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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 HELO at. % was studied under pressure up to 66 GPa with energy-
dispersive x-ray diffraction using synchrotron radiation. The ambient presgupe hexagonalhP1) phase
transformed at 15 GPa totmdy-centered tetragondt! 2) phase similar to the high-pressure forms of Sn and
InBi. The axial ratio,c/a, of thetl2 phase increased with pressure up to a maximum valwtao£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 tooatihorhombicphase, was observed. The structural trends observed are
discussed in terms of a Fermi-sphere—Brillouin-zone interacf®®163-1829)04709-9

INTRODUCTION ture. In this paper, the structure of HgSis studied under
pressure.
Binary alloys of Sn with Cd, Hg, and In crystallize at
ambient conditions in a simple-hexagonhIR1) structure’
later referred to as the Hg$structure typé&, with random EXPERIMENTAL DETAILS

occupation of the_ 1q) site inP6/mmm The same structure High-pressure x-ray-diffraction experiments were ex-
has been found in more than ten Sn-based binary alloys bycted on samples contained in diamond anvil lls.
quenching from the liquid stateMore recently, thehP1 Samples were placed into gasket holes of 100 to 200
structure has also been obtained in otfieon-Sn-based  giameter along with ruby or gold as a pressure matkét.
alloys of main group metals by quenching from the liquid Mineral oil was normally used as the pressure transmitting
state(e.g., the In-Bi, In-Sb, Cd-Bi systefhsor by quenching medium. The diffraction experiments were performed in the
from high pressurge.g., the In-Bi, Pb-Sn, Al-Ge, Cd-Sb energy-dispersive mod&DXD) using synchrotron radiation
system®). ThehP1 structure has also been obserweditu  at the beam line F3 in HASYLAB, DESYHamburg.2%-22

at high pressure in $i” Ge® and in the binary alloy systems The sample material was prepared by melting a 1:9
Al-Ge? Zn-Sb, and Cd-SB° (Hg:Sn mixture of the pure element§9,99% in an evacu-

In the lighter group IV elements Si and Ge, thée1  ated silica tube. Diffraction data obtained with a diffracto-
structure appears under pressure after the white tlig)(  meter(SIEMENS-D500 confirmed the occurrence of a pure
structure as one of the intermediate structtireghich are hP1 phase at ambient conditions with lattice parameters
transformed at even higher pressures into one of the close=320.8(1) pm andc=298.5(2) pm. These values corre-
packed structureb P2, cF4, or hP45812The heavier ele- SPond to an alloy composition with 10 at. % HgSmall
ment Sn, however, shows a different structural sequence uf€Cces from this sample were used for three different sets of
der pressure with transitions from white titi 4) to body- experiments. All pressure experiments were performed at

centered tetragonaltl2) and to body-centered-cubiclQ) room tempgrature. Spgcmlly_adapted softiawens used for
structured3 14 the evaluation of the diffraction spectra.

The axial ratio (0.9%c/a<0.95) observed for thel 2
structure of Sn is distinct among those elements exhibiting
this structure.c/a ratios of 0.71(Hg), 0.82 (Pa, andc/a EXPERIMENTAL RESULTS
>1.0(In, Ga, Ce, Puhave been reported for other elements Upon compression, the puheP1 phase is observed up to
when in t12 structure”® Only recently, in InBi at high 13.7 GPa. Beginning at this pressure, diffraction peaks cor-
pressuré® has atl2 structure been reported wittla values  responding to the next phase are observed and increase in
similar to the ones of the high-pressure phases of Sn. intensity at the expense of the originblP1 diffraction

