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Structural phase transitions in CaSp under high pressure
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In situ x-ray-diffraction measurements under high pressifeaup to 20 GPa have been used to study
structural changes in the rhombohedral and the tetragonal phases of &#a®bm temperature. Lattice
parameters of the tetragonal phase regularly change with increasing pressure while the rhombohedral phase
undergoes two structural phase transitions: A trigonal structure is observedf®rx<d6 GPa and a new
AIB ,-like phase appears fd?>16 GPa. These observations lead to ascribe the appearance of superconduc-
tivity to the trigonal phase while the higheE{'s can be related to the transition towards the AllRe phase
that differs from the low-pressure phases by the almost planar bonds of silicon.

INTRODUCTION quite often it is also named thetfigonal CaSj phase” in
the literature in which double layers of diamondlike silicon
Silicides are widely used in microelectronic as materialsatoms alternate with simple Ca atom sheffsy. 1(a)].
for interconnects of silicon-based devices. Besides such ajRhombohedral Cagis a semimetdlin which the Si atoms
plications, the intercalation of metals with silicon layers, form sp® bonds and both the Ghelectronic levels as well as
typical of silicides, has attracted much interest due to théhe hybridization of the Si and the Ca orbitals are present at
possibility of tuning the silicon bonds and the electronic dop-the Fermi level. By submitting this rhombohedral compound
ing. Quite often, silicides present different polymorphs of theto annealing under pressure, a tetragonat ThSk-type)
same stoichiometric composition that differ in the silicon phase is obtainéd[space groupl4,/amd, a~4.3A, ¢
(and/or the metal coordination. Most of the studies have ~13.5A, Fig. 1b)] in which the Si atoms are connected by
been focused on the interfaces between the silicon surfacesthree-dimensional network sfp? bonds. Tetragonal CaSi
and silicides, with much emphasis on the electronic properis superconducting witlT;=1.58 K. However, other poly-
ties as well as on the growth of different polymorphs undemorphs of this compound have been predicted to exist due to
different thermodynamic conditions. In order to have somehe fact that the energy cost for passing from one atom pack-
control on the electronic properties, it is, however, mandaing to another was estimated to be of the order of the ambi-
tory to study the structural arrangements in which siliconent thermal energ§.Interestingly another Casrhombohe-
may assume different coordinations. For what concerns buldral phase withc~15A was reportetland an AlB-type
materials, it has been shown that pressure can be a powerfsiructure, separated by small energy barriers from the most
tool in order to obtain different structural phases and elemenstable rhombohedral structure, has been also predicted.
tary silicon can be taken as an example: It may assume at The phase diagram of BaStompound has been recently
least ten different structures under pressuteturns out that  studied in detalt® and a superconducting transition at 6.8 K
pressure can be eﬁectively used to tune both structural an(kef' 9 was found in a trigona| and metallic phase Synthe_
physical properties of metal-silicon compounds. sized at high pressure and temperature. In a recen
When prepared at ambient pressure, Ga8s a rhombo-  have shown that starting from the rhombohedral Ga8id
hedral structure (space group R3m, a~3.85A, ¢ applying high pressure it is possible to observe supercon-
~30.62 A, belonging to the trigonal system, that is whyducting transitions witiT, up to 14 K and the appearance of
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superconductivity in this material is still a puzzling issue. 6 10 14 18 22
The aim of the present work is twofold: to explore the phase 26 (deg)
diagram of CaSias a function of pressure and at room tem- CaSi, AIB,-type p=18.4GPa
perature, secondly to clarify which structure and which L BN
silicon arrangement gives rise to its enhanced supercon- 1000 - % ]
ductivity. I ﬂ (©)
00 %f :
EXPERIMENTAL TECHNIQUES b ]
> 600 i _
The preparation of polycrystalline samples of rhombohe- g i v\\,/wk&/\'\
dral CaSj is described in Ref. 2. Briefly, high-purity Caand £ .

