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Search for metallization in benzene to 209 GPa pressure
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It is anticipated that all insulating materials will become metallic under sufficiently high pressure. Insu-
lating compounds containing a high concentration of hydrogen may metalize at lower pressures than pure
hydrogen, perhaps exhibiting superconductivity at relatively high temperatures. Recent electronic structure
calculations indicate that benzene CgHg may enter a metallic, molecular state under pressure in the region
180-200 GPa. Optical transmission studies, however, fail to reveal metallic behavior in benzene to 209 GPa
at ambient temperature. A partial Raman spectrum of benzene was measured to 43.9 GPa.
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1. Introduction

Since the discovery of superconductivity slightly more than a century ago, the search for a room
temperature superconductor has remained elusive. The highest known values of the supercon-
ducting transition temperature 7, were set in 1994-1995 and lie at 138 K at ambient pressure [1]
and near 160 K under 30 GPa pressure.[2] In 1968, Ashcroft suggested that solid hydrogen, an
insulator, would become a superconducting metal under sufficient pressure with a high value of
T, possibly even approaching room temperature.[3] Prior to 2011 static pressure experiments at
low temperature have failed to give evidence for metallic hydrogen at pressures somewhat above
300 GPa.[4-6] Howover, in 2011, Eremets and Troyan [7] reported that hydrogen became metallic
at 260-270 GPa at room temperature; this result has yet to be confirmed by other groups.

One way to reduce the metallization pressure for pure hydrogen is through chemical pre-
compression by combining hydrogen with other elements in suitable compounds such as CHy,
SiH4, GeH4, and PdHy or ternary, complex hydrides such as LiBH4 and LiAlH,4.[8-10] The
approach to metallization through band-gap reduction can be studied using optical absorption
techniques. In LiAlH4, Hamlin [11] observed that transmitted light changed from white to orange
upon the application of 42 GPa pressure, indicating a reduction in the band gap. Measurements
on hydrogen have reported darkening of the sample at pressures near 300 GPa.[4,6]

A hydrogen-rich compound of particular interest is benzene C¢Hg. Wen et al. [12] recently
proposed that benzene might become metallic in the narrow pressure range 180-200 GPa. Benzene
freezes at ambient pressure at 279 K (or at 295 K under 0.07 GPa pressure) into an orthorhombic
Pbca structure with four molecules per unit cell. The controversies regarding the phase transitions
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occurring in benzene under pressure are amply summarized in [12]. Benzene has 10 Raman active
vibration bands that correspond to the internal vibrational modes. For each of these modes either
four or eight Raman-active components are expected, depending on the symmetry.[13]

In the present experiment, optical transmission studies at ambient temperature fail to find
metallic behavior in benzene to 209 GPa pressure. The Raman spectrum of benzene was measured
to 43.9 GPa using a low-cost, home-built spectrometer assembly and found to shift monotonically
to higher frequencies with pressure, in agreement with earlier studies to 20 GPa.[13] The extension
of these and X-ray structure studies to even higher pressures is recommended.

2. Experimental methods

2.1. Loading benzene sample in diamond-anvil cell

Three high pressure experiments were conducted on high purity benzene (99.9% pure, Alfa Aesar),
each using diamond anvils with 0.30 mm diameter culet beveled at 7.5° to 0.10 mm diameter
central flat. A 250 wm thick Re gasket 2.8 mm in diameter was pre-indented to a thickness of 20—
25 wm. The benzene sample was placed in a hole ~50 pum in diameter drilled through the center of
the gasket. Experiments were set up with our standard side-by-side primary/secondary coil system
[14] so that ac susceptibility measurements could be performed to probe for superconductivity in
case benzene metalized. A membrane-driven CuBe diamond-anvil cell (DAC) was used in these
experiments.[15] The membrane consists of two annular discs of stainless steel (O.D. 5.0 cm, I.D.
1.2 cm) welded together, as described in detail by Daniels and Ryschkewitsch.[16]

Loading the benzene sample into the gasket hole was done by using a syringe to place a large
droplet on the top of the gasket surface. Bubbles in the hole were removed by lowering a thin
15 wm Cu wire into the hole. The high vapor pressure of benzene mandates that the sample loading
and DAC assembly be completed within approximately 1 min.

