external frame of reference. This effect waS most pronounced in the case of 
HgqzIng, which-as shown by the PAC spechum of this composition at 200 K in figure 1- 
solidified as an almost perfect single crystal with the symmeby axis perpendicular to the 
detector plane. To allow for thewtexture effects, the oscillation amplitudes sk,, of the 
perturbation factor were treated as free parameters in the least-squares-fit procedure. In the 
following we shall summarize the results of the fits conceming the number of sites and 
their relative intensities, the symmehy of the EFG and the relative width of the frequency 
distribution. The values of the quadrupole frequency obtained for different compositions 
are collected in figure 2, where vs is plotted versus a T3I2 temperature scale. 
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Hg9zIm.  Single-site spectra with axial symmetry of the interaction (q = 0) are 
observed. The width of the Gaussian frequency distribution is S rr O.OZS(5) at all 
temperatures. 

Hg87In,3. For T < 40 K singlesite spectra are observed with QI parameters identical 
to those of b-Hg (HgsoIn~o, see below): 0 = 0.36, S N 0.08(1), vs = 81.2(5) MHz 
at 26 K. Upon heating above-40. K, a secGrid, axially symmetric site appears with a 
relative intensity of about 65% and the samefrequency uq as in Hg92hS (a-Hg). When 
temperatures T P 40 K are reached by cooling from higher temperatures, the axially 
asymmetric component does not appear in the spectra. These observations indicate that for 
Hgs7Inl3 the @Hg+ or-Hg transition occurs at about 40 K and that a considerable fraction 
of the sample is retained in the B-phase when the compound is heated across the transition 
temperature. The values of uq(Hg&13) shown in figure 2 for T > 40 K correspond to the 
quadrupole frequency of the majority fraction, i.e. or-Hg&13. 

HgsoIn20. Single-site spectra are observed with q = 0.36(1) and 6 = 0.079(5) at ZA K. 
The asymmetry parameter decreases by less than 20% between 4 K and 240 K. The width 
of the frequency distribution is temperature independent. 

H g ~ a I n ~ a .  Single-site spectra are bbserved with q = 0 and S = O.OlS(5) at all 
temperatures. 

Hg33In67. Two-site spectra, showing a rapid oscillation of  small amplitude 
superimposed on a slow decay of the anisotropy, are observed. The QI parameters of 
the dominant site (ft 0.65(5)) correspond to those of ,%In (IngoHglo, see below): a 
broad frequency distribution (8 N 0.4, q 2: 0.4) with a centre frequency uq varying from 
ll(l) MHz to S(1)~MHz between 26 K and 235 K. The Qr parameters of the minority site 
(f2 = 1 - fi = 0.35, q = 0, S = 0.030(5), us given by the crosses in figure 2) are identical 
to those of the composition InSoHg50. 

A weakly perturbed, single-site spectrum, measured at 302 K only, is 
observed. The best fit is obtained for a broad frequency distribution (6 N 0.3,. q rr 0.4) 
centred at uq N 7(1) MHz,  but as the perturbation is very weak, a description by a unique,' 
axially symmetric interaction cannot be completely excluded. 

Hg61n9. Weakly perturbed single-site~spectra are observed, measured at 30 K and 
302 K. As for HgloInw. the best fits are obtained with a broad frequency distribution 
(S rr 0.3-0.4, q Y 0.4) with centre frequencies of uq N 11.0(5) MHz and 8.0(5) MHz at 
30 K and 302 K, respectively. 

Hg,oInpa; 

4. Discussion 

The information obtained by this study on the temperature dependence of the EFG in 
compounds of the-Hg-In alloy system is collected in figure 2, where we have plotted the 
quadrupole frequency U, of dilute '"Cd in pure or-Hg, WHg9Zh8, Ci-HgWh13, B-HgsoIn20 
and HgIn versus a T3/2 temperature scale. The vdues for pure Hg were taken from Mahnke 
et al (1979). The crosses in figure 2 indicate the frequency of the minority fraction of the 
composition Hg33In66 (see above). It is safe to assume that "'Cd occupies the In site in 
these alloys. The possibility of a site change by the l"In -+ "'Cd transmutation can be 
excluded because the threshold energies for atomic displacements are much larger than the 
recoil of lllCd caused by the neutrino emission in the EC o f  "'In (3.2 eV), also for metals 
with low melting points (Landolt-Bomstein 1991). 

The data in figure 2 have two interesting aspects: first, the quadrupole frequency follows 
a T3I2 relation very accurately in all cases and second, the compounds differ in the relative 
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temperature dependence of the EFG: in the compounds @-Hg and HgIn the decrease of vq 
with temperature is considerably slower than in pure and In-doped a-Hg. 

The values of the skength parameter B and the saturation frequency u,(O), obtained 
by fitting the expression uq(T) = vq(0)(l - BT3I2) to the experimental data, are listed in 
table 1, which also shows the V,(O) component of the E H ~  calculated from v,(O) with the 
quadrupole moment Q = 0.83(13) barns (Herzog ef al 1980) of the 247 keV state of ll1Cd. 
The errors given for V,,(O) consider only the uncertainty of the time calibration and not the 
error of the quadrupole moment. 