Si in stoichiometric proportions were melted in a tantalum
crucible closed by arc welding under inert gas atmosphere

and, in order to obtain a homogeneous single phase interme- . | TR S N R TN U

tallic compound, samples were annealed for 7 days at [ Y R;' PN e

900°C. X-ray diffraction and micrographic analysis con- N e 0 M e i
| L L L 1 L L ) | I L L L L L T

firmed that the samples were a single phaB8rh space
group. Sample of the tetragonal CaSihase was prepared
by using the heat treatment at high pressure described by
Everts in a belt-type apparatus, starting from the rhombohe-  FiG. 2. Rietveld refinement plots of the diffraction patterns ob-
dral phase. tained at 6.7 GP4&a), 15 GPa(b), 18.4 GPa(c). The secondary
High-pressure diffraction experiments were performed aphases indicated itb) and (c) are solid molecular nitrogen. The
the ID09 beam line of th&uropean Synchrotron Radiation upper ticks at the bottom of the figures mark the nitrogen phase
Facility in Grenoble. The high-pressure conditions were ob-while the lower ticks mark the CaSphases.
tained by using a diamond-anvil cell in combination with a
ruby luminescence meth&idfor pressure measurements. Ni- bent S{111) Laue monochromator. Monochromatic radiation
trogen was used as pressure transmitting medium. X raywith wavelength of 0.413 18 A was used and diffraction pat-
from an undulator source were focused vertically by a Pterns were collected, after typical exposure time of 1-2 min,
coated Si mirror and horizontally by an asymmetrically cuton an A3-size Fuji image plate located-at#0 cm from the

6 10 14 18 22
20 (deg)
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TABLE I. Crystal structure parameters for the starting GaBombohedral phase as a function of the applied pressure. The normalized
values correspond to a single formula unit, i.e., thgarameter and volume have been divided by 6 for the low-pressure phase.

Normalized Normalized
PressurdGPa aA) c(A) c(A) Volume (A3 volume (A%  zCa (A) z(Si1) A)  z(Si2) (A)
0.6 3.84941) 30.54419) 5.09062) 391.96 65.327 0.0823) 0.18323) 0.34473)
3.1 3.81491) 29.98114) 4.99682) 377.87 62.978 0.0819) 0.18613) 0.345@2)
5.0 3.79271) 29.63215) 4,93872) 369.13 61.522 0.08123) 0.18623) 0.34583)
6.7 3.77301) 29.31612) 4.88602) 361.41 60.235 0.0798) 0.18563) 0.34663)
9.8 3.78081) 4.59043) 4.59043) 56.827 56.827 0.3990)
10.6 3.77561) 4.56163) 4.56163) 56.315 56.315 0.3990)
11.7 3.7717) 4.5155%3) 4.5155%3) 55.629 55.629 0.4@2)
12.8 3.7668) 4.47523) 4.47523) 54.990 54.990 0.4a8)
13.9 3.76262) 4.43663) 4.43663) 54.396 54.396 0.4a8)
15.0 3.75541) 4.39513) 4.39513) 53.680 53.680 0.4129)
18.4 3.711®,) 4.03917) 4.03917) 48.179 48.179 0.44m)
19.3 3.707B)  4.02716) 4.02776) 47.951 47.951 0.448)

sample. The plates were scanned on a Molecular Dynamigsohedral CaSiphase and one sample of the tetragonal phase
image plate reader, and processed by using #ITeD  at room temperature. Experiments were performed by taking
software.” The images were corrected for spatial distortioniffraction spectra at regularly spaced values of increasing
effects, and tilt corrections and wavelength/distance calibragressure. In the first set of experiments we used the rhombo-
tions were obtained from standard silicon powder imageshedral CaSi samples as starting material. Figure 2 shows

Aiter removal of spourlous peaks_ the corrected Images Werghree of the most representative x-ray-diffraction patterns ob-
averaged over 360° about the direct beam position, y'eld'ngained at different pressurés.7, 15.0, and 18.4 GPa, respec-

Intensity vs @ spectra. These data were then analyzed by th(te ; . . .
. . . ively), together with the fits obtained by the refinement pro-
Rietveld technique, using thJLLPROF software. The back- cedgr)e. Ig the plots of Figs.() and (c)ydiffraction peasz)

ground was modelled with a flfth-ordgr polynqmal, and t.he(labeled by the upper ticks at the bottom of each figaan
peak shape by a pseudo-Voigt function. Positional and ISOL - seen from the* -N» ande-N» phases. respectively. The
tropic thermal parameters were refined at each pressure 2 e-M2 P » resp Y-

oint. On increasing pressure. several phases of solid mdefned structural parameters as well as selected interatomic
Ii:culér nitrogen als% pappearea' the cuigid\l phase be distances and bond angles are reported in Tables | and II.
. 2 =

tween S and 1 GPa, h eragoh N, phasebetween 11 118 IESSre qeperence of e reilve ol oarameters e
and 16 GPa, and the rhombohedeaN, phase above 16 9. 3, 9

