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Structural transformations in a simple-hexagonal Hg-Sn alloy under pressure
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The structure of Sn alloyed with Hg~10 at. %! was studied under pressure up to 66 GPa with energy-
dispersive x-ray diffraction using synchrotron radiation. The ambient pressuresimple hexagonal(hP1) phase
transformed at 15 GPa to abody-centered tetragonal(tI2) phase similar to the high-pressure forms of Sn and
InBi. The axial ratio,c/a, of the tI2 phase increased with pressure up to a maximum value ofc/a'0.92 at
about 40 GPa and remained nearly constant upon further compression to 55 GPa. At pressures above 55 GPa,
a second phase transition, probably to anorthorhombicphase, was observed. The structural trends observed are
discussed in terms of a Fermi-sphere–Brillouin-zone interaction.@S0163-1829~99!04709-8#
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INTRODUCTION

Binary alloys of Sn with Cd, Hg, and In crystallize a
ambient conditions in a simple-hexagonal (hP1) structure,1

later referred to as the HgSn9 structure type,2 with random
occupation of the 1(a) site in P6/mmm. The same structure
has been found in more than ten Sn-based binary alloys
quenching from the liquid state.3 More recently, thehP1
structure has also been obtained in other~non-Sn-based!
alloys of main group metals by quenching from the liqu
state~e.g., the In-Bi, In-Sb, Cd-Bi systems4! or by quenching
from high pressure~e.g., the In-Bi, Pb-Sn, Al-Ge, Cd-S
systems5!. ThehP1 structure has also been observedin situ
at high pressure in Si,6,7 Ge,8 and in the binary alloy system
Al-Ge,9 Zn-Sb, and Cd-Sb.10

In the lighter group IV elements Si and Ge, thehP1
structure appears under pressure after the white tin (tI4)
structure as one of the intermediate structures11 which are
transformed at even higher pressures into one of the cl
packed structureshP2, cF4, or hP4.6,8,12 The heavier ele-
ment Sn, however, shows a different structural sequence
der pressure with transitions from white tin (tI4) to body-
centered tetragonal (tI2) and to body-centered-cubic (cI2)
structures.13,14

The axial ratio (0.91,c/a,0.95) observed for thetI2
structure of Sn is distinct among those elements exhibi
this structure.c/a ratios of 0.71~Hg!, 0.82 ~Pa!, and c/a
.1.0 ~In, Ga, Ce, Pu! have been reported for other elemen
when in tI2 structure.15 Only recently, in InBi at high
pressure,16 has atI2 structure been reported withc/a values
similar to the ones of the high-pressure phases of Sn.

The hP1 structure occurs only for the lighter group I
elements Si and Ge at high pressure. The heavier grou
elements Sn and Pb do not exhibit this structure, and furt
more show a common tendency to transform to acI2 struc-
ture at the highest pressures reached to date, rather than
closed-packed structure like Si and Ge. These difference
behavior suggest that interesting structural effects may o
in Sn-Hg alloys related to theirhP1 ambient pressure struc
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ture. In this paper, the structure of HgSn9 is studied under
pressure.

EXPERIMENTAL DETAILS

High-pressure x-ray-diffraction experiments were e
ecuted on samples contained in diamond anvil cell17

Samples were placed into gasket holes of 100 to 200mm
diameter along with ruby or gold as a pressure marker.18,19

Mineral oil was normally used as the pressure transmitt
medium. The diffraction experiments were performed in t
energy-dispersive mode~EDXD! using synchrotron radiation
at the beam line F3 in HASYLAB, DESY~Hamburg!.20–22

The sample material was prepared by melting a
~Hg:Sn! mixture of the pure elements~99,99%! in an evacu-
ated silica tube. Diffraction data obtained with a diffract
meter~SIEMENS-D500! confirmed the occurrence of a pur
hP1 phase at ambient conditions with lattice parametera
5320.8(1) pm andc5298.5(2) pm. These values corre
spond to an alloy composition with 10 at. % Hg.2 Small
pieces from this sample were used for three different set
experiments. All pressure experiments were performed
room temperature. Specially adapted software23 was used for
the evaluation of the diffraction spectra.

