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Infrared absorption of solid nitrogen at high pressures

M. D. McCluskey, L. Hsu, L. Wang, and E. E. Haller
Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720
(Received 10 June 1996

We have observed infrared absorption peaks in solid nitrogen at hydrostatic pressures as high as 7 GPa at
liquid-helium temperatures. The shift in the AI$iEs, local vibrational mode is used to precisely calibrate the
pressure. For all measured pressures we also observg Witerational mode of CQimpurities. For pressures
greater than 1.9 GPa, a peak appears which we attribute to a N-N stretch mode of nitrogenphaise. The
single peak is consistent with previous x-ray and Raman studies which suggest\thhas a structure which
belongs to the rhombohedral space gr&rgC. [S0163-182806)07138-X

The development of high-pressure diamond-anvil cells P=380.4[\p(T)/Ao(T)]°—1}, (1)
has led to extensive experimental research on the properties
of high-density molecular solidsN, is in many respects a whereP is the pressure in GPa, is the wavelength of the
model molecular system because its triple bond is very stableuby R, line at pressurd® and temperaturd, andX, is the
and its low atomic number simplifies theoretical corresponding wavelength at the same temperature and at-
calculations’ It is commonly used as an ambient for study- mospheric pressure.
ing solids under hydrostatic pressirat low temperatures Following the fluorescence measurements, each sample
and pressuregFig. 1), N, crystallizes into the cubie phase Was warmed to room temperature and then placed in the
(space groupPa3).* At pressures between 0.4 and 1.9 Gpa,mfrared_ spectrometer I|qU|d-h_eI|um pryosta’g. _Mld-mfrared
N, is in the tetragonay (P4,/mnm) phasé:® For pressures absorption spectra were obtained with a I_Dlgllab FTS-80E
higher than 1.9 Gpa, x-ray diffractibrand Ramah studies vacuum Eouner transform spectrometer W'th,a KBr beam-
have provided evidence thatN, has a structure which be- splitter, I\<N ith a spectral rangeéof 450 tc;] 340(.) c‘mSpectraI
longs to the rhombohedral space groRBC. Theoretical \r/éircflui?or?r:)fa(;g é?ﬁr?pzrﬁ;u;t cgn}f:evr:'lttratiig I(?osrtlreurfrc])izfe d
studies predict thag-N, has a tetragonal structure with 32 the light through the diamonds and sample and onto a Ge:Cu

molegjlcgas per _umt cell, but that the structure is very S'm'larphotoconductor mounted directly behind the sample.
to R3C.” In this paper we present the results of infrared

. ) To obtain a more precise measurement of the pressure, we
absorption studies that lend further support to ®R8C  |5ded some diamond-anvil cells with AlSb:Se,C samples

model. . o which were cut into disks 30@m in diameter and polished

The infrared absorption spectrum of solid nitrogen at noryq 3 thickness of 5@m. As observed previousfy, the ’Cg;,
mal vapor pressure has been measuregth, (Ref. 10 and  acceptor has a local vibrational moteVM) peak at 591.0
B-N,.** The  and B phases have infrared absorption fea-cm! at a temperature of 10 K and atmospheric pressure
tures near the fundamental N-N stretch frequency which arerig. 2). Our samples are co-doped with Se so that theyare
attributed to nonlinear coupling between the N-N vibronstype. Since Se is a deep dor‘]ﬁﬁhe free carriers freeze out
and lower-frequency phonon$.Recently the profile of the at low temperatures, and the samples are transparent even for
N-N stretch overtone has been used to determine the tenmigh (~10 cm™3) concentrations of &. We assume that
perature of solid nitrogen on the surface of Pltitdn this  the position of the G, LVM varies linearly with pressure, as
study, we report the observation of an infrared active peak ifis observed in the case of GaAs;S° The observation that
nitrogen in the high-pressure phase. In addition, for all the pressure-induced shift of thesCLVM varies linearly
measured pressures, we observe #heibrational mode of ~ With the shifts of the C@and N, vibrational modesFig. 4)

CO, impurities. The pressure dependence of these peaks m&ypports this assumption. We therefore use the position of
serve as a useflh situ pressure calibration. the G, LVM peak as a precise pressure calibration.

