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Pressure-induced incommensurate-to-incommensurate phase transition in antimony
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An incommensurate composite phase with a monoclinic host-guest structure, designated Sh-IV, is found
between the previously known Sh-1 and Sb-Il phases, and an incommensurate to incommensurate transition
between phases Il and 1V is described. The monoclinic Sb-IV phase is observed on both pressure increase
between 8.2 and 9.0 GPa and on pressure decrease between 8.0 and 6.9 GPa. The full structure of Sh-IV,
including a determination of the structural modulations of the host and guest components, is reported from
x-ray powder diffraction data. The high-pressure phase of arsenic, As-lll, is shown to have the same mono-
clinic composite structure.
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Recent advances in high-pressure powder and singleequally spaced within the-axis chains, but rather their po-
crystal diffraction techniques have led to the discovery of asitions are modulated along the chains so as to form quasi-
new class of elemental incommensurate structures in thpairs. And, in addition, the host atom positions are modu-
alkaline-earth elements Ba and'Srthe alkali elements Rb |ated in thea-b plane®’ Refinements of powder profiles of
and K3#and in the group-V elements Bi, Sh, and ABach  Sp-II showed that the same structural model fitted the dif-
of these composite structures comprises a host structure af@ction data in this case too, with the same amplitude of
interpenetrating linear chains of guest atoms that form gjisplacements of the guest atoms, but with host atom dis-
crystalline structure incommensurate with the host. Sincgjacements that were twice as large as those found in Bi-Ill.
their discovery, the composite incommensurate structures ofhese larger host-atom displacements then account for the
Bi-Ill and Sb-II have attracted further experimefitdf and  |arger modulation peaks observed in SB-Tihe quasipairing
theoretical* work, aimed at understanding the reasons fofof the guest atoms along the chains has also been found in a
their formation and stability and to study various phenomenaecent computational study of Bi-1ll and Sb-II, using a com-
associated with their incommensurability. mensurate approximant to the true incommensurate

Bi-1ll, stable between 2.7 and 7.7 GPa, and Sb-ll, stablestrycturelt
between 8.6 and 28 GPa, are isostructural and comprise a |n this paper, we describe further detailed studies of the
body-centered-tetragondbct) host (space groupg4/mcm  transition from Sbh-I to Sb-1l and report the discovery of a
and a bct guesispace group4/mmm).® Diffraction profiles  monoclinic composite incommensurate structure Sb-1V be-
of As-lll, stable above 48 GP4,are also found to be con- tween Sb-I and Sb-II. This is the first report of a host struc-
sistent with a composite structure, but with a bct host and #ure with detectably nontetragonal symmetry in the elemental
monoclinic guest. However, while the basic composite metals, and we find that this same structure also accounts for
structures account correctly for the known densities of Bithe additional peaks and peak asymmetries observed in
-l and Sb-11? and all of the strongest peaks in their diffrac- As-1ll. The incommensurate to incommensurate Sb-IV
tion patterns, they do not account for a few very weak dif- — Sh-1 transition is the first phase transition observed in the
fraction peaks observed in both phases, which arise frordomposite structures of the elements in which both host and
modulations of the basic host and guest compon@htsid  guest components are observed to change symmetry.
the profiles of As-lll contain some weak extra peaks and Experiments were done with a powdered sample of
peak asymmetries that are not accounted for by the basig9.9999% purity obtained from the Aldrich Chemical Com-
composite structure. pany. Angle-dispersive powder diffraction data were col-

A recent powder diffraction study of StRef. 9 con- |ected using an image plate area detector on station 9.1 at the
firmed the composite nature of the Sb-II structure and attribSynchrotron Radiation Sour¢§RS, Daresbury Laboratory
uted the additional weak reflections to structural modulawith a wavelength of 0.4654 A The 2D diffraction images
tions. The structure was refined in the four-dimensiqaal) were integrated azimuthally to obtain 1D profilésand
superspace group4220005)0000(Ref. 13, whereqz is the  structural information was obtained by Rietveld refinement
(incommensurateratio of thec-axis lattice parameters of the of the integrated profiles usinganA200a6

host and guest structures,/cg, and |’ is the centering Below 8.0 1) GPa on pressure increase, only peaks from
(2,1,2,2) in superspace. the ambient pressure Sb-I phase are obse(igd 1). Above

