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Superconducting high pressure CaSiphase with T, up to 14 K
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We have studied the occurrence of superconductivity under pressure in thef@afy of compounds,
namely the semimetallic trigonal phase and #erhSi-type tetragonal one. Although only the latter is
superconductingT.= 1.56 K) at ambient pressure, starting from the trigonal phase and applying high pressure
(>12 GPa we have found a new superconducting phase WK~ 14 K, among the highest ever found in
silicon based materials.

Silicon and Si-based compounds are in general extencriuneisen temperature dependence and it is not supercon-
sively studied as they are at the base of electronics and méucting down to 30 mk. A high-pressure phaSewith
crodevices. Although intriguing and of practical interest, thea-ThSh, type tetragonal structurig-ig. 1(c)] formed by in-
appearance of superconductivity in these materials has né¢rconnected p? silicon atoms that rotate alternatively in the
been so exhaustively explored. Yet the different bondinge-axis direction has been found to be superconducting with
possibilities of silicon give rise to slightly different structural T.=1.58 K.1° In this report we describe the effects of high
phases that can differ very much in their physical behaviorpressure<22 GPa on the behavior of the resistivity of
In 1985, thesp? simple hexagonal phase of pure Si wasthese two CaSiphases. We show that under pressure this
predicted and then found to be superconducting with transisystem undergoes a series of phase transitions which finally
tion temperatur@ .= 8.2 K under high pressurd5 GPa by  develop superconductivity with one of the highest transition
Chang and co-workersSimilarly to G, fullerenes, the $j  temperatures known for a silicon based compound, Tg.,
fullerenes can be doped by alkali-metal atoms, when linked=14 K.
together through their danglirgp® bonds to form the struc- The electrical resistivity measurements were performed in
ture of the clathrate (Na, Bg$iss, a superconductor with a sintered diamond Bridgman anvil apparatus using a pyro-
T.=4 K.%2 Some silicides (NbSj TaSh) are also known to  phyllite gasket and two steatite disks as the pressure me-
be superconductotswith typical T.'s of the order of 1 K, .si
with the exception of the A-15 compounds, such aSiv W !

(T.=17K), where the linear chain bands of vanadium are at c &Y & oca
the origin of superconductivity.More recently, the high- &";\\-9'3"69 W
pressure EuGetype phasgFig. 1(c), named asl in the c (fw AP S
following] of BaSk, built by planes of boat-formeslp® sili- B & &8 W
con hexagons held together by hexagonal planes of calcium ﬁ‘?“g’ A S & &
atoms, was found to be superconducting wWig**=6 K.> B & &%
Pressure can indeed be a very useful variable allowing a A P & &
gradual change of the lattice parameter of a particular silicide A .6> P (b)

and forcing it to change to new configurations more favor- W

able for superconductivity. As shown by the experiments on

elementary siliconijn situ measurements using pressures in @

the range of 10 GPa may be adequate to scan a succession ofgig. 1. Crystallographic structure of the trigonal TR#, the
interesting phases. Plausible candidates are large volume pgdxagonah1 (b), and the tetragondt) CaSj phases. We may note
unit formula silicides such as CgSiAt ambient pressure in the trigonal TR6 phase the silicap® planes are separated by Ca
CaS} has a trigonal structur¢also labeled TR6 in the planesin aMABBCCstacking sequende), while in the hexagonal
following]® [Fig. 1(a)]. In this form it is a semimetawith an  h1 phase they stack in a simpfeA sequenceb). Notice also the
electrical resistivity that follows the conventional Bloch- interconnectedp? silicon lattice in the tetragonal phage.
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dium. The Cu-Be device that locked the anvils can be cyclec 16¢ < ' '
between 1.2 and 300 K in a sealed dewar. Pressure was cak=
brated against the various phase transitions of Bi under presg
sure at room temperature and by a superconducting Pb meC}
nometer at low temperature. The overall uncertainty in theZ ' |
quasihydrostatic pressure is estimated tadi®%. The pres- 2
sure spread across the sintered diamond anvils was prev.>
ously determined on Pb manometers to be of about 1.5—:@
GPa depending on the applied pressure. The temperature wi$
determined using a calibrated carbon-glass thermometer wit/tt
a maximum uncertaintyfdue mainly to temperature gradients & I
across the Cu-Be clampf 0.5 K. Four-probe electrical re- ‘:’ 40 + i
sistivity ac measurements were made using a Stanford ReG e ———
search 830 digital lock-in amplifier and by using platinum ﬁ M
wires to make contact on the sample. dc measurements, ust
mainly to determine current/voltage characteristics, were o !f . L : : :
. . . 50 100 150 200 250 300

