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The high-pressure structural behavior of alloys BSb, was investigated experimentally and by means of
first-principles calculations in order to study the effect of alloying on the incommensurate Bi-lll type compos-
ite structure, which is adopted by the high-pressure phases Bi-lll and Sb-Il of the pure elements. High-pressure
experiments of Bj ,5Shy o5 and Bp 505k 5o resulted in a decomposition into Sb-rich phases with the ambient
A7 structure and Bi-rich phases with the Bi-Ill structure. Fog BSh, 5otwo composite phases were observed
with different compositions. Bi,sSh, 75 transformed from A7 to Bi-1ll, such as elemental Sb, and did not show
a phase separation under pressure. For the pure elements, the structural parameters of the high-pressure
composite phase are similar and vary only very slightly with pressure. The parameters of the alloy composite
phases distribute rather smoothly in between those for the elements. The incommensurate composite phases in
alloys Bi,_,Sh, appear to be site disordered. Importantly, the incommensuration of the Bi-lll structure is
virtually not influenced by either composition or pressure. Total energy calculations as a function of pressure
yielded endothermic enthalpies of formation for alloyg BiSh, in both the ground-state A7 structure and the
high-pressure Bi-1ll structure. The formation enthalpy takes a maximum value at a pressure corresponding to
the alloy A7— Bi-lll transition, which explains the experimentally observed phase separations.
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[. INTRODUCTION sponds to an assembly of rows of square antiprisms which
channel linear chains of guest atoms. The guest atom ar-
Recently it was discovered that Rb, Sr, Ba, and theangement corresponds to a body-centered tetragonal struc-
heavier group 15 elements As, Sb, Bi adopt high-pressurtiire (space groug4/mmmn) with the samea andb axes as
structures with two interpenetrating components, a host and &€ host. Along the direction host and guest are incommen-
guest structure, which are incommensurate with each othé&urate. For Bi-lll and Sb-Il the ratio between the teaxes,
[Rb-1V,* Ba-IV,? Sr-V2 As-Ill, Sb-Il, and Bi-lll (Ref. 4] The  Cn/Cg, is very similar—around 1.31. The,/cg ratio de-
occurrence of a composite structure in an element, where tHées the ratio between the number of host and guest atoms in
host and guest component are formed by the same kind ¢f€ Bi-lll structure, which is 8:2.620~3:1). _
atom, is most unusual and has attracted much atteh - We perform_ed a combined expenmental and theoretical
ticularly astonishing is the fact that this new type of metallic Study on the high-pressure behavior of alloys BSh; . At
structure is found in electronically different elements from
different main groups. Additionally, the high-pressure stabil-
ity ranges of these incommensurate composite structures are
rather extended.
The simplest composite high-pressure structure is realized
in isostructural Sb-1l and Bi-ll(Bi-1ll structure type.* Bi
and Sb possess the A7 structure as the ground state structure “/T\AM
[cf. Fig. 1(@)].% Sb-1l forms from Sb-I at 8.6 GP&Refs. 4, 7, i
and 8 and persists to 28 GPa, where the transformation to
bcec Sb-Ill takes plac@ Bi-I transforms already at 2.77 GPa
via the Bi-Il structure into Bi-1l11%Bi-IIl is stable up to 7.7
GPa*1912 where it is succeeded by Bi-V with the bcc
structure'® The Bi-lll structure is depicted in Fig.(). It can FIG. 1. (3) The rhombohedral A7 ground-state structure of Sb
be described by the use of two interpenetrating threeanq gi shown approximately alorid 10]. The lines denote short
dimensional(3D) tetragonal lattices. The host component iSinralayer atomic distancesth) The tetragonal Bi-lll structure
defined by the Wyckoff site I8 in space groupl4/mcm  shown alond001]. Host atoms, light gray; guest atoms, black. The
which results in 3434 net$* stacked in an antiposition ori- guest structure, which is additionally depicted separately below, is
entation along the direction. Thus, the host structure corre- incommensurate with the host alof@01].
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ambient conditions the binary system Bi-Sb forms a solid=0.21§8), BiysShy s, Xs,=0.5209), and Bj ,Shy 75,
solution Bi, Sk, with the A7 structure over the whole range y_ —0.741). In summary, we succeeded in the preparation
of composition G=x<1. Earlier investigations of this sys- of homogeneous polycrystalline and single crystalline
tem were performed by Bridgmdrnesistance measurements samples Bj_,Sh,. However, their compositions deviated
up to 10 GPg' Akaishi and Saito(differential thermal gjightly from the nominal ones. Nevertheless, in the follow-

analyses up to 4 G'?!és and }§olobyaninaet al. (resistance  ing we denote the alloys with their idealized composition
and diffraction investigations ' However, the detailed high- Xsp=0.25, 0.50, and 0.75.

pressure structural behavior ofBiSh, is not known yet.
Our particular intention was to examine how incommensura- ) _
tion in the Bi-lll type composite is influenced when two B. High-pressure experiments
differently sized atoms in different concentrations form the  pgwdered samples of BjShy,s, BigsShyso, and
structure. In this respect, the question whether Bi and SlBio.zssQ)Js were loaded with methanol-ethan6t:1) as a
atoms order on the host and guest sublattices is eSpeCialbfessure medium and a small ruby Crysta| for pressure mea-
interesting. We report detailed pressure structural variationgyrement in a Merril-Basset type of diamond anvil cell
of the composite structure formed by some alloys. ThesepaC). Angle-dispersive powder-diffraction data were col-
variations are compared to those occurring in elemental Bitected on station 9.1 at the Synchrotron Radiation Source,
Il and Sb-Il. FirSt'prinCipleS calculations were used to Daresbury LaboratorYUK)' using an image_p|ate area de-
model and interpret the experimental findings. The experitector, with a wavelength of =0.4654(1) A?° The 2D im-
mental and computational details are given in Secs. Il an@iges were integrated azimuthally and the obtained data used
IIl, respectively. In Sec. IV the obtained results are presentegor Rietveld refinement of structural parameters. The resolu-
and discussed. A summary is given in Sec. V. tion of data was 0.015° and the#2ange covered 2°—27°.
Single-crystal high-pressure investigations on
Big.7550 25, Bigs05hy 50, and Bp »5Shy 75 were performed us-
ll. EXPERIMENTAL DETAILS ing a Merril-Basset type of DAC with diamond culet diam-
eters of 0.6 mm. Crystal sizes were about 0010
X 0.03 mnt. A mixture of methanol-ethanol-watéi6:3:1)