A single-crystal study of Bi-lli(Ref. 6 aimed at deter- this pressure, peaks from another more complex phase start
mining the detailed nature of the structural modulations reto appear and the Sb-I peaks are almost completely absent at
vealed its true structure to have the superspace grou@.2(1) GPa(Fig. 1). On further compression to 8 B GPa,
I’4/mcm(00,3)0000 rather than the lower-symmetry the diffraction pattern starts to simplify, and above
I’422(00q3)00009'14ln this structure, the guest atoms are not9.1(1) GPa the pattern corresponds to that expected from
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FIG. 1. Diffraction profiles of Sb collected on pressure increase T T T
(bottom— top), showing profiles from the Sb-I, Sb-1V, and Sb-II 8 10 20 (deg.) 12 14
phases. The asterisks in the 8.2 GPa profile denote the remaining
reflections from the Sb-I phasg.denotes a very weak diffraction FIG. 2. Powder profiles of Sb collected on pressure decrease
peak from the gasket. (top— bottom). The tick marks below the 6.9 GPa profile indicate

the positions of the main host and guest reflections, some of which

are indexed. The inset enlarges the low-angle regions of the single-
G)hase Sb-Il and Sbh-1V patterns obtained at 8.9 and 6.9 GPa, respec-

tively. The tick marks indicate the positions @) the main reflec-

Sb-11569 It is evident in Fig. 1 that the phase to which
Sb-I first transforms has a more complex diffraction patter
than Sb-II, and we designate this intermediate phase Sh-I
We note thqt peak.s fro'm Sb-IV are also visible in thetions, and (b) first-order and (c) second-order modulation
8.7 GPa profile of Fig. 1 in Ref. 9 reflections.(The magnification is so great that the modulation re-
On pressure decrease, Sb-Il starts to transform back t@uctions are not visible in the main profijeThe filled triangles
Sb'l\_/ at 8.41) GPa(Fig. 2), giving the same complex dif- mark the clearly visible 0222nd 222 second-order modulation
fraction pz_ittern observed on pressure increase. Peaks fro@flections. Arrows indicate the splitting of some peaks at the tran-
Sb-I are first observed at &B GPa on pressure decrease, sition from Sb-Il to Sh-IV.[Two of those derived from the 3111
and below 6.41) GPa only peaks from Sb-l are observed. peak of Sb-1I lie under thé2110 and(3100 main reflectiond.The

Sb-IV is thus stable between Sh-I and Sb-II over the rang@gterisks in the main 6.9 GPa profile and inset mark the appearance
8.2—-9.0 GPa on pressure increase and 8.0—6.9 GPa on preggthe three strongest peaks from the Sb-I phase.
sure decrease.
The incommensurate host-guest structure of Sb-Il is _ . _
described in 4D with the superspace group Analysis of the systematic absences in Sb-IV showed that

I 4/mcm(00gs)00008 All the diffraction reflections can then the hostand guest structures have the 3D space giaips
be indexed using four integefd,k,,1,), according toH and 12/m, respectively. The corresponding 4D superspace

=haj,+kb},+ (11 +04l,)C;;.1” The indices of some intense host 90UP IS then 1'2/c(6,009)00, with 1'=(3,3,5,3), a
and guest reflections of the Sb-Il phase are given in thé& (@ C0SBc~ax COSBy)/c=0.1141) (Ref. 18, and g
8.9 GPa profile of Fig.2. The indices of the two most intense™CH/ €c=1.3131). The diffraction peaks of Sb-IV can then
first order (min|ly|,|l,]=1) modulation reflections are given P€ indexed using four integei®k,!;,1;) according toH

in the inset to Fig. 2. =(h+aylp)ay+kby+ (I3 +aslz)cy.