EXPERIMENTAL RESULTS

Upon compression, the purehP1 phase is observed up t
13.7 GPa. Beginning at this pressure, diffraction peaks c
responding to the next phase are observed and increas
intensity at the expense of the originalhP1 diffraction
peaks. Above 19 GPa, only is phase is present. Peak in
ing indicates that the phase possesses a tetragonal b
centered structure with two atoms per unit cell (tI2) and
space groupI4/mmm. The phase transition is reversible wit
a hysteresis of about 7 GPa. ThehP1 phase is recovered
completely on decompression below 12 GPa. This obse
tion indicates that the alloy does not decompose under p
sure. Typical diffraction spectra at pressures n
6058 ©1999 The American Physical Society
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the phase transition are shown in Fig. 1. The use of a la
diffraction angle (2u510.2°) allowed us to observe up t
ten lines for the phase and supported the assignment of atI2
structure~Table I!. All observedd spacingsdobs can be as-

FIG. 1. EDXD spectra of HgSn9 at different pressures measure
with 2u58.36°. Fluorescence peaks from Sn and W are marked
arrows. Diffraction peaks of phase I~below! are indexed according
to the hP1 structure and phase II~above! according to thetI2
structure.

TABLE I. ~hkl! indices, observed and calculatedd spacings,
together with observed and calculated intensities for the ED
spectrum of HgSn9~II ! at 19.3 GPa obtained at 2u510.2°. The best
fit givesa5360.6(1) pm andc5328.4(2) pm for thetI2 structure
~space groupI4/mmm!. The intensities are calculated for a ra
domly disordered alloy with a sample thickness of 40mm.

~hkl! dobs ~pm! dcalc ~pm! I obs I calc

110 254.7 255.0 93 58
101 243.1 242.8 100 100
200 180.5 180.3 20 13
002 164.0 164.2 2 5
211 144.8 144.8 20 20
112 138.0 138.0 4 8
220 127.5 127.5 2 3
202 121.8 121.4 3 4
310 114.3 114.0 3 3
301 113.2 112.9 3 3
er

signed to the calculated valuesdcalc of the tI2 structure
within the limits of 60.4 pm typical for the present tech
nique. The observed and calculated intensities,I obs andI calc,
show very reasonable agreement if one takes into accoun
problem of texture associated with the present techniqu24

Only a single, weak, unassignable line near 40 keV was
served. The line was present in the spectra of both thehP1
and tI2 phases~Fig. 1! and could possibly result from a
small admixture of another intermediate phase, whose st
ture seems to be unknown.25

Since most of the high-pressure measurements were t
with a diffraction angle 2u59.52°, as illustrated in Fig. 2
only the four most intense Bragg peaks@~110!, ~101!, ~200!,
and ~211!# of the HgSn9 structure (tI2) were used in the
determination of lattice parameters to have comparable
sets. Differences in the evaluation of these reduced data
relative to full fits of ten lines, do not exceed the statistic
error of 60.2 pm. However, due to nonhydrostaticity,26 the
positions of some peaks can deviate from the calculated
ues by up to60.4 pm.

The spectra for the region of two-phase coexistence g
the most reliable values for the volume change at the tra
tion. From the spectrum at 13.7 GPa~Fig. 1!, one obtains
coordination number increases from 216 to 81214. At the
same time, the corresponding interatomic distances also
crease fromd1(2)5c5282.2 pm andd2(6)5a5302.7 pm
to d1(8)5307.0 pm, d2(2)5c5331.4 pm, d3(4)5a
5365.5 pm~with Dd560.2 pm!. In total, the atomic vol-
ume decreases by only 1.1~2!% at the transition.

y

FIG. 2. Effect of pressure on HgSn9 and Au diffraction peaks in
EDXD spectra (2u59.52°) showing the splitting of diffraction
peaks denoted by orthorhombic indexing and additional featu
marked by asterisks.
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Above 55 GPa, a splitting of some of thetI2 diffraction
lines was noticed, as illustrated most clearly in Fig. 2 for
(200)2tI2 peak. A tentative indexing of the pattern at 66
GPa based on an orthorhombically distorted lattice expla
all the dominant peaks. Two additional weak features, ho
ever, are also noticed and indicated in Fig. 2 with asteris
Possibly, these features result from minor unknown impu
ties. However, if they belong to phase III, the structure
this phase would have to be more complex, but closely
lated to the body-centered-orthorhombic cell.