The alloys Bp 755k 25, Big 505hh.50, and Bp2sShy.7swere  served as pressure medium and the rupylBrescence line
prepared from granules of BABCR, 99.9999% and Sb  shift was used for pressure calibratignDiffraction data
(ABCR, 99.999%. Stoichiometric mixtures of Bi and Sb were collected using M& « radiation from a rotating anode
with a sample weight fol g were loaded into quartz am- x-ray generator with a four-circle diffractometéBiemens
poules, which were sealed under vacuum. Samples wemg4/RA). Cell parameters were determined from positions of
heated to 650 °C for three days and subsequently quencha®_19 well centred reflections with<22 6<31°.
in water. To obtain alloys with a homogeneous composition Al high-pressure experiments were performed at room

the fused samples were ground, pressed into pellets, and agmperature and the results reported in this work stem exclu-
nealed for one month at temperatures 10-30 K below thgive|y from ascending pressure runs.

Bi,_,Sh, solidus curve (280, 320, and 390°C foxgy
=0.25, 0.50, and 0.75, respectivel§ The polycrystalline
products were characterized by powder x-ray-diffraction pat-
terns taken on a Guinier powder camera with kKCa, radia- The refinements of structural parameters from the
tion (\=1.540562 A). Lattice constants were obtained frompowder-diffraction profiles (Bi_,Sh, and earlier collected

a least-square refinement of the indexed lines using SBi and Sh, Ref. bwere performed with the current version
(NIST) as internal standard. Elemental composition was of the programuANA2000 for Linux.?? This software package
determined by the energy disperse x-t&pPX) method in a  provides an easy handling of profile refinements of powder
JEOL scanning microscope by averaging analyses of at leagata from multiphase incommensurate samgiesluding

ten different crystallites from each sample. The result of thenultiphase composites The profiles were described by
EDX analysis was BjsShy 25, Xsp=0.2197), Biy 505k 50, pseudo-Voigt functions and the backgrounds were described
Xsp=0.4817), and Bj 55k, 75, X5p=0.7498). Forobtain- by fitting them to seven terms Legendre polynoms.

ing Bi;_,Sh(xs,=0.25, 0.50, and 0.75crystals with suit- Previously, the diffraction pattern of high-pressure Bi-llI
able size for single-crystal high-pressure investigations, synand Sbh-Il was described by the use of two interpenetrating
thesis conditions had to be modified. Samples were prepare3D tetragonal lattice$ However, after the completion of the
with an excess of Bi and the synthesis temperature was ch@resent study single crystal diffraction data from elemental
sen to correspond to the respective solidus temperatures Bi-Ill could be obtained and a structure refinement in 4D
the desired composition§290, 335, and 420°C foxg, superspace group symmetry performfed’ Interestingly,
=0.25, 0.50, and 0.75, respectivelj Under these condi- this refinement revealed a rather strong modulation of the
tions solid alloy is in equilibrium with a Bi-richer melt, guest component leading to a quasipairing of atoms in the
which is very favourable for crystal growth. Reaction timeschannels defined by the square antiprisms of host afoms
were 3—4 days and alloy crystals were subsequently sep#ig. 1(b)]. Also the host atom arrangement showed a weak
rated from the melt by centrifugation. The result of the com-modulation, which might be interpreted as a response to the
positional analysis for these products wag BBhy 5, X5,  much stronger guest atom modulatfGriThe 4D superspace

A. Sample preparation and analysis

C. Structure refinements
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group X4/mcq00y) with the centering vector¥%,%,% formed and total energies were converged to 0.1 meV/atom.
* i Conventional electronic structure calculations are based

can be used for the modulation vectgr= y- ¢~ 1.31c}; el S .
order to describe the diffraction pattern of the composite®n Periodic boundary conditions. Therefore, an incommensu-

(h,k,I,m) according to proximity of cy/cg to the commensurate ratio 4#3.333
suggests that the Bi-lll structure can be modeled by a com-
dim=ha* +kb* +Ic* + mg*. mensurate supercell with a trebled hosixis. Thus, the unit

cell of the model structure used in our calculations contained
However, the use of one of the conventional superspacg4 host atoms in six 234 nets and eight body-centered
group symmetries as listed by Janssgral. in Ref. 27 ap- tetragonal guest atoms in the channels alé@@,2 and
pears more advantageous. Instead Oi the longar31ic, (3,3,2). The ratio between host and guest atoms in the
us_ed above, the shorter vecmt ~0.31g,, is sele_cted. F_or model structure is 8:2.667 which implies that its density is
this case thg superspace groupmcm(00y)00ss is appli- slightly higher compared with that of the experimental struc-
cable and will be used throughout the present study. ture. A detailed description of the Bi-1ll type model structure
n t.he space group4/mcn(_007)0055, the_ host atoms of can be found in Ref. 32. With this model structure we were
the Bi-lll type occupy the eightfold positionx(1/2+x,0) ~ apje to reproduce the experimentally established pressure

with x~0.154 and the guest atoms the twofold positiongiapijity ranges of the host-guest structure for elemental Bi
(0,0,0. In the Rietveld refinements of structural parameters, 4 gp extremely well.