The similarity of the diffraction patterns of Sb-Il and But while this composite structure fits the positions of all
Sb-1V (Fig. 2) suggests that Sbh-IV also has a compositethe main host and guest reflections, it does not account for
structure, but with a symmetry that is lower than that ofthe positions of the modulation reflections. To fit the posi-
Sb-Il. By using the Sb-Il pattern to distinguish host andtions of both the main and modulation reflections it is nec-
guest peaks, the Sb-IV pattern obtained at 6.9 GPa on pre§ssary to use the alternative configuration of host structure
sure decreasgFig. 2) was indexed successfully on the basisWith respect to the guest, WithBynew=180°Bnolg)
of two unit cells: a body-centered monoclinic host with ~ =89.46°, and hencey;~0.17. The final refined lattice
=8.1741) A, by=8.1601) A, c,=3.9511) A, and B, parameters from a Rietveld fit at 6.9 GPa are
=90.541)° and a body-centered monoclinic guest wity  a1=8.171G2) A, b,=8.16162) A, c,=3.95041) A, and
=8.1821) A, bg=hy, c5=3.0081) A, and Bs=92.961)°.  Bu=89.4561)° and a;=8.18182) A, bg=by, cg
The two cells share commdnandc axes, and in both cells, =3.00831) A, B;=92.9591)°, ¢,=0.16621), and qs
ay X sin By=ag X sin Bg, thus ensuring that the host and =1.31321). A determination of the true unit cell of Sb-IV,
guest cells have the same dimensions in projection down thiae relative arrangement of the host and guest structures, and
C axis. the magnitude of the incommensurate wave vector, is there-
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flections was observed. However, a description of the com-
posite Ba-IVa structure in 4D superspace necessarily re-
quires a monoclinic superspace group, and the host structure
of Ba-IVa must also therefore have monoclinic symmetry,
but with a8 angle that is, as yet, indistinguishable from 90°.
The transition from tetragonal to monoclinic symmetry
also leads to a splitting of the modulation peaks, as illus-
trated for the 212hnd 3111reflections in the inset to Fig. 2.
Although two similarly split second-order modulation

peaks—0222nd 2D22—are also visible in the Sb-1V profile
(as marked by the solid triangles in the inset to Fig.tBe
corresponding (unsplif second-order 0222 peak in the
Sb-II pattern is too weak to observe. This suggests a change

- - ‘ - . - [ - in the magnitude and/or the form of the modulation at the

5 10 26(d1eS | 2 25 gp-ll—Sb-IV transition.
v The extreme weakness of the modulation reflections and

FIG. 3. Rietveld refinement of Sh-V at 6.9 GPa. The tick marksthe fact that the great majority of them are overlapped by the
beneath the profile indicate the positions of the main host and gue§huch stronger main reflections makes a detailed study of the
reflections. The inset shows the splitting of the strongest host remodulations using powder techniques very difficult. How-
flection of Sh-1l at 8.9 GPg2110), into four reflections of Sb-IV at  ever, the pressure dependence of the modulation in Sb-II
6.9 GPa. could be estimated by extracting the intensity of the first-

order (2121 modulation reflectionsee the inset to Fig.)2
and normalizing this to the intensity of tki@100 reflection,

The final Rietveld fit to the diffraction pattern of Sb-1V at which, becausél;lgzo, does not depend on the modulauon.
6.9 GPa is shown in Fig. 3 and is excelléR,=4.5%, R, As the pressure is increased from 8.9 to 25.6 GPa, just below

=5.9%, ¥2=0.99. Sb-IV has eight host atoms in the generalthe transition to Sb-IIl, the relative intensity of the 2121
(x,y,2) position and two guest atoms é1,0,0 of the su- reflection decreases from 134% to 0.62)%. Assuming that
perspace group’2/c(q,0q3)00. The refinement of Sb-IV only thg amplitude, and nc_Jt the form, of the guest-atom
was performed using both the mainost and guestreflec- modulatlo_n changes over this pressure range, the close_st ap-
tions and modulation reflections of both first and second orProach distance between the guest atoms in the quasipairs
der. The modulation was fitted with two different modety; ~ decreases by only 1.4% from 2.831 to 2.792 A between 8.9
a simple harmonic function an@) a harmonic function for and 25.6 GPa, while over the same range the average guest-
the host atoms and a combination of a harmonic function anguest intrachain distance=cs) decreases by 3.5% from

a sawtooth function for the guest atoms. This second modeR-991 to 2.887 A. A similar effect of relative pressure inde-
which is equivalent to that used in powder refinements off€ndence of the closest approach between the modulated at-
Bi-lll and Sb-Il gives a better fit for Sb-1V and is used to ©ms has been recently reported for a modulated high-
obtain the final atomic coordinaté&he atomic coordinates Pressure structure of Te-HP.