a!so camed out using a Keithley 182 nanovoltmeter com- Temperature (K)

bined with a Keithley 238 current source.

Polycrystalline trigonal-Cagisamples were prepared by  FIG. 2. Electrical resistivity of the starting trigonal Ca8nder
melting high-purity Ca and Si in stoichiometric proportions pressurgsample A. We see the large increase of resistivity above
in a tantalum crucible closed by arc welding under inert gasl5 GPa where superconductivity is observed. Inset: superconduc-
atmosphere. Samples were annealed for 7 days at 900 °C five transitions measured in sample C.

order to obtain a homogeneous single phase intermetallic
compound. X-ray diffraction and micrographic analysis werepressureT .~ 14K is the highest superconducting transition
used to check the sample obtained. By this procedure it wagmperature reported so far for a disilicide, almost one order
found that the samples were pure phase of trigonal structurgs magnitude higher than those found in other silicides, and
(space groufD3,-R3m) with lattice parametera=10.4A  comparable to thd,’s of the A-15 compounds. It is worth
and «=21°30. To obtain the tetragonal CgSphase we reminding that elementary Si and Ca exhibit superconductiv-
followed the procedure described by Evérsstarting from ity with T.'s of 8.2 K at 15 GPaRef. 1) and~2 K at 85
the trigonal TR6 compound, a treatment at 800 °C and 8 GP&Pa(Ca is not superconducting at lower pres$fiteespec-
using a belt-type apparatus was applied. After this treatmenively. The width of the superconducting transition was in
CaSj, transforms into the tetragonal phasiee a-ThSi-type  general broad, yet zero resistance was always attained. On
structure, space grou;r)ﬁﬁmllamo). ac susceptibility mea- the other handy-| characteristics were measureadtek and
surements performed on this sample showed a sharp superitical currents in the range of 1000—10000 Afcimave
conducting transition at 1.51 K, in agreement with what wasbeen estimated, indicating the bulk nature of superconductiv-
previously reported® Samples were then cut and polishedity in our samples. In sample C and f&>12GPa, we
down to the size necessary for measurements under pressuodserve a two-step transition which evidences the presence
namely 0.0 0.05x 0.3 mn?. of two superconducting phasémset Fig. 2. It is worth

The temperature dependence of the resistiyityvs T) reminding that the resistivity of CaSis essentially tempera-
was measured on three CaSamplegnamed A, B, and Cin ture independent below-30 K at ambient pressure being
the following) of the starting trigonal TR6 phase. Thevs-T ~ dominated by the residual valdend that such a broad su-
behavior, in particularly superconductivity, was reproducibly perconducting transition is likely to be due both to inhomo-
found in the three experiments. Figure 2 shows the electricaleneity of the sample and to an inevitable gradient of pres-
resistivity p curves of the starting trigonal TR6 phase sure, rather than to thermal fluctuations. In the case of
(sample A as a function of temperaturE for different ap-  resistive measurements under high pressure, the onget of
plied pressures. The parameters of the conventional Blochs generally considered to be due to the portion of the sample
Gruneisen behavior measured at ambient pre§sareemodi-  at the optimum accessible pressure for superconductivity and
fied even for the smallest applied pressure. Analysis of théence to be a genuine indicator of the sample’s superconduc-
p-vs-T data shows that the Debye temperature, which is 456ivity. The dependence of the superconducting transifign
K at ambient pressufédecreases to about 300 K f&  on applied pressure is reported in Fig. 4 for all samples. The
>12 GPa. differences in the apparent transition pressures for different