of alloys Bj -, Shy with the Bi-lll structure we observed that g5y, site disorder in the alloys was modeled with the
generally better fits were obtained when assuming that thge|, of special quasirandom structifewhich mimic ran-

guest atoms were positionally modulated. This accords withyom atomic distribution for several coordination shells in a
the above described situation in elemental Bi-1ll. The tetrag'supercell. The supercell for the rhombohedral A7 structure

onal I symmetry restriction implies that there is only one .nained 12 atoms and was chosen on the basis of the A7
parameter required to describe a positional modulation up tﬂexagonal unit cell which was doubled &, o=ay,
rtno exs

the second order. Some very minor peak positions in the Iovy)orthoz (3bpey, aNd Corino = Chex. The supercell for the

angle region of t_h_e diffraction pattern were in acco.rdance[etragonal Bi-1ll structure corresponded to the supercell ap-
with satellite positions due to a guest atom modulation. T roximating the incommensuraig, /cg ratio (32 atoms.
G 3

describe a posnmna] modulation of the host atoms up t he atomic position parameters and lattice parameters of the
second order, three independent parameters are needed. Ign—

tial refinements includin host atom modulation did not upercells were relaxed for a set of constant volumes until
al refinements Inciuding a host atom moadulation ¢ %%orces had converged to less than 0.01 eV/A. During the
converge properly due to insufficient information in the

. : : ! . relaxation procedure the lattices of the supercells were con-
powder-diffraction data. Conclusively, the final refinements b P

strained to be orthorhombic and tetragonal for A7 and Bi-lll,

included second-order positional modulation parameters forrespectively, although the symmetry of the cell content is

}.he.tggestt ?tct)_msl. Hlowever, Lhe modula;t;?]n ?mEI'tL]fde‘T‘ h"’“’Fficlinic for randomly disordered alloys. In a second step we
imited statistical relevance because ot the lack of relevang . iheE vs v values of all structures by cubic splines and

mfc_i_rrr]nago? |Iln jormf?noxhﬁtdrata I\:,ets.r stensive and nno tained the pressure vs volume dependence through a very
€ detailed rennement resulls are extensive and cannat. ., ae numerical differentiation @& with respect toV.

be presented in full Iength. However, we provide SEVeMAtter having obtained the pressure, enthalpies H were calcu-
tables as supplementary informatitiTables S-I, S-1l, and lated according td4(p)=E(p) + pV(p)

S-lll of Ref. 37 contain the Rietveld refinement results for '
the different alloys, and Tables S-IV and S-V those for the
pure elements. Table S-VI lists the unit-cell parameters ob-

tained from single crystal high-pressure measurements and IV. RESULTS AND DISCUSSION
Table S-VII displays the unit cell parameters at ambient con- A. Experimental results

dition. At ambient conditions Bi, Sb, and the alloysyBiSh, s,
BigsShh 50, and Bj »sShy 75 possess the rhombohedral A7
structurgspace groufR3m, Fig. 1(a)]. When specifying the
Total energy calculations for BisShy.s, BigsShyse, ~ A7 Structure with hexagonal axes the structural parameters
and B} »5Shy 75 as a function of pressure were performed inare thec/a ratio and thez parameter of the Wyckoff position
the framework of the frozen core scalar-relativistic all-6¢(0,0z). For Bi, Sh, and the three prepared allaya ratio
electron projected augmented wave metffodys imple- and z parameter are very similar, around 2.62 and 0.234,
mented in the programnsp.2° The alloys were considered in respectively. The unit-cell volume for Bi,Sh, increases al-
the structure types A7 and Bi-lll. The energy cutoff was setmost linearly with increasing Bi content, which is shown in
to 300 eV. Exchange and correlation effects were treated bffig. 2. We recall that the A7 Bi-lll transition occurs at 2.8
the generalized gradient approximati§rysually referred to  and 8.6 GPa for Bi and Sb, respectively. The results of the
as PW91. The integration over the Brillouin zone was donehigh-pressure investigation on BiShy, 75, Big 505k 50, and
on speciak points determined according to the Monkhorst- Big 755k, o5 are shown as plots of the atomic volumes vs
Pack schem& All necessary convergency tests were per-pressure in Fig. 3. Data from powder and single-crystal in-

IIl. COMPUTATIONAL DETAILS
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FIG. 2. (Color onling Atomic volumes of the Bi-Sb alloy phases vs compositionddle) and atomic volume of pure elements @ft)
and Bi(right) vs pressure. Atomic volumes of the A7 phases in Bi-Sb alloys at ambient conditions are shown by solid circles and fitted with
a straight line. The colored symbols denote observed atomic volumes of the occurring four phages3hyBjat 5.9 GPa: A7 (open red
circle), A7, (filled red circle, Bi-1ll ; (filled red diamong, and Bi-lll, (open red diamond The atomic volumes of pure elements at these
pressures are extracted from the/ curves(dotted arrows and the compositions of the BisShy 5o alloy phases are estimated at these
pressuressolid red arrowsfrom the linear interpolation between the atomic volumes of pure elentguitd blue line$. This procedure has
been applied for the determination of phase compositions in multiphase specimens as presented in Table |