P R J Silva et al 

Table 1. The saturation value v,(O), the Corresponding a0 wmponenl V,(O) and the strength 
parameler B of lllCd in compounds of the Hg-In aUoy syslem, obtained by fitting the expression 
vq(T) = v,(O)(l- BT3/') lo the experimental values of ~~(7). 

According to the data in table 1, the addition of In to Hg causes a decrease of the 
strength parameter B .  In the rr-phase of Hg the effect is small: within the errors the 
relative temperature dependence within the series Hglm, HgaIQ, Hgs7Inls may be constant 
or decrease at most by a few per cent. Compound formation, however, leads to a pronounced 
decrease of the strength parameter: in @-Hg (HgWInm) the parameter B is 35% smaller 
than in the pure and the In-doped rr-phase of Hg. If one accepts lattice vibrations as the 
main source for the temperature dependence of the EFG, the decrease of the parameter B 
implies smaller mean square displacements (x') of the atoms. Since the addition of In 
reduces the average mass of the nearest neighbours of the probe, smaller values of (x2 )  
correspond qualitatively to an increase of the Debye temperature relative to that of or-Hg. 
A quantitative analysis is difficult, as the relation of the strength parameter B and the mass 
in the case of two different atoms is not known. If one assumes that the relation between 
B and the spring constant (Me,') for pure metals and dilute impurity systems (Mahnke et 
a1 1979) also holds for binary sp compounds, with M the average mass of the constituents, 
one estimates from the measured B values Debye temperatures 6'D = 100 K and 110 K for 
@-Hg and HgIn, respectively, which can be compared to 80 = 90 K and 110 K for pure Hg 
and In, respectively. 

In both a-phases of the Hg-In system the quadrupole frequency uq at a given temperature 
decreases with increasing concentration of the other element. For a-He the effect is small: 
between Hglm and Hgs71n13 ~ ~ ( 0 )  decreases at most by 5% (see table 1). The addition of Hg 
to or-In, however, has a strong influence on us: at 300 K the quadrupole frequency in Hg&w 
( ~ ~ ( 3 0 2  K) = 8 MHz) is about 50% smaller than in pure In ( ~ ~ ( 3 0 2  K) = 17.6 MHz). This 
is in agreement with previous NMR measurements of the "'In Q1 in In-rich In-Hg alloys at 
4.2 K by Thatcher and Hewitt (1970). Qualitatively, the different concentration dependence 
of the QI in @-In and a-Hg can be related to the lattice parameter variation in the two 
phases: the c/a-ratio of BCT a-In (c/a 1) decreases considerably with increasing Hg 
concentration towards cubic symmetry matcher and Hewia 1970), whereas the parameters 
of the rhombohedral unit cell of or-Hg are practically unaffected by the addition of In 
(Mascarenhas 1970). 
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The QI parameters [us, q. 61 also carry some information on the Hg-In phase diagrain 
and the lattice structure of the different compounds. 

(i) The observation of the p-Hg+ a-Hg transition in Hg87Inl3 at 40 K, clearly visible 
in figure 2, confirms (Gubbels 1990) that at low temperatures the a-phase of Hg extends 
up to an In concentration of about 12-13 at.%. The axial symmetry of the EFG in a-Hg is 
consistent with its rhombohedral crystal structure. 

(ii) The Qr parameters of HgIn are difficult to reconcile with either of the two structures 
proposed for this compound. In table 2 we compare the experimental EFG values to the 
ionic EFG contribution (1 - y,)Vi;tt determined by a point-charge lattice-sum calculation 
for rhombohedral Hg, orthorhombic y-Pu-type Hg8oInzo and the two structures proposed in 
the literature for HgIn. In the following the HgIn structure proposed by Mascarenhas 
(1970) (disordered, with one atom in the rhombohedral unit cell) shall be denoted as 
HgIn-A, and the ordered PtCu-L11-type structure proposed by Segnini and Giessen (1972) 
as HgIn-B. For ordered structures charges 2+ and 3+ have been used for Hg and In, 
respectively. In the case of disordered structures the lattice-sum calculation has in principle 
to be carried out for a statistical distribution of atoms of different charges, which results in 
an EFG distribution. For the present discussion we mainly require the order of magnitude 
of the lattice EFG. For disordered HgWInm and HgIn we have therefore calculated only 
the average EFG by assuming the same charge 2.2+ and 2.5+, respectively, for all lattice 
sites. (1 - ym) = 30.3 is the Sternheimer correction for Cdzf. As expected from the 
lattice symmetry, ,he calculated EFG of Hg and both structnres proposed for HgIn is axially 
symmetric ( q  = 0) in agreement with the experimental observation. For Hg, HgWInzo 
and the structure of HgIn proposed by Mascarenhas (1970) (HgIn-A) the enhancement 
of the ionic EFG by valence and conduction electrons, expressed in table 2 by the ratio 
01 = VzJ(l  - ym)VE. is of the same order a Y 1-3 as generally found for the pure sp 
metals. For the ordered PtCu-L11-type structure proposed for HgIn by Segnini and Giessen 
(HgIn-B), however,  the^ calculated ionic EFG is more than a factor of 10 smaller than the 
measured value. This small value results from the fact that for one Hg atom in (a):O, 0,O 
and one In atom in @I):;, i, 4 of the rhombohedral PtCu unit cell the contributions of the 
H$+ and In3’ sublattices to the ionic EFG at the In site have very similar magnitudes, but 
opposite sign, and therefore cancel to a large extent. So, for a PtCu L11 structure of HgIn 
the measured EFG is much larger than expected from the systematics of the enhancement 
factor a in sp systems and under this aspect one would favour the structure proposed by 
Mascarenhas (1970) for which a is of the correct order of magnitude. 