By applying a pressure between 10 to 14 GPa, dependingamples are due to a slow transformation kinetics, that made
on the sample, the room-temperature resistivity abruptly inresults sensible to the tim@ot the same for the different
creases as shown in Fig. 2. In this range of pressure a supesxperimentsthat the samples spent at each pressure.
conducting transition with an onset ®f around 3—-4 K was The abrupt appearance of superconductivity Rt
detectable on samples B and C for which measurements 10 GPa suggests that a structural phase transition is taking
down to 1.2 K were performed. Above 14 GPa, higher place at this pressure. If we extrapolate the line boundary of
superconducting transitions were measured. On the threte phase diagram reported by EVer® may guess that the
measured samples the onseflgi—determined as shown in phase transition between the starting trigonal phase to the
the inset of Fig. 2—steeply increases, reaching 14 KHor metastable, high-pressure, tetragonal phase may occur in this
=15GPa, then slightly decreases for increasing appliedange of pressure at room temperature. We then measured
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........ T In order to try to identify this putative new phase, we
T ] performed a separate experiment, in which all the volume of
/' ] the diamond cell was occupied by a sample of the trigonal

CaSj phase that was then compressed at 16 GPa for 6 days
at room temperature and subsequently quenched back to am-
bient pressure. The main peaks of the x-ray diffraction pat-
tern of the recovered sample were indexed as the hexagonal
hl (EuGe-type) structurgFig. 1(b)]. This quenched sample
was not superconducting down to 4.2 K. From these data we
can speculate that starting with a nonsuperconducting trigo-
nal TR6 sample, pressure first induces a transition to a su-
||||||||||||||| ‘ perconducting phase (2<KT <4 K), that may not neces-
0 10 20 300 sarily be the tetragonat- ThSi, phase, as the latter shows a
Temperature (K) higherT, in this pressure range (5KT.<6.5K). At higher
pressures a new superconducting (KRK.<15K) phase
FIG. 3. Electrical resistivity of the starting tetragonal Ga8i-  seems to be stabilized. Interestingly, as pressure is released,
der pressure. The resistivity monotonically decreases with pressurghe sample does not go back to the trigonal TR6 structure,
Inset: superconducting transition at low temperature. but to thehl structure, i.e., the startingABBCCstacking

the resistivity at low temperature of two samples of the tecduence 1s changed to the simpiétone. We note that the

tragonal phase under pressure, in order to check whether tﬁé(rjuctu.re tr:ﬁt IS ftabledfgr Itcr)1w vqumetEer utnllt—ce_llhd|sm—”
14 K superconductivity could be ascribed to it. Both tetrag—CI es. 1.6, dpse ormed by the :jare‘ef;"_ rrr:e aT with smafl-
onal samples exhibit a metallic behavior of the resistivity®St ionic radius(Lu, Tm, Er, and Yb,* is the AlB,-type
with a well pronounced downwards curvature of hes-T crystal lattice. That is similar to thB1 structure but with

. .. R . . . 3 .
dependence. The onset of the superconducting transition ifiéxagonalsp’ (graphitelike planes instead ofp® (dia-
creases from 1.51 K at ambient pressure up to 6.5 KPfor mondlikg planes. This suggests that the high-pressure LaSi
=9 GPa. For increasing applied pressure, T&®slightly phase could be the A_LBtype small-volume-per-unit-formula
decreases and the resistive transition seldom attains a vanisHucture, and explains the recovery of thé on pressure
ing value, suggesting that only a small fraction of the Samp|é1uench|ng. Preliminary structural measurements undgr pres-
actually contributes to superconductivity in this case. WeSuré performed at the European Synchrotron Radiation Fa-
reckon that theT.'s of the trigonal samples for pressures cility have actually confirmed that the hlgh-gressure phase
between 10 and 12 GPa are 30 to 50% lower than thosgbserved above 15 GPa has the Alifructure.
measured on the tetragonal samplese Fig. 3 Further- Fahy and Hamarinfound that the stacking sequence of
more, above~12—14 GPa depending on the sample, the obthe Siand Ca layers mainly influences the electronlike bands
servedT,’s are sharply differentsee Fig. 4 and the behav- &t the Fermi level of Cagi One may then expect an en-
ior observed on C clearly shows the coexistence of twd'ancement of the density of ele30tron|c statBOS) at the
superconducting phases. This leads us to conclude that tf@mi level changing from thep® to the sp? Si bonds in
structural changes induced on the starting trigonal gasianalogy to what Chang and Cohen proposed for the hexago-
phase by the applied pressure go beyond a simple transfop@! superconducting phase of ‘SThe case of Cagiseems,