vestigations are combined. Additionally, this figure includesphases. Foxg,=0.50 two composite phases are formed with
the compression data of the pure elements for comparisondifferent compositions. Bi,sSh, 75 does not decompose and
Structural transitions For Bi »sShy 75 at 6.63) GPa the  exhibits a transformation from A7 to Bi-lll-like pure Sb. A
initial A7 phase starts to transform into the high-pressuredecomposition of alloys Bi,Sh(x=0.1,0.2,0.3,0.4) was
Bi-lll phase. The A7 and Bi-lll phases coexist up to 7.7 GPa.also observed in the high-pressure differential thermal analy-
Thus, the A7-Bi-lll transition of Biy ,sSh, 75 is sluggish in  sis investigations by Akaishi and Safto.
contrast to the sharp transition occurring in pure Sb. In Table | we show the estimated compositions of the
For BigseShy 50 the single-crystal studies showed that different phases in some multi-phase specimens. The estima-
when keeping a single crystal of an A7 specimen in the DACtion procedure is presented in Fig. 2. First, we note that for
at 4.5 GPa for several hours, it eventually undergoes a phasg,=0.75 there is no phase separation in the two-phase re-
transition to a polycrystalline specimen. The powder-gion between 6.6 and 7.7 GPa. The compositions of the co-
diffraction studies confirm that the initial A7 phase (A74s  existing A7 and Bi-lll phase correspond to the sample com-
partially transformed at about 4.5 GPa into a Sb-rich A7position. For complex Bis.Shy 50 the compositions of the
phase (A3) and a Bi-rich composite Bi-lll phas@i-Ill ;). A7, and Bi-lll; phase are aroungs,=0.82 and 0.18, re-
The A7, phase is observed up to at least 5.9 GPa and thspectively, and that of the A7and Bi-lll, phase around 0.5.
Sh-rich A7, phase up to 8.4 GPa. When roughly estimatingThe estimated compositions of the different phases appear to
compositions from a linear interpolation of elemental atomicbe stable in the investigated pressure region. When taking
volumes(as explained in Fig.)2the xg,, values for A7, and  into account the corresponding refined phase fractions the
Bi-1ll ; are about 0.82 and 0.17, respectivédf. Table ). At  overall sample composition is obtained to a good
5.9 GPa a second Bi-lll phase (Bi-))l with an estimated approximatior®* For Biy+sSh, »5 the compositions of the
compositionxg,=0.50 (cf. Fig. 2, Table ) is observed. The A7, and Bi-lll phases are abowt,=0.82 and 0.12, respec-
Rietveld refined diffraction profile at this pressure is showntively, in the pressure range between 4 and 7 GPa, i.e., as
in Fig. 4. Bi-lll, should result from a transformation A7 long as the A% phase is present. At around 7 GPayAdbes
—Bi-lll ,; the phase fraction of A7at 5.1 GPa56%) and not transform to a second Bi-lll phase but appears to react
Bi-Ill , at 5.9 GPa47%) appear to be correlated. with the present Bi-1ll phase, which unambiguously changes
For Biy755hy 25 the single-crystal studies showed that composition fromxs,=0.12 to 0.25. This is also clearly seen
when keeping a single crystal of an A7 specimen in the DAGN the atomic volume vs pressure plot in Fig. 3.
at 3.41 GPa for several hours, it eventually undergoes a The observed phase separation in_BSh, poses several
phase transition to a polycrystalline specimen. The powderguestions. The compositions of the A7 and Bi-lll phases re-
diffraction studies confirm that the initial A7 structure (A7  sulting from the separation in BjsSh) 5 and BiShy, are
is transformed at about 3.4 GPa into a Bi-rich major phaseery similar. However, in the former alloy A/isappears at
with the composite Bi-lll structure and a Sb-rich minor around 7 GPa, which coincides with the expected transition
phase with the A7 structure, denoted A7The estimated pressure, whereas in the latter alloy Agersists to 8.4 GPa.
compositions(cf. Fig. 2, Table ) are aboutxg,=0.82 for  Second, for Bj,Shsy only a part of the sample undergoes the
A7, andxg,=0.12 for Bi-lll. The A7, phase is observed up initial phase separation; between 4.5 and 8.4 GPa a complex
to 7.4 GPa. Above this pressure up to 11.1 GPa the onlynixture of phases is obtained which implies a nonequilib-
observed phase is the composite Bi-Ill phase. rium situation. This at the first sight contradictory behavior
Phase separatiarFor the alloys withxg,=0.25 and 0.50 might be explained by the findings of Bridgman who inves-
the A7 ambient phase decomposes into Sbh-rich and Bi-ricligated the resistance of Bi,Sh, under pressure up to 10
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Bi Bi._Sh occur in Bp ,5Sh, 75 but is completely suppressed by the in-
344 1 257775 creased nonequilibrium situation experienced at this high Sb
' content.

Finally, in Fig. 6 we sketch a pressure-composition dia-
gram for Bj,_,Sh, based on all performed experimerts.
Tables S-I, S-ll, and S-lll of Ref. 34 The high-pressure
structural sequence of the alloys is clearly -ABi-lll
—bcc, although foxg,=0.50 we have not measured until a
transition Bi-lll—bcc. We note that in Bi;sShy o5 also the
transition Bi-lll—bcc is accompanied by a phase separation,
the bcc phase being Bi rich. The transition Bi-Bi-lI,
which occurs in elemental Bi, is not observed in the alloys
here investigated. This transition is rapidly suppressed upon
Sb alloying. Bridgman found that in Bi,Sh, the Bi-Il high-
presigre phase already disappearedk{grvalues as low as
0.04:

Structural variations in the Bi-lll type phaseshe initial
intention of our work was the study of the structural varia-
tions in the incommensurate Bi-IIl structure as a function of
pressure and composition. The tetragonal composite struc-
ture [cf. Fig. 1(b)] is described by three structural param-
eters: thec/a ratio of the host component(/a,), the po-
sitional parametex of the host atoms occupying the Wyckoff
site 8 (x,x+ 3,0), and the incommensurate ratio between
the c axes of the host and guest componety [cg). The
latter is equivalent to the magnitude of the modulation vector
(1+ y)cl,. We compiled the pressure variations of the struc-

tural parameters of the Bi-lll type phases of the pure ele-
. ments and alloys Bi,Sh, in Fig. 7. We recall that our ex-

V/atom (AS)

V/atom (A3)

V/atom (A3)

24 T T T periments yielded Bi-lll type alloys with five significantly
0 2 4 6 8 10 different compositions(Bi-1ll in Bi g ,5Sky 75, Bi-lll; and
p (GPa) Bi-Ill , in BiysShys, and Bi-lll with altered composition in
. . Big 755k 29 -
FIG. 3. Atomic volumes (&) for (@ BigShy7s, (D) It is clearly seen that the values 0.31) of the modu-