of Sb-IV at 6.9 GPa obtained from the final Rietveld fit are ~ While the symmetry of the Sb-Il structure requires that
(0.16114),0.65693),0.0041)) and (0,0,0 for the host the. guest atoms are modulated only alongldl.faxis chains,

and guest atoms, respectively. This compares with the refineffhich therefore remain linear, the monoclinic symmetry of
structure of Sb-1I at 10.2 GPa, where Sb-1V allows additional modulations of the guest atoms in
the host and guest atoms are (@15721),0.65721),0) thea—b plane. As a result of these additional displacements,
and (0,0,0, respectively, in superspace group the intensities of the Sb-IV modulation reflections are some-

I 4/mcm(00g3)0000. what larger than those observed in Sb-Il. For example, the

The similarity of the atomic coordinates of the host atomsSUM of the normalized intensities of the four modulation re-

in both structures and the very small departur®.5°) of B,  flections that comprise the 212#flection of Sb-li(see the
from 90° suggest that there is only a very small distortion ofinset to Fig. 2 at 6.9 GPa is some 3 times larger than the
the host structure at the 1I-1V transition. However, the drop inintensity of the 212%eflection in Sb-1l at 8.9 GPa. Rietveld
symmetry from tetragonal to monoclinic is clearly evident in refinement of the Sb-1V profile at 6.9 GPa reveals that the
the splitting ofboth the main host and guest peaks of Sb-II: modulation of the guest atoms in tlae-b plane is signifi-

in particular, the greater departure of the gyeésingle from  cant, with a maximum displacemefd.8830) A] along the

90° leads to asignificant splitting of thH@kol,) guest peaks y axis that is considerably larger than the maximum displace-
(Fig. 2. A monoclinic guest structure has previously beenment of the atoms along the chaifs281) A]. As a result,
reported in Ba-1Va, although thg angle is a little larger in  the guest atoms of Sh-1V again form quasipairs, but these are
that casg96.159, and the guest structure is C face centredtilted with respect to the axis, resulting in zigzag chains
rather than body centerédHowever, in Ba-IVaonly the  running along the host structure channels. This is the first
guest structure was observed to have monocliniexample of nonlinear guest atom chains among the host-
symmetry—no splitting or asymmetry of the main host re-guest structures of elements. Sb-1V is then the most strongly

6| 6.9GPa

- 2110

Intensity (arb. units)
w

R

fore only possible using a combination of both main and
modulation reflections.

184119-3



DEGTYAREVA, McMAHON, AND NELMES PHYSICAL REVIEW B 70, 184119(2004

1.0 3
25 o U
Sb-| < —
0.9 § . 85
2 2 S
084 ~ § 5 ib;ll A
= Sb-1V 234 -g e a i e nn
~— T T T T T T
= w w 2 12,0 122 1 12 14
Sh-ll 6 9 12 15 1.
0.74 é, 1 l i As-lll at 50.0 GPa
B 1 MM
Sb-lIl (bee)
| [ WORE WD B N VONEE RO e
°% 0 T
B | VP WSNPUSSN VO S VNP
T T T T T T T T T T T T T . . . . i
0 10 20 30 40 50 60 70 '5 1'0 1'5 2'0 2'5
Pressure (GPa) 20 (deg.)

FIG. 4. The equation of state Of, Sb to 65 GPa. Data from the £ 5. Rietveld refinement of As-lll at 50.0 GPa. The tick
p_resent study are plotted using solid symt_)ols, while the COMPreSyarks beneath the profile indicate the positions of the main reflec-
sion data of BridgmacRef. 2J) are plotted with open symbols. The yjons  The left-hand inset shows the group of the strongest host
inset shows an enlarged view of the compression of Sb-IV anqefections and the right-hand inset shows the first order modulation
Sb-Il'in the region of the transition. The solid curves through the ofections with theirhklyl, indices. The tick marks indicate the
data points represent the equations of state fitted using the seconﬂésitions of(a) the main reflections angb) the first-order modula-

order Birch-Murnaghan equation with the resulting valueskgf i, reflections. Asterisks indicate reflections from the As-Il phase
:3915) GPa andV/V():l for Sb'l, K0:71(2) GPa andV/VO with Simple cubic structure.