The hP1 structure occurs only for the lighter group IV peaks. Above 19 GPa, only is phase is present. Peak index-
elements Si and Ge at high pressure. The heavier group ling indicates that the phase possesses a tetragonal body-
elements Sn and Pb do not exhibit this structure, and furthercentered structure with two atoms per unit cell2) and
more show a common tendency to transform @l 2 struc-  space group4/mmm The phase transition is reversible with
ture at the highest pressures reached to date, rather than t@aysteresis of about 7 GPa. Th&1 phase is recovered
closed-packed structure like Si and Ge. These differences icompletely on decompression below 12 GPa. This observa-
behavior suggest that interesting structural effects may occuion indicates that the alloy does not decompose under pres-
in Sn-Hg alloys related to thelrP1 ambient pressure struc- sure. Typical diffraction spectra at pressures near
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FIG. 1. EDXD spectra of HgSyat different pressures measured
with 20:5_3.36°._ Fluorescence peaks from Sn _and W are marl_<ed b%igned to the calculated valueh,. of the tI2 structure
arrows. Diffraction peaks of phasgbelow) are |nd§xed according within the limits of +0.4 pm typical for the present tech-
to the hP1 structure and phase [Bbove according to thetl2 nique. The observed and calculated intensitigg,and| .
structure. show very reasonable agreement if one takes into account the

. A roblem of texture associated with the present techrifjue.
the phase transition are shown in Fig. 1. The use of a larg . . .
. i = R nly a single, weak, unassignable line near 40 keV was ob-
diffraction angle (#=10.2°) allowed us to observe up to

ten lines for the phase and supported the assignmentl@f a Zre]:jvteldz' Tr;]zsllgse(':viv asl?rzflgn::g;ltge gps);%tlra :)e]csz(l)tt??rﬁ a
structure(Table ). All observedd spacingsd,,s can be as- pr 9. : P y
small admixture of another intermediate phase, whose struc-

TABLE 1. (hk) indices, observed and calculatedspacings, turgiiec}gnrfots(: gfe t#g I::imr\ﬁﬁ.ressure measurements were taken
together with observed and calculated intensities for the EDXD gn-p

spectrum of HgSyill) at 19.3 GPa obtained a2 10.2°. The best with a diffraction a.ngle 2=9.52°, as illustrated in Fig. 2,

fit givesa=360.6(1) pm and =328.4(2) pm for thel 2 structure only the four most intense Bragg pedks10), (101), (2,00)'
(space groug 4/mmm). The intensities are calculated for a ran- @nd (21D)] of the HgSg structure {12) were used in the
domly disordered alloy with a sample thickness of 4. determination of lattice parameters to have comparable data
sets. Differences in the evaluation of these reduced data sets,

(hkl) dops (PM) deae (PM) l obs | cale relative to full fits of ten lines, do not exceed the statistical
error of 0.2 pm. However, due to nonhydrostaticifythe

110 254.7 255.0 93 58 positions of some peaks can deviate from the calculated val-

101 243.1 242.8 100 100 ues by up to+0.4 pm.

200 180.5 180.3 20 13 The spectra for the region of two-phase coexistence give

002 164.0 164.2 2 3] the most reliable values for the volume change at the transi-

211 144.8 144.8 20 20 tion. From the spectrum at 13.7 GPRig. 1), one obtains

112 138.0 138.0 4 8 coordination number increases from-8 to 8+ 2+ 4. At the

220 127.5 127.5 2 3 same time, the corresponding interatomic distances also in-

202 121.8 121.4 3 4 crease fromd,(2)=c=282.2 pm andd,(6)=a=302.7 pm

310 114.3 114.0 3 3 to d,(8)=307.0pm, d,(2)=c=331.4pm, ds(4)=a

301 113.2 112.9 3 3 =365.5pm(with Ad==0.2 pm. In total, the atomic vol-

ume decreases by only 12)% at the transition.
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£ %0 about 40 GPa. No further change was observed up to about
2 3s0- o000y 55 GPa, the pressure at which the next transition occurs.
(e} a .