; angles between silicon atoms are shown in Fig. 4.
GPa. These phases were taken into account by the cell con In the 0—7-GPa pressure range, the structure undergoes a

straint refinement techmque,_and qrjly their ceII_ and Iormcllesmooth volume contraction. However, a strong anisotropy of
parameters and Bragg peak intensities were refined.

compressibility is observed along theandc directions, the
latter being about twice more compressible (3%2® 2 and
6.58x 10 2 GPa !, respectively. The distances and angles
The evolutions of the diffraction pattern as a function of between silicon atoms remain almost constant, and most of
pressure were studied on two different samples of the rhomthe c-axis compression can be attributed to the reduction of

RESULTS

TABLE Il. Principal interatomic distances and angles for the starting Od®imbohedral phase as a function of the applied pressure.

(Si1-Si1-Sid  (Si2-Si2-Si2
PressurdGPg  d(Ca-Si1)(A) d(Ca-Si1)(A) d(Ca-Si2)(A) d(Si1-Si1)(A) d(Si2-Si2)(A) angle(deg  angle(deg

0.6 3.0681139 3.029194) 3.11(1) 2.4416) 2.3284) 104.12)  111.560134)
3.1 3.1231100 2.946967) 3.0486) 2.4925) 2.3113) 99.92) 111.23099)
5.0 3.1116118 2.932§79) 2.9917) 2.4786) 2.3113) 99.92) 110.290117)
6.7 3.1081104) 2.956270) 2.9206) 2.4455) 2.3124) 101(2) 109.350127)
9.8 2.849%31) 2.3723) 105.71)
10.6 2.839730) 2.3673) 105.81)
11.7 2.835820) 2.3502) 107.71)
12.8 2.839631) 2.3262) 108.21)
13.9 2.82687) 2.3222) 108.21)
15.0 2.826(25) 2.3012) 109.41)
18.4 2.782634) 2.1982) 115.21)

19.3 2.799(89) 2.1822) 116.31)
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FIG. 4. Pressure dependence of th€lB8i(1)-Si(1) angle and
FIG. 3. Pressure dependence of thand the normalizedi.e.,  the S{1)-Si(1) distance. Two-phase regions have been hatched.
for one formula unit ¢ axis and unit-cell volume measured at am-

bient temperature on the starting rhombohedral €pBase. Two-

y the distance between adjacent Si layers, while that between
phase regions have been hatched.

Ca and Si layers decreases only by 0.02 A. As a conse-
quence, the Si-Si distance decreases by 0.07 A and the Si-
the separation between the Ca and Si layers, leading to abogf-Si bond angle increases from 106° to 109°, still preserving
2.5% decrease of the average Ca-Si bond length. a sp’-like arrangement.

The data can be refined with the rhombohedral @aS| The trigona| symmetry is preserved on increasing pres-
structure up to~7 GPa, above which a phase transition oc-syre until a second phase transition occurs 26 GPa. Here
curred, as can be clearly seen from a comparison of Figsgain, a region with the coexistence of two phase is observed
2(a) and (b). Between~7 and 9.5 GPa, the two phases co- petween 16 and 18 GPa. The transition mainly consists in an
exist in the sample, probably because of pressure inhomogebrupt decrease aflattice parametefand unit-cell volumg
neity. This phase transitign consists in a change from they ~10%. This is accompanied by a strong broadening of
rhombohedral structureR8m, ag~3.77A, cg=29.32A, the diffraction peaks, which might be attributed to the con-
Z=6) to a trigonal phaseF(?ml, ar~3.78A, cr~cq/6 comitant phase transition from th# -N, phase to the-N,
~4.59A,Z=1) with Ca at the (0 0 0) position and Si at Phase, the Iat_te.r being much harder, and consequently a far
the 20 (3 2 z~0.4) position[Fig. 1(c)]. This phase is very Worse transmitting medium. Defects and stacking faults due
similar to the trigonal one of Bagisynthesized at high- (0 the phase transition in CgStan also contribute to the
pressure and high-temperature conditid$ere are no ma- Proadening of the diffraction peaks although we did not ob-
jor changes in the distances and angles between silicon a§€rve any marked anisotropy in the reflection broadening.
oms across the transition. On the other hand, the average'® CaSj high-pressure phase structure can still be refined
Ca-Si distance strongly decreases from 2.99 A at 6.7 GPa tio the P3m1 symmetry, showing a marked increase of the Si
2.85 A at 9.8 GPa. The driving force for this rhombohedralz parameter from~0.4 to ~0.44 [Fig. 1(d)]. The Si atom
to trigonal phase transition can be interpreted as the need ttisplacement leads to a strong decrease of the Si layer sepa-
adopt a more compact stacking as a response to the pressuration, from 0.7 to 0.4 A which can account for toeaxis
induced volume contraction, while thsp*-like arrangement discontinuity. The Ca-Si distance slightly decreases by 0.04
of the silicon sheets is conserved. Between 10 and 15 GP# across the transition. The major modification, however, is
the a- andc-axis compressibility becomes highly anisotropic the increase of the Si-Si-Si bond angle from 109%t15°,
(1.28<10 2 and 8.1« 10 3 GPa?, respectively. Contrary  accompanied by the Si-Si bond length decrease from 2.3 to
to what was observed in the low-pressure phase, the volumi22 A. These changes suggest that the bonding between the
contraction is here mostly taken by a deformation of theSi atoms may switch fromnsp*- to sp?-type as the Si sheets
silicon sheets. The main effect is the decrease by 0.15 A ofet flat. This phase may also be described as an-8lge