=0.8915) for Sh-IV and Sb-ll, andKy=74(3) GPa andV/V,
=0.8615) for Sb-lll, with V,=30.202) A% and Ky=4 for all

phases. counted for. More detailed refinements now reveal that

As-lll has the same monoclinic structure as Sb-1V, with the
samel’2/c(q,003)00 space group, and that the four addi-
modulated composite structure yet observed in the elementtonal peaks arise from modulations of the structure. At
A determination of the exact volume change at the Sb50.0 GPa, the refined cell parameters afe6.76732) A,
IV — Sb-Il transition via a refinement of a mixed-phase pro-b,=6.74642) A, c,=3.24911) A, and 3,=89.6542)° and
file is complicated by the overlap of many of the reflectionsa;=6.77192) A, bg=by, ¢5=2.49031) A and pBg
in each phase. However, the discontinuity of the host an&92.0992)° and the modulation vector hag=0.11623)
guest lattice parameters at the transition clearly identifies thgng 05=1.30471) and the host and guest atoms are at
transition as being first order, while extrapolation of the V°"(O.16125),0.65215),—0.0042)) and (0,0,0, respectively.
umes of Sb-Il and Sb-1V to a pressure of 8.0 GPa suggestg Rietveld refinement of a diffraction profile obtained at
that the volume change at the transitib¥/V,, where i is 54 o Gpa is shown in Fig. 5. Attempts to determine the na-
the atomic volume of Sb-IV at the transition, is no largery e of the structural modulations in As-lll  were
than 0.81)%. Sb-Il is stable to 28 GPa, where it transforms g ccessful—although four first-order modulation reflec-
to body-centered-cubic Sb-fF. The volume change at the jons are visible(as highlighted in the inset to Fig.),5the
Sb-1l— Sb-lll transition isAV/V =3.3(1)%, whereVy. isthe  quality of the diffraction data is insufficient for quantitative
atomic volume of Sb-II at the transition. Sb-Ill is then stableanmysiS of the modulation parameters. Single-crystal data
up to at least 65 GPa, the highest pressure reached in th@e thus required. We have followed the composite structure
present study. The volume change at the Sb8b-IV tran-  of As-|Il up to a maximum pressure of 52 GPa and have
sition is V/V=5.0(1)%, whereV, is the atomic volume of  gpserved no subsequent phase transitions. Further studies are
S-I at the transition. A revised phase transition sequence ghuys required to determine whether As-lll undergoes a tran-
Sb under pressure at room temperature is thus: @&  sition to a Sb-Il-like tetragonal composite structure at higher
type) — Sb-IV  (incommensurate monoclinic composite pressures, before the transformation to a bcc phase, reported
—Sb-Il (incommensurate tetragonal compokite-Sbh-  at 97 GPd?
Il (bco). The equation of state of Sh to 65 GPa is shown in  In summary, a high-pressure phase of Sh, Sb-1V, with a
Fig. 4. monoclinic composite structure has been found between the
Previously, we reported that a preliminary study of Aspreviously known Sb-I and Sb-Il phases; the lower symme-
showed that As-Ill, stable above @2 GPa, has a composite try of Sb-IV results in larger structural modulations and non-
incommensurate structure similar to that in Sh-II and Bi-1ll, linear guest atom chains, and As-lll also has the Sh-IV struc-
but with a tetragonal host structure and monoclinic gBest.ture. An understanding of why Sbh-1I becomes unstable with
However, the fit to the As-lll data was less satisfactory tharrespect to Sb-1V and indeed why such complex structures are
for either Sb-II and Bi-1ll, and the proposed composite struc-stable at all is now required. Although constrained to using
ture left a number of extremely weak additional peaks unaceommensurate approximations to the true incommensurate
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