8 0] °eoo oe0c . The average atomic volume of all three phases can be
% 0% . °$o % o represented in a first approximation by one common equa-
g 0t., 4 %99 6 0000q oo i’ tion of state(EQS as illustrated in Fig. 3, since the volume
8 w0l e, ¢ oe discontinuities at both phase transitions are less than 2%.
S e With the given volumeV,=26.6x 10° pn* at ambient con-

1.00 — ; . ; ditions, the fitted curve in Fig. 3 corresponds to the param-

oo 1 ! 1 Lo eter valuesKy=59(1) GPa andK;=3.9(1) for the bulk

0.96 ; modulus and its pressure derivative at ambient conditions,
€ o] om ' ' when one uses either an EOS of the second-order Birch
= baodne o v o8 typ€’ or the more recently proposed type AF2.
T 0924 nc 00000 & 0%00® o0& o
< (g0 0 °95 ¢ S0 e

c/a
DISCUSSION
”g The present high-pressure study of an Sn-Hg alloy with
% hP1 structure reveals a transition to thE2 structure, in
= contrast to the behavior of the light group IV elements Si and
£ Ge where the high-pressuhd’1 phase has the tendency to
S transform at higher pressures directly or indirectly into one
of the close-packed structures. However, some similarities

with the high-pressure behavior of the heavier element Sn
and of the heavier IlI-V compound InBi can be noticed with
respect to the occurrence of thi2 structure*® Both the
FIG. 3. Pressure dependence of the lattice parameters/éhe hpP1 and thetl2 structures are characterized by special val-
ratio and the atomic volume of Hg&nTriangles: phase INP1).  yes ofc/a and it is interesting to examine possible causes for
Circles: phase 1111 2). Dla}monds_: phase lll. Open symbols CoITe- these special values.
spond tc_> data taken on increasing pressure and solid symbols on ThehP1 structure appears in the light group IV elements
decreasing pressure, respectively. Si and Ge under pressure in their metallic forms and in alloys
with an average valence electron number of nearly four. This
Above 55 GPa, a splitting of some of thE2 diffraction  structure is characterized in all cases by a value/afin the
lines was noticed, as illustrated most clearly in Fig. 2 for therange between 0.92 and 0.95. An explanation for this specific
(200)—t12 peak. A tentative indexing of the pattern at 66.4value was given by Weaire and Williafisusing simple
GPa based on an orthorhombically distorted lattice explainsymmetry arguments for both real and reciprocal spaces. Be-
all the dominant peaks. Two additional weak features, howcause both the real and reciprocal lattices are hexagonal, it
ever, are also noticed and indicated in Fig. 2 with asteriskswas argued that the electrostatic energy is minimized by a
Possibly, these features result from minor unknown impuri-balance between contributions from effects related to the real
ties. However, if they belong to phase I, the structure ofand reciprocal lattices, respectively, with the requirement
this phase would have to be more complex, but closely rethat c/a~c*/a*. This requirement leads to/a=(;3/2)*?
lated to the body-centered-orthorhombic cell. =0.931, in close agreement with previously observed experi-
A strong hysteresis in the II-1ll transition was observed, mental data and similar to the present value for HgBR1)
as evidenced by the top spectrum in Fig. 2 and the soligiven in Fig. 3.
diamond data points in Fig. 3, and suggests a first-order char- Thetl2 structure observed in the Sn-Hg alloy is related
acter for this transition. A continuous increase of the ortho-by a slight distortion to thel2 structure which occurs as a
rhombic distortion at the transition, however, cannot be dehigh-pressure structure for Sn and InBi. For all these struc-
finitively excluded. Therefore, the stated values for the axiaktures, similar variations of/a with pressure were found: a
ratiosc/b andc/a of phase Il in the “mixed-phase region” slight increase with pressure initially and then an approach
depend on the interpretation of the spectra. towards a nearly constant value over an extended pressure
We note further that the assignment of a body-centeredrange. The observed upper valueaé is 0.96 for Sn and
orthorhombic structure for phase Ill results in a smooth coninBi, but only 0.92 for HgSg a result that suggests that the
tinuation of the equation of stai&O$S given in the lower degree of distortiond/a) is determined by the average num-
part of Fig. 3. The corresponding pressure dependencies ter of valence electrons(electron/atomor, in other words,
the lattice parameters and their ratios for all three phases al®y the valence electron concentration.
illustrated in Fig. 3. The axial ratia/a of the hP1 phase The earlier experimental observations of th2 structure
increases slightly with pressure from 0.930 at ambient presn Sn under pressure have stimulated theoretical studies.
sure to 0.934 at 17.7 GPa, the highest pressure at which thichese studies have predicted only small differences in the
phase was observed. The phase appears at 13.7 GPa with crystal structure energy between tté& andcl2 phase® as
an axial ratio 0.907. With increasing pressucéa initially well as ac/a value of 0.90 for thetl2 structure and the
increases and levels off at a maximum value of 0.919 apressure of 46 GPa for th¢2-cl2 transition>! Semiempir-