Bio.seSthso, and (©) Bio.7sStyzs as a function of pressure. The 1o4i6n yector yc?, change only slightly[cf. Fig. 7(@]. By

empty circles denote observations by single-crystal diffractometry ... : - .
and the shaded ones those obtained by powder diffraction. The a\9-mIttlng the results for specimens containing two different

erage atomic volumes for the composites were estimated OTPOSIte phatse(ge.,tthe BSO%%O datalwthmh ar%lllkely ;[ﬁ .
Veen/(10+27v). In the multiphase regions the circles representing € I€SS accurate due o possible correlation problems, there Is

each phase have radii proportional to their relative fractions. a pronounced trend that thevalues decrease slightly with
pressuregfrom about 0.3115 to 0.3075No significant cor-

GPa already some 50 years dgdie presented his data in a relation of y values with composition is observed. The
table from which we assembled Fig. 5. For compositionsc,/a,, ratios for the composite phasésf. Fig. 7(b)] de-
Xsp=<0.2 there is a sharp A%BI-lll transition at 2.8 GPa. crease slightly with pressure. There is a clear correlation be-
The pressure of this transition is virtually independent fromtweency /ay values and composition. Thus, thg/ay val-
composition, which suggests a phase separation. Fgm ues, which range from about 0.488ure Bi to about 0.484
=0.3 the transition gets pushed to higher pressures and béure SB, decrease with increasing;,. Also the positional
comes smeared out. Bridgman assumed that upxd® parameter of the composite phases is rather constant. A small
=0.2 Bi;_,Sh is in a state of complete internal equilibrium increase of the positional composite phaggarameter with
under pressure. The conditions become increasingly norincreasing Sb content can be observed as indicated in Fig.
equilibrium when the Sb content is risen unty,=1. If this  7(c). The values range from about 0.1§3%ure Bj to 0.156
applies, our sample BisShy o5 should have been close to (pure Sh. With pressure thex parameters of the composite
internal equilibrium during the performed high-pressure exphases show an almost insignificant small decrease with
periment. This is supported by the constant phase fractions gfressure. In pure Sb, where the composite phase has the larg-
A7, and Bi-lll (cf. Table ) and explains the disappearance est pressure stability range, the value decreases from 0.1566
of A7, at the expected transition pressure. A nonequilibriumat 10.2 GPa to 0.1544 at 25.6 GPa. We should note that the
situation is clearly encountered in oursgBhy, experiment highly textured Bi powder-diffraction patterns did not allow
where the decomposition occurred only partially. Then it ap-a reliable refinement of the parameter. Figure(€) shows
pears likely that the phase separation actually should alsonly the results at 6.8 and 7.6 GPa, whétg 44 Values
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TABLE |. Estimated compositions and refined fractions of the different phases occurring in selected
multiphase specimens Bj,Shy 50 and By 755k o5 under pressure.

Sample p (GPa Phases Estimated composition Fraction Total composition
Big.255k 75 6.9 AT Bip.2sShy 75 0.7745) Bio 255k 75
Bi-111 Bi 9255y 75 0.2265)
Big.s05ty.50 5.0 ATy Big.40Sty 51 0.56Q7) Bios:Shy.4s
AT, Bio.16Sty .84 0.1666)
Bi-IIl 1 Big g5y 17 0.2744)
5.9 ATy Big.s05ty.50 0.0463) Bio.4oSty 51
AT, Bi.165ty 82 0.2192)
Bi-IIl 1 Big.gShy 17 0.2614)
Bi-IIl , Big.505h 50 0.4746)
6.4 ATy Bio.s05t 50 0.0081) Bio.515ky 49
AT, Bio.1e5ky 82 0.2604)
Bi-ll { Big g,Shy 15 0.3504)
Bi-IIl Big 505k 50 0.3826)
7.8 AT, Bio.155ty 85 0.2823) Bios:Shy.40
Bi-1ll ; Bio.g2Sty 18 0.3393)
Bi-lll Big52Sty.48 0.3795)
Big. 755 25 4.8 AT, Bi165ty 82 0.2366) Bio 725ty 28
Bi-Ill Bi.goShh 11 0.7646)
5.6 AT, Bio.205t.80 0.2386) Bio 725k 28
Bi-ll Big.gaSty 12 0.7626)
5.9 AT, Big.165ty 82 0.2256) Big.735ky 27
Bi-lll Bio scS 1 0.7756)
6.7 AT, Big.205ty.80 0.2256) Big.735ky 27
Bi-ll Bio.goSty 11 0.7756)
8.4 Bi-lll, Big.755 25 1.000 Bb.7sSkh 25
10.0 Bi-lll, Bio 7Sy o5 1.000 Bj 7Sk o5

around or below 0.1 could be obtaingcf. Table S-IV of A7, (at 7 GPais clearly recognizable in the altered values
Ref. 34. Additionally, the value from a single-crystal refine- for c,,/a,, and thex parameter. In conclusion, apart from the
ment at 5.5 GPa is includéd.For xs,=0.25 the change in  unit-cell compression, the structural parameters of the phases
composition of the Bi-lll phase after the disappearance ofyith the composite structure are remarkably unaffected by
pressure and composition effects.