TABLE lll. Lattice parameters of the tetragonal Caghase as a function of applied pressure.

P (GPa a(R) alag c(®) clcy Volume (A3 VIV,
0.61200 4.2708 0.0001 1.0000 13.5230.0001 1.0000 246.660.0003 1.00000
2.0000 4.2328 0.0001 0.99110 13.4680.0005 0.99596 241.30.0008 0.97829
4.0300 4.1856 0.0001 0.97991 13.3980.0005 0.99075 234.650.0008 0.95132
5.9700 4.1423 0.0001 0.96991 13.3370.0005 0.98625 228.840.0007 0.92777
8.0600 4.102& 0.0001 0.96066 13.2820.0007 0.98219 223.580.0009 0.90642
10.120 4.06320.0001 0.95139 13.2310.0009 0.97842 218.440.0011 0.88560
12.010 4.034%0.0001 0.94476 13.19600.0009 0.97538 214.740.0011 0.87059
13.880 4.00530.0001 0.93783 13.1570.0009 0.97294 211.670.0011 0.85572
15.960 3.97280.0002 0.93022 13.1220.0011 0.97032 207.100.0015 0.83962

17.820 3.94420.0003 0.92353 13.0990.0017 0.96863 203.770.0023 0.82613
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FIG. 5. Relative variations with pressure of th@andc param-

eters and unit-cell volume for the starting tetragonal Gagase. FIG. 6. Comparison of the pressure dependence of the supercon-

ducting transition temperatuiE"**(from Ref. 10 with the struc-
tural phase diagram of CaSieduced by this work. Different sym-
structure, for whichz~3. Note that forz(Si)=3, the sym-  pols for theT,’s refer to distinct samples from the same batch.
metry would become hexagonal, space gré@@immmuwith

- l 2 1_ . -
Caat (00QandSiata (55 3). Refinements carried out to the trigonal structure can be simply regarded as a shift of
with this hexagonal space group lead to slightly worse,

(Rerags=8.7%, compared to 7.4%but still satisfactory the Si planes which ends up with an increase of the symme-

agreement factors. Taking into account the poor quality o%ry of the Ca-Si stacking sequence. Fahy and Harhiiawe

data at the highest pressure, it would be reasonable to assulrflsetlmated that the energy barrier between the rhombohedral

that this high-pressure phase has hexagonal symmetry. In t named TR6 in Ref. jand the trigonal phase is of the order

. . : &f 10 meV. They actually noticed that it matters little, for
E;ﬁlafzses’ Ir.r?r.ﬁetzrt]re AW%?/ Fi;oitrgjg%r:nﬂ;gss;r:gyze rls4v'\g\oggdn C}/vhat concerns the energy of the system, whether the Ca ions
y sy Y, 9 : are in a tetrahedral sit@s in the rhombohedral phasar in

lengths. Due to this similarity we name this high-pressure : : . .
phase AlB-like, although, even at 20 GPa there is stil aahexagonal sitéas in the trigonal phagevith respect to the

nonvanishing buckling of the Si planes. Si layers. Therefore the fact that a phase transition takes

; lace at room temperature under pressure should not be sur-
The pressure dependence Of. the lattice parameter was al Plsing. Kusakabe and co-workérsave discussed in detail
studied on the tetragonal CaShase up to 18 GPa. This