Pressure (GPa)
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FIG. 5. Comparison of/a ratios vsV/V,, for thetl 2 structures:
HgSny, (present work Sn (A is data from Ref. 14V is data from
Ref. 35, and InBi(data from Ref. 15 The corresponding values
for V, are, respectively, 26:610° pr® for HgSn, (hP1), 27.0

FIG. 4. The Brillouin zone wit{110) and (101) planes and the x10° pms_ for tin (8-Sn) and 28'0<_106 pre for InBi (metallic InBi
Fermi sphere for an electron concentration of 3.8 for a body-!)- SPecial values ot/a for InBi and Sn ¢/a=0.96) and for
centered-tetragonaltl(2) structure withc/a=0.92 (the case of HIS™ (c/a=0.91) are represented by dashed lifsse text

HgSny).

via a complicated intermediate structtftevithout a transi-

: . . . . tion throughtl 2.
ical calculations for tin under pressdfepredict thatc/a in The tI2-cl2 transition under pressure in Sn and also

Sn(t12) should not exceeet0.95 and would have to change (propably in InBi represents a trend to higher symmetry,
discontinuously tac/a=1 at the transition to Sie(2). which is expected from an increase in the electrostatic en-
Experimental observations of stronger distortionsctd  ergy. However, the first-order character of this transition, as
in thetl2 structure for lower electron concentrations furtherevidenced by the discontinuity ifa can be understood only
suggest the relevance of the concept of Brillouin-zone—by detailed considerations of the band-structure energy and
Fermi-sphere interactiofi. Within the simple nearly-free- the Brillouin-zone—Fermi-sphere interaction. In contrast to
electron model, consideration of a matching between thé¢hese two examples, th#2 phase of HgSnis not trans-
Brillouin zone and Fermi sphere explain qualitatively specialformed directly into a cubic phase at higher pressures, but
values in certain lattice parameter relations for noncubigrobably to an orthorhombic phase. A possible explanation

(hexagonal or tetragor)aStructures",“ including the forma- for this unique behavior may be related to the lower value of
tion of thetl2 structure in simple metals with nearly four the valence electron concentration and to the correspond-

valence electrons. ingly lower limiting value forc/a, which would require a
For acl?2 structure with the atomic volumé=a3/2, one larger jump at the transition tol2. Since an orthorhombic
obtains for the ratio of the Fermi-sphere radius; dis'Fortion Would. result in qsplitting afi,q0 in the reciprocal
—(372n/V)3 to the lattice parameter i space, Z/a, at lattice, the remprocal—latyce vectorg,o, and doz0 cou!d
n=4 the valuekp/(2m/a)=(3/m)3<1. This means thake adopt values C_orres_pond_lng tRo< 2kF<_qOZO,_ which still _
<2m/a or, in other words, thé110) planes of the Brillouin represents a situation with a strong Brillouin-zone—Fermi-

zone are intersecting the Fermi sphere near the corners of t§@here interaction.
zone. A Brillouin-zone—Fermi-sphere interaction can there- Tom the present results, one can expect that many other
fore favor a tetragonal distortion as illustrated in Fig. 4. binary alloys with valence electron concentrations close to 4

This model allows us to estimate the upper valueks should follow the same structural sequence under pressure
for the t12 structure from the condition@/a,<kg, which including an intermediatél 2 structure and &l2 phase at

gives c/a<3/4m-n, or c/a<0.96 forn=4 (Sn, InBj and  higher pressures.

c/as(_).91 forn=23.8 (HgSR), in good_ agreement with t_he_ ACKNOWLEDGMENTS
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