Optical Properties of Silane to 218 GPa: Black Silane
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Silane, a pyrophoric compound, was loaded at cryogenic temperatures into a diamond anvil cell
using a special apparatus. Reflectivity and absorption studies were made to 218 GPa. From
these the real refractive index n* and the extinction coefficient k* were obtained. At 1.6 eV the
refractive index shows a large jump at about 100 GPa and increases further to n* = 5.3 at 218
GPa. The extinction coefficient varies smoothly with pressure reaching a value of k* = 0.07 at
218 GPa.

It has been suggested by Ashcroft (2004) that the Group IVb hydrides will metallize at
much lower pressures than hydrogen and being alloys with 80% hydrogen they will be high Tc
superconductors. It is known that hydrogen is not yet a metal at 340 GPa (Narayana et al., 1998
and Loubeyre et al., 2002) and is calculated by Natolie et al. (1993) to be a metal at 600 GPa. It
has been found that high Z (atomic number) materials (Xe, Reichlin et al. 1989, BaTe,
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Grzbowski and Ruoff 1984a, BaSe, Grzybowski and Ruoff 1984b) metallize at the pressure

calculated by the Goldhammer (1913) criterion, i.e., when the molar volume V,, = R where R is
the molar polarization. This suggests for silane V, = 13.7 cm3/mole, (Lide 1992) whereas the

molar volume for the solid phase at 1 atm at low temperature is about 53 cm3/mole. The
expected compression ratio is therefore less than four,

The diamond anvils had tips of 35 microns with an 8° bevel. The sample was loaded in
an especially dry glove box with the piston cylinder held at cryogenic temperatures. Loading
and clamping took 1 % minutes. Pressure was measured using the diamond-tip scale (Sun et al.
2005). Optical studies were made with a focused beam 4 microns in diameter (Zha and Bassett
2003).

The measured reflectivity at normal incidence is given by
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where ha = photon energy, Ry(®) = diamond-sample interface reflectivity, I(®) = intensity of

the light reflected by the sample, 7 ,(w)R4, = intensity of the light reflected by the air-diamond

interface, Ry, = room-pressure air-diamond interface reflectivity whose weak energy dependence

is neglected.

The absorption coefficient is given by
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where £ is the sample thickness, Ry, is the reflectivity of diamond-air interface, and J; and I are

the intensities of the light transmitted at normal incidence through the diamond-sample and

diamond-air interface respectively. Both /; and / have /; (the incident intensity) as a factor. As
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1, was kept constant the I, cancelled. The thickness £ was obtained to 177 GPa from the Fabry-

Perot interference pattern using the equation 2n*¢=m) where n* is the real part of the
refractive index, m is the order of the interference and A is the wavelength of the corresponding
interference maximum. The function Z(P) was fitted and extrapolated to get values at higher

pressure. An absorption versus pressure curve at 1.6eV is shown in Figure 1.
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Figure 1. Absorption versus pressure.

The extinction coefficient k* is obtained from
k* = aA/dr 3)

The reflection is related to the refractive index by

A
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where npy is the refractive index of diamond at the air interface. Examples of reflectivity vs

energy curves at different pressures are shown in Figure 2.
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Figure 2. Reflectivity vs energy at three pressures.
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The refractive index of diamond, np, was obtained as follows. The values of np, were
computed as a function of pressure by Surh et al. (1992). The initial slope dnp/dP agreed with
the experiment while np(0) was low by 0.06. We, therefore, added 0.06 to the computed value
np(P) at all pressures. With npy, ¥* and R known at a given pressure, n* of the silance is

calculated. Results from n* and k* at E = 1.6eV are shown in Figure 3.
The values of k* increase monotonically. It is conceivable that the absorption is only
apparent and is in fact due to multiple internal scattering from birefringent noncubic crystals.

The sample is back at 218 GPa. The real part of the refractive index increase slowly to n* = 1.8
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Figure 3. Absorption coefficient vs pressure at 1.6eV.

at 90 GPa but then jumps abruptly to a value of 3.7 at 115 GPa and increases at a rapid rate to 5.3
at 218 GPa.

It should be noted that Raman studies were made to 45 GPa. At lower pressures the
shifts agreed with earlier data for silane by Nucara et al. (1997). The signals were too weak to
measure at higher pressures. The Raman studies will be described elsewhere.