A strong hysteresis in the II-III transition was observe
as evidenced by the top spectrum in Fig. 2 and the s
diamond data points in Fig. 3, and suggests a first-order c
acter for this transition. A continuous increase of the orth
rhombic distortion at the transition, however, cannot be
finitively excluded. Therefore, the stated values for the ax
ratiosc/b andc/a of phase III in the ‘‘mixed-phase region’
depend on the interpretation of the spectra.

We note further that the assignment of a body-center
orthorhombic structure for phase III results in a smooth c
tinuation of the equation of state~EOS! given in the lower
part of Fig. 3. The corresponding pressure dependencie
the lattice parameters and their ratios for all three phases
illustrated in Fig. 3. The axial ratioc/a of the hP1 phase
increases slightly with pressure from 0.930 at ambient p
sure to 0.934 at 17.7 GPa, the highest pressure at which
phase was observed. ThetI2 phase appears at 13.7 GPa w
an axial ratio 0.907. With increasing pressure,c/a initially
increases and levels off at a maximum value of 0.919

FIG. 3. Pressure dependence of the lattice parameters, thec/a
ratio and the atomic volume of HgSn9. Triangles: phase I (hP1).
Circles: phase II (tI2). Diamonds: phase III. Open symbols corr
spond to data taken on increasing pressure and solid symbo
decreasing pressure, respectively.
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about 40 GPa. No further change was observed up to a
55 GPa, the pressure at which the next transition occurs

The average atomic volume of all three phases can
represented in a first approximation by one common eq
tion of state~EOS! as illustrated in Fig. 3, since the volum
discontinuities at both phase transitions are less than
With the given volumeV0526.63106 pm3 at ambient con-
ditions, the fitted curve in Fig. 3 corresponds to the para
eter valuesK0559(1) GPa andK0853.9(1) for the bulk
modulus and its pressure derivative at ambient conditio
when one uses either an EOS of the second-order B
type27 or the more recently proposed type AP2.28

DISCUSSION

The present high-pressure study of an Sn-Hg alloy w
hP1 structure reveals a transition to thetI2 structure, in
contrast to the behavior of the light group IV elements Si a
Ge where the high-pressurehP1 phase has the tendency
transform at higher pressures directly or indirectly into o
of the close-packed structures. However, some similari
with the high-pressure behavior of the heavier element
and of the heavier III-V compound InBi can be noticed wi
respect to the occurrence of thetI2 structure.14,16 Both the
hP1 and thetI2 structures are characterized by special v
ues ofc/a and it is interesting to examine possible causes
these special values.

ThehP1 structure appears in the light group IV elemen
Si and Ge under pressure in their metallic forms and in all
with an average valence electron number of nearly four. T
structure is characterized in all cases by a value ofc/a in the
range between 0.92 and 0.95. An explanation for this spec
value was given by Weaire and Williams29 using simple
symmetry arguments for both real and reciprocal spaces.
cause both the real and reciprocal lattices are hexagon
was argued that the electrostatic energy is minimized b
balance between contributions from effects related to the
and reciprocal lattices, respectively, with the requirem
that c/a'c* /a* . This requirement leads toc/a5(A3/2)1/2

50.931, in close agreement with previously observed exp
mental data and similar to the present value for HgSn9(hP1)
given in Fig. 3.

The tI2 structure observed in the Sn-Hg alloy is relat
by a slight distortion to thecI2 structure which occurs as
high-pressure structure for Sn and InBi. For all these str
tures, similar variations ofc/a with pressure were found: a
slight increase with pressure initially and then an appro
towards a nearly constant value over an extended pres
range. The observed upper value ofc/a is 0.96 for Sn and
InBi, but only 0.92 for HgSn9, a result that suggests that th
degree of distortion (c/a) is determined by the average num
ber of valence electronsn ~electron/atom! or, in other words,
by the valence electron concentration.