2.2. Determination of pressure

The pressure in the benzene sample was determined via the diamond vibron using the simple,
low-cost Raman optical system shown in Figure 1 which was assembled by Hamlin [11] and
Debessai.[17] The heart of the optical system is a Nikon Optiphot metallographic microscope
utilizing a 20x long-working-distance objective. The eyepieces for visually inspecting the sample
are not shown in this figure. Mirrors, M1 and M2, steer the Ar-ion 514 nm laser beam into the
microscope. Lens L1 has focal length of ~5 cm and is placed at a position so that the laser beam
focuses to a spot at the back focal plane of the objective. When properly aligned, this allows the
beam to be focused to a spot ~10 pm in diameter. The small diameter of the laser illumination
makes it possible to measure pressure gradients within the pressure cell.

M3 is a dichroic beam splitter, whereas F1 is a steep, high-pass 515 nm edge filter which blocks
scattered laser light from entering optical fiber OF2 (250 pm dia.), letting only longer wavelength
light through. Optical fiber OF2 should be placed at the conjugate focus of the objective O1. The
Stokes Raman spectrum is obtained by connecting OF2 to an Ocean Optics spectrometer model
QE65000 which has a thermo-electrically cooled detector with an 1800 mm ™~ grating and 200 wm
entrance slit. The spectrometer measures spectra between 515 and 615 nm with a resolution of
approximately 0.1 nm. For the Ar-ion laser (514 nm), this corresponds to a Raman shift from 40
to 3190cm™!.

This simple Raman optical set-up not only allows the pressure in the cell to be determined
using the diamond vibron technique, but also permits the measurement of the very weak Raman
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Figure 1. Schematic of Nikon Optiphot metallurgical microscope configured for optical measurements in a DAC. OF1
and OF2 are optical fibers, Ol a long-working-distance 20x objective, M1 and M2 mirrors, M3 a dichroic beam splitter,

F1 a steep high-pass filter, and L1 a focussing lens. See text for details.
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Figure 2. Raman spectrum of diamond vibron at ambient pressure (narrow peak near 552 nm) and 180 GPa (very broad
peak). Pressure is determined using Ref. [18] from shift in wavelength of intersection points of straight red lines.

spectrum from the benzene sample itself. To view the sample through the microscope eyepieces,
the optical fiber OF1 feeds white light from a halogen lamp into the lower diamond anvil. A
change in the color of the transmitted light from white to orange to black would indicate that the

band gap is closing as the metallization pressure is approached.

In Figure 2, the Raman spectrum of the diamond vibron is displayed both at ambient and extreme
pressure (180 GPa) as determined from the shift of the intersection points of the two pairs of red
straight lines, using the calibration of Akahama and Kawamura.[18] The highest pressure is at
the center of the 0.10 mm diameter central flat where the benzene sample is located; the sample
pressure, therefore, is given by the long wavelength cut-off near 563 nm.
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Figure 3. Sample versus membrane pressure in present three experiments on benzene. Open symbols in first and third
measurements give extrapolated final pressure after failure of diamond anvils.
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Figure 4. Pressure distribution across pressure cell for three different sample pressures in terms of distance from center
of cell. Vertical dotted lines indicate edge of sample at 25 wm and edge of central flat at 50 wm.

In Figure 3, the sample pressure is plotted versus the He gas pressure applied to the DAC
membrane. It is seen that a membrane pressure of 70 bar (roughly 1 ton) leads to a sample pres-
sure of approximately 220 GPa or 2.2 Mbar. As seen in Figure 3, the consistency of the three
measurements is reasonably good.

The 10 wm laser beam was positioned at four distinct points (center, edge of sample, edge of
central flat, and edge of culet) and the pressure at each point determined from the vibron shift.
As seen in Figure 4, across the 50 pm diameter of the benzene sample (25 wm from center),
the pressure was nearly constant for the three central pressures 50, 118, and 164 GPa. However,
from the edge of the sample to the edge of the central flat (50 um from center), the pressure falls
off by 20-30% with a further decrease to the edge of the culet (150 wm from center). We note,
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however, that the calibration by Akahama and Kawamura [18] is only strictly valid for the central
region of the diamond anvil. For other regions, such as at the edge of the culet, the calibration is
questionable due to the varying stress state.