~ ~ 
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Table 2. A comparison of the experimenral value V, ( s i p  undetermined) of the EFO of ILlCd in 
Hg-In compounds and the result (1 - ym)Vzy of a point-charge latticesum calculatian. In the 
ease of H g h  (1 -ym)V2 hm been calculated for the disordered rhombohedral lattice proposed 
by Mascarenhas (1970) (denoted below Hgln-A) and the ordered CuPt Llr svuctue proposed 
by Segnini and Giessen (1972) (denoted as Hgh-B). 

V A O )  (1 - vm)v:,a‘r 
C o n i v ”  (10’l V m-*I V cm-2) CY = lV,,l(l - V ~ ) V ! ? ~ I  

Hgim 5.9(1) 2.70 2.2 
H m h m  4.OW 2.05 1.9 
Hgh-A 4.6(1) 3.48 1.3 
Hgh-B 4.6(1) -0.35 13.2 - 

On the other hand, in an ordered lattice~containing two different atoms A and B the EFG 
has the same va1u.e on all equivalent sites, whereas in the disordered case each probe will 



6718 

see a different distribution of atoms A and B on the available lattice sites and if the EFG 
contributions of A and B differ, due e.g. to different charge states, an EFG dismbution will 
result. We have found only a very small frequency distribution (6 = 0.015(5)) fo;' HgIn, 
which argues against the disordered lattice proposed by Mascarenhas (1970). 

The temperature dependence of the quadrupole frequency in HgIn shows a discontinuity 
around 50 K (see the dotted line in figire 2), which possibly indicates a change in symmetry 
at low temperatures. 

(iii) The finite asymmetry of the EFG (q = 0.36) and the rather large frequency 
distribution (6 = 0.08) observed in the single-phase field around HgmInm are consistent 
with the orthorhombic, disordered structure of y-Pu type proposed by Mahy and Giessen 
(1979) for p-Hg, but incompatible with the FCT structure suggested by Mascarenhas (1970). 
In a tetragonal lattice the EFG is axially symmetric. The lattice-sum calculation yields an 
asymmetry parameter of q = 0.52 in reasonable agreement with the experimental value of 
q = 0.36, considering that the same average charge has been used for Hg and In. 

(iv) The phase diagram of the Hg-In system given by Gubbels (1990) shows an 
intermetallic compound HgIn?, which decomposes into HgIn and P-In at T > 2W K. 
We have not been able to find this intermetallic phase between 32 K and 230 K. At the 
composition Hgdn66 the PAC spectra show a mixture of two distinct compounds (see 
figure I), which can be identified unambiguously from their'Q1 parameters as ~HgIn and 
p-In. (See the perfect agreement of the quadrupole frequencies of HgIn (diamonds) and of 
the minority component of Hg33Iw (crosses) in figure 2). 

(v) Although the single-phase field around HgloIngo (p-In) is known to be FCC (Cu type, 
Coles et a1 1963), we have observed a weak QI in this phase, which reflects the perturbation 
of the cubic symmetry by the disordered occupation of the lattice sites with two different 
types of atom. The same effect leads to an EFG distribution when a few Hg and In atoms are 
dissolved in or-In and or-Hg, respectively. At first sight the distribution in or-Hg (HggzIng: 
6 = 0.025) seems to be much smaller than in or-In (Hg6Ingq: 6 = 0.344). but actually 
both dis!ributions have the same absolute width: Sw, N 3-4 MHz. 

In summary, we have investigated the EFG of dilute ll1Cd nuclei in compounds of the 
Hg-In alloy system and found that as in the pure metals Hg and In the quadrupole frequency 
decreases with increasing temperature according to the relation uq(T) = uq(0)(l - BT3/*).  
The strength constant B in the intermetallic phases, however, is up to 35% smaller than in 
the pure metals, suggesting that the compound formation is accompanied by an increase of 
the Debye temperature relative to or-Hg. The QI parameters are consistent with a disordered 
orthorhombic y-Pu-type crystal structure for Hgdnzo, but difficult to reconcile with either 
of the two structures proposed for HgIn (Segnini and Giessen 1972 (CUR U]), Mascarenhas 
1970 (disordered rhombohedral)).~ An intermetallic compound HgIna has not been observed. 

P R J Silva et a1 
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