. ; : the relative stability of the polymorphs by varying the exter-
structure is built up by a Ca atom @ 2 %), and a Si atom at ;
(0 2 z~0.71). The Rietveld refinements as function of pres-nal pressure. They show how the structure wif bonds of

L . ; Si can actually be more stable at high pressure and predict
sure indicate a continuous decrease of the lattice paramet Y 9n p P

with increasing pressure, as reported in Table Il and showetfﬁa;h;d%;yxg fgg o?teir? ?t?iir\\:\?odrkat high pressure, consis-

in Fig. 5. Thea- and c-axis compressibilities are markedly From an electronic point of view, Fahy and Ham&nn

ezmglsl(()Ttré)glg,iwtrh roor:?\;plresilure trvaltuisl 0:1 G'A%P?]n?ti nshowed that the Fermi surface of Ca$bnsists of a hole
W'as observaed, uest%ei8 ?BBI/D.a gn‘z ;]C l;erpetifeof tar11eSSi0 pocket due to the (Cd)(Si)p hybridization and of smaller
P ’ P ockets of heavier electrons, primarily (Gajn character.

atom remains constant in the whole pressure range. This ¢ ‘he Si-Ca bond has a dominant covalent char&teerd this
responds to a decrease of the average Si-Si bond length fro&g

2.36 to 2.23 A in the pressure range investigated. We remin vors the shearing shift of the Si layers with respect to the

. . . . a one. The shape of the electron part slightly depends on
that the tetragonal CaSphase is superconducting at ambient . : :
: ) the stacking sequence of the Ca and Si layers while the hole
pressure an@2"*'achieves a maximum6.5 K for 9 GPa’ g seq 4

part does not change much passing from the rhombohedral to
the trigonal phase. On the other hand, preliminary results of
DISCUSSION band structure calculatiotiindicate that the density of elec-
tronic states at the Fermi level significantly increases by re-
Two important structural transitions have been observediucing the buckling of the Si planes, i.e., passing from the
on the starting rhombohedral phase Rt-9 GPa andP  trigonal to the AlB-type structure. We may also expect at
~16 GPa, respectively. The trigonal phdspace groupngd this transition a softening of phonon modes associated to the
(P3m1) observed between 9 and 16 GPa has been observé@llapse of the corrugated Si planes. Both these facts can be
as a metastable phase grown in thin-film for. relevant for the enhancement of the superconducting transi-
The trigonal CaSiphase is the simplest structure present-tion temperaturel. _
ing corrugated Si layers, which are essentially a section of N @ previous work we have shown that starting from the
the diamondlike structure of Si parallel to tii#11) plane, ~Semimetallic rhombohedral CaSisuperconductivity occurs
alternated by Ca layers in the simph staking sequence at high pressuré® Onset of the superconducting transition
[Fig. 1(0)]. In the rhombohedral room-pressure structure théemperaturer¢"** of the order of 3—4 K were observed for
Si planes are both shifted and rotated with respect to eadpressure ranging between 11 and 14 GPa while for higher
other and the staking sequenced&BBCCin this casgFig.  pressurg14 GPa up to 20 GRa2™'increases up to 14 K.
1(a)]. The structural phase transition from the rhombohedraln Fig. 6 we report the different;'s measured as a function
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of the applied pressure on three samples of the starting rhonthat quite often superconductivity seems to be enhanced on
bohedral CaSi The dependence @f, vs P can be compared silicon based materials when the Si bonding changes from
with the structural phase diagram deduced by this work. Isp® to sp?. Although the type of Si bonding in the high-
turns out that at low pressure the rhombohedral phase is nekessure phase of CaSieeds to be confirmed by band-
superconducting. Superconductivity is observed fBr  structure calculations, results presented in this work seem to

>11GPa and it should be ascribed to the structural phasgorroborate this empirical rule which is a clear indication for
transition from the rhombohedral to the trlgonal phase. Thqhe search of new silicon-based Superconductors_

highestT,.'s are however observed fd*>14 GPa. Taking

into account that the transmitting medium was different in

the two experir_ne_nts{it is _Iikely_that the_condition_s were ACKNOWLEDGMENT

more hydrostatic in the diffraction than in the resistive ex-

periment$ and also the uncertainties in pressure determina- We thank Professor S. Massid@dniversity of Cagliari,
tion, we are led to conclude that tiie enhancement is re- lItaly) for discussions on the electronic structures of these
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