An interesting question concerning the Bi-lll structure in
alloys Bi, _,Sh, is whether Bi and Sb atoms order on the
host and guest sublattices. The fact that the structural param-

1.5 T T T T T

—T
®—® Bi S,
=8 Biy;Sby; -
O BigsSby 5
A—A Bij;5Sby g3

1.0

L 2y |
Bi-IIIlz T O I I T I I T o
Bi-III, T O B B I Fomonromn 0.5 i
0.0 A ] ]
...... LS a et s xS e A Kiataass e ee
80 9.0 100 110 120 130 140 00 2 y) 5 n m
20 p (GPa)

FIG. 4. Integrated powder-diffraction profile from the four- FIG. 5. Resistance as a function of pressuRg)(normalized to
phase specimen BisSh, soat 5.9 GPadots and a Rietveld refine-  the resistance at ambient conditior,) of alloys Bi,_,Sh, [x
ment fit (line) (Rprofie=3.7%, Ryraggar,=4.1%, Rpraggar, =0.2 (circles, 0.3 (squarey 0.5 (diamonds, 0.65 (triangles] ac-
:32%, Rbragg,Bi—III 1:3.6%, Rbragg,Bi—III2:4-5%)- COI’ding to Brldgmar(Ref 15
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FIG. 6. Sketch of @ vs x phase diagram for Bi,Sh, based on 0.484 —
all performed experimeni&t room temperatujeWhite, black, and _
gray symbols distinguish the results forgBiSh, 5, Big 505k.50, 0.482
and B} ,5Shy 75, respectively(triangles, A7; squares, Bi-lll; dia- ) '
monds, bcg: Note that the compositions in phase separated samplese 0.160 —
are just estimate¢cf. Fig. 2. The dotted lines connect experimen- T
tally observed transition pressures in the pure elements and, thus  0.158 —
only approximate the phase boundaries. Possible thermodynamic & T
miscibility gaps are indicated by light gray areas. GE) 0.156 — 4
a . o &) &
. o @ 0.154 =
eters of the alloy composite phases distribute smoothly in & |
between those for the pure elements indicates that Bi and SI > 0.152 — O
atoms are randomly distributed on the host and guest struc ’ ]
tures. However, the compositions of the Bi-lll phase ob- 0.150
tained in the Bj,Shyss and the Bj7Shy,s experiment R !5 e 1'0 P 1'5 P
above 7 GPa would allow for complete host-guest ordering
(i.e., a Sb host and a Bi guest for the former and vice versa (GPa)
for the lattej. In the initial refinements of the Bi-lll speci- p

mens the compositions at_the host apd guest p0§ItI0nS WEr€ F|G. 7. Structural variations of the composite Bi-lll structure as
refl_ned, under the constraint that their sum v_vas_flxed to thg function of composition and pressur@ y value, (b) ¢y /ay
estimated phase compositigfiable ). No indication of &  axial ratio, (c) the fractionalx positional parameter of the sitd8n
different composition was obtained in any of the cases studspace group4/mcm Pure Bi, squares; Bi,:Shy -5, empty circles;
ied. Similarly, we refined the occupancy at the guest sitej, . Sh, 5,, crosses; Bi,sSh, 75, shaded circles; and pure Sb, tri-
while keeping the compositions at the host and guest posingles. The values for the compositizg,=0.50, for which two
tions fixed. In no case the occupancies obtained deviated hyomposite phases occur simultaneously, are likely to be less accu-
more than a few standard deviatiofess.d.’s from 100%. rate due to correlation problems.
We therefore conclude that the Bi-lll structure observed in
alloys Bj;_,Sh, is site disordered. The Bi-1l stability range decreases with decreasing tempera-
ture and vanishes at about 200 K. Theoretical calculations
yield a direct A7-Bi-lll transition? The calculated A7
—Bi-lll transition pressures foxg,=0.25, 0.50, and 0.75
A7—Bi-lll transition. We calculated enthalpy differences agree reasonably with the experimentally observed high-
A7—Bi-lll for Bi,_,Sh, (x=0.0,0.25,0.50,0.75,1.0). The pressure structural changes at 3.4, 4.5, and 6.6 GPa, respec-
results are displayed in Fig. 8. The extracted transition predively.
sures are 3.6, 4.3, 5.1, 6.7, and 9.0 GPa. The calculated tran- The transformation A% Bi-IIl in Bi ;_,Sh, corresponds
sition pressure for Sb is in good agreement with the roonfo a semimetal-metal transition. We show in Fig. 9 the elec-
temperature experimef.6 GPa. Concerning Bi there is no tronic density of state€DOS) of Bi, Sb, and Bj 505k 50 in
direct transition A7-Bi-Ill at room temperature. The first the A7 and Bi-lll structure close to the respective transition
structural high-pressure transition at 2.55 GPa results ipressures. The DOS resulting from the A7 structure can be
monoclinic Bi-Il which has a very narrow stability range: at divided into four partss-s bonding, s-s antibonding,p-p
2.77 GPa the transformation to tetragonal Bi-1ll takes placebonding, andp-p antibonding. The Fermi level is located

B. Computational results
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50 (1—x)Bi(Bi-lll ) +x SKBi-1ll )—Bi;_,Sh(Bi-lll ). (4)
g L
= L These alloy formation enthalpies are shown as a function
% L of pressure in Fig. 10. If we first focus on the situation at
g 0 ambient pressure, we observe that the formation of F8h,
L (A7) alloys is endothermidi.e., energetically unfavorable
s with about 11 meV/atom fokg,=0.25 and 0.75cf. Figs.
IE i 10(a) and 1Qc)], and about 15 meV/atom forg, = 0.50
a [Fig. 1Qb)]. This compares surprisingly well with measured
T i mixing enthalpies, which are in a range of 1 to 1.5
50 ¢ kJ/g mol® Above the A7-Bi-lll transition pressure for el-

emental Bi(at 3.6 GPareaction(2) should be considered,
which makes the alloy formation even more endothermic. A
maximum value of formation enthalpy occurs at the alloy
A7 —Bi-lll transition pressure, where reactigq®) is suc-
ceeded by reactiori3). The first experimentally observed