3. Results and discussion

3.1. Raman spectroscopy on benzene under pressure

Using the Raman optical set-up shown in Figure 1, it was also possible to measure several peaks
originating from the internal vibrational modes of benzene to 43.9 GPa, as shown in Figure 5. After
a linear background subtraction, the positions of the peaks could be determined within 5 cm™!
The highest intensity Raman peak from benzene is about 40x weaker than that of the diamond
vibron. Since under pressure, the benzene peaks diminish in size relative to the background, we
were unable to make reliable measurements above 43.9 GPa. This may be due at least in part to
enhanced diamond fluorescence at the highest pressures. The peak near 750 cm™' does not shift
under pressure and is also seen in the Raman spectra taken at the diamond anvil table, clearly
indicating that it does not originate from benzene or any impurity therein. It is possibly the result
of reflections of the laser beam inside the pressure cell.

At 6.3 GPa pressure, seven peaks from benzene were observed that originated from various
vibrational bands. In fact, previous studies [13] have shown that each of these bands is actually
represented by a combination of several peaks (a band), whereas in our experiments only a single
peak is resolved at each frequency. A comparison of these peaks and their pressure dependence
with those found by Thiéry and Léger [13] shows good agreement, as seen in Figure 6. As
expected, the peaks shift to higher frequency upon application of pressure. At the lowest pressure
(6.3 GPa), six benzene peaks are visible. The position of these peaks as a function of pressure
is given in Table 1 alongside the vibrational modes tentatively assigned to these peaks based on

benzene
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Figure 5. Raman spectrum of benzene in present experiment at four different pressures. Exposure time for each spectrum
is identical. After a linear background subtraction, spectra are shifted vertically for clarity. At 1350 cm™! lower portion of
peak from diamond vibron is visible. Locations of ambient pressure vibrational bands from Thiéry and Léger [13] labeled
with their vibrational modes. Raman peaks of benzene at four pressures in present experiments are indicated by short
vertical lines below each peak. Downward arrows mark artifact peak near 750 cm~! that does not originate from benzene
sample.
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Figure 6. Pressure dependence of several Raman peaks of benzene to 20 GPa. Good agreement is seen between peak
positions in the current measurements at 6.3, 12.7, and 18.1 GPa (horizontal red lines) and those found by Thiéry and
Léger [13] at 0, 1.4, 2.7, 4.9, and 11.0 GPa (horizontal black lines). All peaks shift to higher frequencies with increasing
pressure.

Table 1. Raman lines of benzene observed at relatively low pressures.

Frequency (cm™!)

Vibrational

6.3 GPa 12.7GPa 18.1 GPa 43.9 GPa mode

605 616 - - Vs (€2¢)
856 816 - - vio (e1g)
1004 1060 1073 1113 vy (arg)
1185 1206 1212 - Vg (€2¢)
1596 1637 1649 - vg (e2g)
3100 - - - v7 (€2g)
3150 - - - V2 (azg)

Note: Lines have been assigned vibrational modes based on work by Thiéry and Léger.[13]

their intensities and an analysis performed by Thiéry and Léger.[13] The most intense peaks, in
order of decreasing intensity, are expected to correspond to vy, vg, and v, bands. It is thus not
surprising that the v; and vy peaks are among the last to disappear at higher pressures. Despite
the high intensity of peak v,, it cannot be seen at higher pressures. Since this peak was already
near the edge of the spectral range at 6.3 GPa, it is possible that, along with v7, it shifted outside
the measurement range at higher pressures.

3.2. Opfical transparency of benzene

In order to search for possible metallicity of benzene at high pressures, white light from a halogen
lamp was fed into optical fiber OF1 through the benzene sample under pressure. This transmitted
light was then observed through the microscope eyepieces. As seen in Figure 7, the transmitted
light is white at ambient pressure but takes on color as the pressure is increased in 10 GPa steps,
appearing orange at 209 GPa, the highest pressure achieved in this experiment. Had benzene
become metallic, the sample would appear black in transmitted light. Since this does not occur,
the present experiments reveal that benzene fails to metalize to 209 GPa pressure, contrary to
the prediction of Wen et al. [12] It should be noted that structural transformations in benzene are
known to be quite sluggish at room temperature [13] so that carrying out the experiments at higher
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Figure 7. Transmitted white light through benzene sample at 6 GPa (left) and 209 GPa (right). At both pressures, the
diameter of the benzene sample was approximately 55 um. Were benzene to metalize under pressure, the white light
would be fully absorbed, the sample appearing black.

temperature should speed up any change in structure. In future optical experiments, the pressure
should be expanded to well above 200 GPa and also include parallel synchrotron X-ray structural
studies to these extreme pressures.
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