The earlier experimental observations of thetI2 structure
in Sn under pressure have stimulated theoretical stud
These studies have predicted only small differences in
crystal structure energy between thetI2 andcI2 phases30 as
well as ac/a value of 0.90 for thetI2 structure and the
pressure of 46 GPa for thetI2-cI2 transition.31 Semiempir-

on
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ical calculations for tin under pressure32 predict thatc/a in
Sn(tI2) should not exceed'0.95 and would have to chang
discontinuously toc/a51 at the transition to Sn(cI2).

Experimental observations of stronger distortions ofc/a
in the tI2 structure for lower electron concentrations furth
suggest the relevance of the concept of Brillouin-zon
Fermi-sphere interaction.33 Within the simple nearly-free-
electron model, consideration of a matching between
Brillouin zone and Fermi sphere explain qualitatively spec
values in certain lattice parameter relations for noncu
~hexagonal or tetragonal! structures,34 including the forma-
tion of the tI2 structure in simple metals with nearly fou
valence electrons.

For acI2 structure with the atomic volumeV5a3/2, one
obtains for the ratio of the Fermi-sphere radius,kF
5(3p2n/V)1/3, to the lattice parameter ink space, 2p/a, at
n54 the valuekF/(2p/a)5(3/p)1/3,1. This means thatkF
,2p/a or, in other words, the~110! planes of the Brillouin
zone are intersecting the Fermi sphere near the corners o
zone. A Brillouin-zone–Fermi-sphere interaction can the
fore favor a tetragonal distortion as illustrated in Fig. 4.

This model allows us to estimate the upper value ofc/a
for the tI2 structure from the condition 2p/at<kF , which
gives c/a<3/4p•n, or c/a<0.96 for n54 ~Sn, InBi! and
c/a<0.91 for n53.8 (HgSn9), in good agreement with the
experimentally observed values in Fig. 5. This model in
cates that tetragonal distortions would occur when the e
tron concentrationsn,4.2. In fact, the few experimental re
sults for SnSb~Ref. 36! and SnBi ~Ref. 37! with n54.5
show only cubic structures under pressure and no tetrag
distortions. In addition, the group V elements As, Sb, and
(n55) are known to transform intocI2 under pressure

FIG. 4. The Brillouin zone with~110! and~101! planes and the
Fermi sphere for an electron concentration of 3.8 for a bo
centered-tetragonal (tI2) structure withc/a50.92 ~the case of
HgSn9!.
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via a complicated intermediate structure28 without a transi-
tion throughtI2.

The tI2-cI2 transition under pressure in Sn and al
~probably! in InBi represents a trend to higher symmetr
which is expected from an increase in the electrostatic
ergy. However, the first-order character of this transition,
evidenced by the discontinuity inc/a can be understood only
by detailed considerations of the band-structure energy
the Brillouin-zone–Fermi-sphere interaction. In contrast
these two examples, thetI2 phase of HgSn9 is not trans-
formed directly into a cubic phase at higher pressures,
probably to an orthorhombic phase. A possible explanat
for this unique behavior may be related to the lower value
the valence electron concentration and to the correspo
ingly lower limiting value forc/a, which would require a
larger jump at the transition tocI2. Since an orthorhombic
distortion would result in a splitting ofq200 in the reciprocal
lattice, the reciprocal-lattice vectorsq200 and q020 could
adopt values corresponding toq200,2kF,q020, which still
represents a situation with a strong Brillouin-zone–Ferm
sphere interaction.

From the present results, one can expect that many o
binary alloys with valence electron concentrations close t
should follow the same structural sequence under pres
including an intermediatetI2 structure and acI2 phase at
higher pressures.
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FIG. 5. Comparison ofc/a ratios vsV/V0 for the tI2 structures:
HgSn9 ~present work!, Sn ~D is data from Ref. 14,, is data from
Ref. 35!, and InBi ~data from Ref. 16!. The corresponding value
for V0 are, respectively, 26.63106 pm3 for HgSn9 (hP1), 27.0
3106 pm3 for tin ~b-Sn! and 28.03106 pm3 for InBi ~metallic InBi
II !. Special values ofc/a for InBi and Sn (c/a50.96) and for
HgSn9 (c/a50.91) are represented by dashed lines~see text!.
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