. . . . transition for each investigated alloy occurs at a pressure
between thep-p bonding and antibonding bands in a deepclose to the corresponding calculated -ABi-lll transition

pseudo gap with a very low value of density of states. For the . i
Bi-lll type phases the overall shape of the DOS curves recalfressure. Therefore, we assume that the phase separation ob

that of the corresponding A7 ones. However, the density ofc'_e> g’fﬁl tlrnanzli{c:oﬁxprirslrsnuergt f(;jrotehs:e gﬁé Oigcrueraghné'(lj Ezte thgz
states at the Fermi level is drastically increased and the deep . P . oy i
oint a separation into a Sb-rich A7 phasegy

pseudogap which separatpdp bonding from antibonding —0.80-0.85) and a Bi-rich Bi-lll phasex{,=0.10—0.20)

states in the A7 DOS has changed into a shallow, althoug . . .
marked, well. The persistence of the band bonding- Pakes placdreaction(3)]. According to our calculations the

antibonding splitting indicates a still significant coval@rp separation should also have been observed fgeBh, 7s.

bonding in the host-guest structure. Thus, the structural tran. IS Phase separation is not observed in OLy,E8l, 75 ex-

sition A7—Bi-lll in Bi ;_,Sh, is accompanied with a rather periment. However, as a”.eady discussed in the preceding
smooth variation in the electronic structure section the decomposmon_ |s_probably suppressed by the in-
Phase separatianin order to investigate .the experimen- creased state of nonequilibrium encountered for higher Sb

tally observed phase separation of, BiSh, under pressure contents. Finally, the reaction of Sbh-rich AWith Bi-rich

: . .~ Bi-lll (reverse phase separatjonccurring at 7 GPa in
led th hal f the foll : . . A )
we assembled the enthalpies of the following reactions Big 755k o5 (where internal equilibrium can be assumésl

plausible from the considerably lowered formation enthalpy
at this pressure, which becomes comparable to that at ambi-
ent pressurgFig. 10a)]. Provided complete internal equilib-
rium we propose a miscibility gap for the binary system
Bi;_,Shb, under pressuréat room temperatuje This gap is

FIG. 8. Calculated enthalpy differencesH (Bi-IlI-A7) for
Bi;_,Sh, (x=0,0.25,0.50,0.75)las a function of pressure.

(1—X)Bi(A7)+x SHA7)—Bi,_,Sh(A7), (1)
(1—x)Bi(Bi-lll )+ x SA7)—Bi,_,Sh(A7), (2)

(1—x)Bi(Bi-lll )+ x SK(A7)—Bi,_,Sh(Bi-lll), (3)

Bi BiSb Sb

g L 1 1
<
%
8Os —+ —+ A7
3
5 i T T FIG. 9. Density of states
a (DOY) of Bi, Big 5Shy 50, and Sb

Ot T ’ ' — - in the A7 and Bi-lll structures at
| 1 1 volumes close to the respective
g transition pressures.
>
205 T T Bi-III
g
o]
o

O 1 1 1 1 1 1 1 1 1 1 1

-12 6 0 6 12 - 0 -12 % 0 6
E-Eg(eV) -Eg (V) E-Eg (eV)
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FIG. 10. (Color online Calculated enthalpy differencésH as a
function of pressure for the reactiond) (1—x)Bi(A7)+xSh(A7)
—Bi;_Sh(A7)  (red; (2 (1—x)Bi(Bi-lll)+xShA7)
—Bi;_Sh (A7) (green; (3  (1—x)Bi(Bi-lll )+xShA7)
—Bi;_,Sh(Bi-lll) (green, dotted and (4) (1—x)Bi(Bi-lll)
+xSh(Bi-Ill )—Bi; _,Sh(Bi-lll') (blug). Calculated transition pres-
sures for BiA7)— Bi(Bi-lll) and SBWA7)— Sh(Bi-1ll ) are marked
by dotted vertical lines, and the one for ,BjSh(A7)
—Bi;_,Sh(Bi-lll') is marked by a solid vertical line. These transi-
tion pressures define the pressure regidns(4) for the four reac-
tions. (a) Xsp= 025, (b) XSDZO.SO, (C) XSb:O'75'
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indicated in Fig. 6 and ranges frory,=0.10—0.20 toxgy,
=0.80-0.85 for pressures between 3 GPa(ABi-Ill tran-
sition pressure of the Bi-rich parand 7 GPa (A7 Bi-lll
transition pressure of the Sh-rich parfA second gap con-
nected with the Bi-Il-bcc transition might exist at higher
pressures.

V. SUMMARY

We performed a combined experimental and calculational
investigation of the high-pressure behavior of BiSh, al-
loys. These alloys, as well as the underlying elements Bi and
Sb, possess the A7 structure as ground-state structure. Bi and
Sb transform into a peculiar incommensurate composite
structure under pressure and our intention was to examine
how this incommensuration is influenced when two differ-
ently sized elements in different concentration form the com-
posite structure. Our investigation was obscured by the oc-
currence of a phase separation which accompanied the
transition A7— Bi-lll. Structural parameters of phases with
the Bi-lll composite structure are almost unaffected by pres-
sure and composition effects. Most likely, Bi and Sb atoms
are randomly distributed on the host and guest sublattices of
this structure. From theoretical calculations we could show
that alloys Bj_,Sh, in both the ground-state A7 and the
high-pressure composite structures are energetically unstable
towards decomposition into the elements. The formation en-
thalpy takes a maximum value at a pressure corresponding to
the alloy A7—Bi-lll transition, which explains the experi-
mentally observed phase separations.