The molar refraction divided by the molar volume is given by

R/V=@* -1)/n*" +2) (5)
Goldhammer (1913) criterion for metallization is that metallization occurs when V,, = R.
Strictly this holds only in the long wavelength limit. Thus for Ag, R/V = 0.9996 at 0.1eV but at

lkeV, R/V = 0.901 (Lide 1992). The pressure dependence of R/V at E = 1.6eV for silane is

shown in Figure 4. The value at 218 GPa and E = 1.6eV is R/V = 0.90 for silane.
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Figure 4. R/V versus P at 1.6eV (error bars are for 2¢.)
The sample was studied during unloading and behaved reversibly. This also 'prbves that
the blackness was due to the sample and not due to the plastic deformation of the diamond as

observed by Dunn et al. (1982).

Silane is clearly not a normal metal at 218 GPa (the value of k* is too small). It has been

noted by Ruoff (1983) that for the alkali halides and the alkaline calcogenides the relation
n* E,(eV)=21 holds closely. Using this only as a crude approximation here, we obtain
Eg »~ 0.7eV (which does not exclude zero). Inasmuch as the absorption is very low, silane could

be an indirect band-gap semiconductor or a transparent metal at 218 GPa. While further work is

needed the results should be useful to scientists studying the behavior of Group IVb Hydrides.

Acknowledgements

We acknowledge support of this research through NSF grant DMR-0304745.



- m———— e —— L

References

10.

11.

12.

13.

14.

15.

ASHCROFT, N. W., 2004. Hydrogen dominant metallic alloys: High temperature
superconductors. Review Letters, (92), 187002,

DUNN, K. J, CHRENKO, R. M., MAO, H. K. AND BELL, P. M., (1982). The
profilometry technique for measuring the yield strength of hard materials. In: VODOR, B.
AND MARTEAU, Ph, ed. High Pressure Science and Technology. Pergamon Press (1),
181-182.

GOLDHAMMER, D. A., 1911. Dispersion und absorption des lichts, Teubner, Leipzig.

GRZYBOWSKI, T. A. AND RUOFF, A. L. 1984a. The band-overlap metallization of
BaTe. Physical Review Letters, (53), 489.

GRZYBOWSKI, T. A. AND RUOFF, A. L. 1984b. High Pressure X-ray and Optical
Studies of BaSe and BaTe. Mat. Res.Sci. Symp.Proc. (22), Part IIT, 43.

LIDE, D. R., 1992-1993. Handbook of Chemistry and Physics, 73" edition, 10-201.

LOUBEYRE, P., OCCELLL F. AND LETOULLEC, R., 2002. Optical studies of solid
hydrogen to 320 GPa and evidence for black hydrogen. Nature, (416), 613.

NARAYANA, C, LUO, H., ORLOFF, J. AND RUOFF, A. L., 1998. Solid hydrogen at
342 GPa: No evidence for an alkali metal. Nature, (393), 46.

NATOLIE, V., MARTIN, R. M. AND CEPERLY, D. M., 1993, Crystal structure of
atomic hydrogen. Physical Review Letters, (20), 1952.

NUCARA, A., CALVANIL P., LUPI, S. AND ROY, P., 1997. The near infrared spectrum
of solid silane. Journal Chemical Physics (107), 6562-6569.

REICHLIN, R., BRISTER, K. E.,, MCMAHAN, A. K, ROSS, M., MARTIN, S., VOHRA,
Y. K. AND RUOFF, A. L., 1989. Evidence for the insulator-metal transition in xenon
from optical, x-ray and band structure studies to 170 GPa. Physical Review Letters, (62),
669.

RUOFF, A. L. AND GRZYBOWSKI, T. J., 1985. Band overlap metallization of BaTe and
BaSe. In: S. MINOMURA, ed. Solid State Physics Under Pressure, D. Reidel Publishing
Company, Boston, (69).

RUOFF, A. L., 1983. Empirical relationship between energy band gap and the refractive
index in closed-shell systems. In: HOMAN, C., R., MACCRONE, K. AND WHALLEY,
E., eds. Materials Research Society Symposium Proceedings, (22), Part I, North-Holland,
New York, 287.

SUN, L, RUOFF, A. L. AND STUPIAN, G., 2005. Convenient optical pressure gauge for
multimegabar pressures calibrated to 300 GPa. Applied Physics Letters, (86), 014103.

SURH, M. P., LOUIE, S. G. AND COHEN, M. L. 1992. Band gaps of diamond under
anisotropic stress. Physical Review B, (45), 8239.



16. ZHA, C. S. AND BASSETT, W. A., 2003. Internal resistive heating in diamond cell for
insitu x-ray diffraction and Raman scattering. Review Scientific Instrumentation, (74),
1255.