—
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mation onto the tetragonal phase. however, to be more complicated since band-structure calcu-
lations and photoemission studies on trigonal GéSef. 14
W have shown that all the Csp-d states are involved in the
L ® 4 & starting trigonal TR6 phase ] Ca-Si bond and, in particulad,states of Ca are present at the
0©  starting tetragonal phase | Fermi level, despite the fact that free Ca hasdnelectrons.
_ 15 Aﬁ% < ] Furthermore, in general, a peak of the density of metal non-
3 [ (YTl T ] bondingd states was found to move from above the Fermi
10 1 ] level for CaSj to belowEg as one moves towards heavier

metals in disilicides?® It turns out that the DOS of TR6
; CaSj is rather low and this feature also seems to be main-
1 tained for the tetragonal CaSphase, for which the Fermi
level was found to be just below a peak of the density of
o L electronic Cad statest® The electronic band calculations for
0 5 10 15 20 25 the TR6 anchl structures do not present a peak of the DOS
at Er, which may account for th& .~ 14 K.’
There is a further important factor that may favor a high
FIG. 4. Pressure dependence of the superconducting transitiohc I the high-pressure phase: ~ soft modes of phonons aris-
temperaturd,, for three samples of the trigonal phagided sym-  INg from the proximity of several metastable phases associ-
bol9 and two samples of the tetragonal Caghase(empty sym-  ated with the modification ofp* bonds intosp? bonds. In-
bols). The horizontal error bars represent the error in the estimatiogleed, the case of CgSis an example in which several
of the pressure and the pressure gradient. The vertical error baglightly different atomic orders may be achieved with little
correspond to thd@ . determination. cost of energy. From an electronic point of view, Fahy and

T onset
c

Pressure (GPa)
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Hamannd found that the total energies of the TR6 anti  Anderson'’ the conjunction of soft modes and covalent
phases are all within-0.01 eV, suggesting that transforma- bonds between the Si atoms could give rise to local-field
tion between different structures can easily occur as it wagffects which should enhance electron-electron attraction and
also largely discussed by Evéfsom a thermodynamic point then favor superconductivity. We actually notice that a high
of view. Moreover, we have found a drastic decrease of thd ., is also observed in another silicide BaSivhich is close
Debye temperaturérom © =456 K at ambient pressure to to a structural instability.

about 300 K forP>10 GPa). Although this determination In conclusion, we have found that the application of pres-
can be affected by sample inhomogeneity, it is suggestiveure on the layered semimetallic Ca8iduces unexpected
that soft phonon modes can appear when high pressure ist K superconductivity, among the highebt's found in
applied. As concerns the Si atoms and their bonding, thailicides and in Si-based compounds. We discussed these re-
main difference among these structures is #@ bond sults in terms of the possible appearance of soft phonon
which holds the tetrahedrally coordinated Si in the TR6 andnodes associated with the character of the Si bonding in
h1 structures, while arsp? bond can be expected in the different atomic arrangements. These results show that the
a-ThSi-type tetragonal or the AlBtype structure. We re- search of superconductivity in other alkali earth silicides
mind that the charge conduction is ensured by Ca orbitalslose to a structural transformation by means of pressure
that interact with the covalent lattice formed by thg® or  studies may lead to the discovery of additional Si-based su-
sp? covalent silicon bands. So as it was shown by Cohen angerconductors.
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