Most remarkable is the finding that the incommensuration
of the Bi-lll structure is virtually not influenced by either
composition and pressure. The fact that this structure is site-
disordered in alloys Bi ,Sh, supports the finding from pre-
vious electronic structure calculations that the host and guest
components are not really electronically differéhtn par-
ticular, the intuitive picture of differently charged or polar-
ized host and guest atoms is neither supported by theery
the partial DOS of the host and guest components are very
similar’?) nor by experimenti.e., a segregation of Sb and Bi
on the different components is not obserydebr the group
15 elements the electronic structure changes accompanying
the A7 — Bi-lll transition are smooth. The persistence gf a
band bonding-antibonding splitting in the electronic structure
of materials with the Bi-lll structure indicates still significant
covalentp-p bonding. In recent articles we therefore argued
that the Bi-1ll structure is a consequence of a delicate inter-
play between the electrostatic and the band energy contribu-
tion to the total energy”® In the intermediate pressure
range of heavier group 15 elements both important parts of
the total energy account equally for structural stability.

ACKNOWLEDGMENTS

This work was supported by the Carl Trygger Foundation,
the Swedish National Research Courf®iR), and SSF. O.D.
acknowledges an EPSRC Studentship and a UK Scholarship
for International Research Students.

134203-9



U. HAUSSERMANN et al. PHYSICAL REVIEW B 69, 134203 (2004

1U. Schwarz, A. Grzechnik, K. Syassen, |. Loa, and M. Hanfland, Phys.46, 2774(1975.
Phys. Rev. Lett83, 4085(1999; M.I. McMahon, S. Rekhi, and  ??V. Petricek and M. DusekThe Crystallographic Computing Sys-

R.J. Nelmesibid. 87, 055501(2001). temJaNA200 (Institute of Physics, Praha, Czech Republic, 2000
°R.J. Nelmes, D.R. Allan, M.l. McMahon, and S.A. Belmonte, 2°M.l. McMahon, O. Degtyareva, C. Hejny, and R.J. Nelmes, High
Phys. Rev. Lett83, 4081(1999. Press. Res23, 289(2003.
3M.1. McMahon, T. Bovornratanaraks, D.R. Allan, S.A. Belmonte, 2*M. 1. McMahon, O. Degtyareva, R. J. Nelmes, S. van Smaalen,
and R.J. Nelmes, Phys. Rev.@, 3135(2000. and L. Palatinugunpublished
4M.l. McMahon, O. Degtyareva, and R.J. Nelmes, Phys. Rev. Lett?°A differently modulated structure extracted from powder data was
85, 4896(2000. recently reported for Sb-I(Ref. 26.
5V. Heine, Nature(London 403 836 (2000. 26y, Schwarz, L. Akselrud, H. Rosner, Alim Ormeci, and Yu. Grin,
63. DonohueThe Structures of the Elementéd/iley, New York, Phys. Rev. B67, 214101(2003.
1974. ?TInternational Tables for Crystallographydited by A. J. C. Wil-
"P.W. Bridgman, Proc. Am. Acad. Arts Sd4, 425(1942. son, Mathematical, Physical and Chemical Tables, VoIK(Ti-
8H. Iwasaki and T. Kikegawa, High Press. R65121(1990. wer Academic, Dordrecht, 1995
9K. Aoki, S. Fujiwara, and M. Kusakabe, Solid State CommtB).  2P.E. Blachl, Phys. Rev. B50, 17 953(1994:; G. Kresse and J.
161(1983. Joubert,ibid. 59, 1758(1999.
0p w. Bridgman, Phys. Rew8, 893(1935. 29G. Kresse and J. Hafner, Phys. Rev4B 558(1993; G. Kresse
R.M. Brugger, R.B. Bennion, and T.G. Walton, Phys. L&#A, and J. Furthmiler, ibid. 54, 11 169(1996.
714 (1967). 303.p. Perdew and Y. Wang, Phys. Rev4g 13 244(1992.
123 H. Chen, H. Iwasaki, and T. Kikegawa, High Press. R6s143  3'H.J. Monkhorst and J.D. Pack, Phys. Revi® 5188(1976.
(1996. 32y. Haussermann, K. Qterberg, and R. Norrestam, J. Am. Chem.
13K, Aoki, S. Fujiwara, and M. Kusakabe, J. Phys. Soc. Jih. Soc.124, 15 359(2002.
3826(1982. 33A. Zunger, S.H. Wei, L.G. Ferreira, and J.E. Bernard, Phys. Rev.

Each net atom forms part of three triangl@ and two squares Lett. 65, 353(1990.
(4) arranged in the sequence “33434” around the afsee, e.g.,  *It was not possible to obtain phase compositions in multiphase
W. B. Pearson;The Crystal Chemistry and Physics of Metals  specimens from the structure refinement procedure because of

and Alloys(Wiley, New York, 1972]. too severe correlations between scale factors and compositions
5p . Bridgman, Proc. Am. Acad. Arts S@4, 43 (1955. and/or occupation parameters. The close similarity between the
M. Akaishi and S. Saito, Bull. Tokyo Inst. Technal20, 81 shape of the scattering curves of Bi and @&ef. 27 will then

(1974. imply that the structure of a single phase in a multiphase speci-
T.N. Kolobyanina, S.S. Kabalkina, L.F. Verezhagin, A.Ya. Mich-  men can be refined equally well, with any linear combination of

kov, and M.F. Kachan, Zh. Eksp. Teor. Fig9, 1146 (1970 scattering factors. Phase fractions were refined with a fixing the

[Sov. Phys. JETR2, 624 (1971)]. phase compositions at the values obtained from the estimation
BW.F. Ehret and M.B. Abramson, J. Am. Chem. S&6, 385 performed according to Fig. 2.

(1934. 35Gmelins Handbuch der Anorganischen Chemie, WismufrErga
9p__E. Werner, Ark. KemB1, 513(1969. zungsband, 8. Auflag&/erlag Chemie, Weinheim, 1964
20R.J. Nelmes and M.l. McMahon, J. Synchrotron Radiat69  °U. Haussermann, Chem.-Eur. 9. 1471(2003.

(1994. 8'This information can be obtained at http://www.fos.su.se/
21G.J. Piermarini, S. Block, J.D. Barnett, and R.A. Forman, J. Appl.  ~rolf/bisb_2003.pdf

134203-10