To generate pressures up to 7 GPa, we used a modified For all pressures, we observe an infrared absorption peak
Merrill-Basset diamond-anvil cetf1® The liquid-immersion ~ Which we attribute to thes; vibrational mode of CQimpu-
techniqué® was used to load the cell with liquid nitrogen. To fities in the N matrix (Fig. 3). In Fig. 4, the open and filled
determine the pressure at liquid-helium temperatures, a fegircles refer to CQvibrational frequencies measured by the
grains of ruby were placed in the cell and on the outside fac&sp LVM’'s and ruby fluorescence lines, respectively. By
of one of the diamonds. The cell was then placed in a liquidmatching the two sets of points, we obtain the relation
helium cryostat and the rubies were excited by an argon-ion
laser. The ruby fluorescence was dispersed by a double P=0.073 »(Cg,) —591.0], 2
monochrometer and detected by a photomultiplier tube. The
atmospheric and high-pressure fluorescence lines were rgthereP is the pressure in GPa andCgy) is the position of
corded by computer, and pressures were determined with thbe G, LVM peak in cm ! at liquid-helium temperatures.
relation'’ This pressure calibration is used in the subsequent analysis.
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FIG. 1. Phase diagram of nitrogéRef. 9.

The pressure-induced phase transitions of soli¢d&h be
inferred from discontinuities in the positions of the C&nhd
N, peaks(Fig. 4). For low pressures, Nis in the « phase,
and the CQ peak shifts linearly:

v3(C0O,)=2349.3+12.3P, 0=<P=0.45,

)

where v5(CO,) is the frequency in cm* and P is the pres-

sure in GPa. At 0.45 GPa, two G(Qpeaks are observed,
indicating a coexistence of the and y phases. This transi-
tion pressure differs from the value obtained by Thie

et al.® who found a transition pressure of 0.35 GPa at a

temperature of 4.2 K.
In the y phase, the position of the GQeak is best de-
scribed by two piecewise linear fits:

A2,
AISb:1?2C,
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FIG. 2. Pressure dependence of the Al&Bg, local vibrational
mode(LVM) at a temperature of 10 K. The position of the LVM is
used as alin situ pressure calibration.
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FIG. 3. Infrared absorption spectra of solid nitrogen under pres-
sure. For all measured pressures, thevibrational mode of CQ
impurities is observed. For pressures above 1.9 GPa, the N-N
stretch mode becomes infrared active.

2347.6+8.4P, 0.45<P<13

v3(CO)=| o349 51 6.0p, 1.3<p<19 ¥

The reason for the two linear regimes is currently not known.
In the ¢ phase, the COpeak shifts linearly:
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FIG. 4. Positions of the CQand N, infrared absorption peaks in
nitrogen under pressure at liquid-helium temperatures. For the solid
circles and squares, ruby fluorescence was used as a pressure cali-
bration[Eq. (1)]. For the open circles and squares, the position of
the AISb1?Cg, local vibrational modéLVM ) was used to calibrate
the pressurgEq. (2)]. The open diamonds are Raman-active modes
measured by Shiefedt al. (Ref. 8 at a temperature of 15 K. The
solid lines are linear fits given in Eq&3)—(6) and the dashed lines
are guides to the eye. The discontinuities near 0.45 and 1.9 GPa are
due to structural phase transitions.
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TABLE I. Correlation diagram for the N-N stretch mode of
solid nitrogen in the £ (R3C) phase, at the center of the Brillouin
zone.

I). N, molecules on the 2 site have one Raman-active
stretch mode while those on thee Gite have two Raman-
active modes and one infrared-active mode. Previous Raman
studies have only revealed two of the three Raman-active

- Ig/}l:éf;::tlrayr o I'I?:Iieet]'y Fi?/trl(iin gerttrw;lp Activity peaks perhaps because the difference betweenAtheand
E4 modes is too small to be resolved. Theinfrared-active
2b Do S¢=Cs; Dsy mode hgs a frequency very sim_ilar to the Raman-active
37 (N-N stretch)—=A, ——= A4, (1) Raman mode(Fig. 4), an observation which suggests that they both
£ ¢ 4 W arise from N molecules on the & site. If that is the case,
6o D., c, 53‘1 the_n.the factor group splitting is much smaller than the site
S+ (NN stretch) JA A, () Raman _spllttmg for_ the R3C structure. The absence of a N-N
& . lg infrared-active absorption peak for pressures below 1.9 GPa
Eg (1) Raman 5 consistent with the symmetries of the cubiphase Pa3)
Ay (1) (Ref. 4 and tetragonal phase P4,/mnm).°
E, (1) Infrared In conclusion, we have observed infrared absorption

peaks in solid nitrogen under large hydrostatic pressures and
liquid-helium temperatures. The; mode of CQ was ob-
13(CO,)=2345.14+6.6P, 1.9<P<7. (5)  served for all measured pressures. For pressures greater than
1.9 GPa, we observe the N-N stretch mode of solid nitrogen
In addition, a new infrared absorption peak appéiig.  in the & (R3C) phase. Using the shift of the AISECg,
3). We attribute this new peak to a N-N stretch mode, sincd-YM as anin situ pressure calibration, we measured the
its frequency is similar to that of the Raman-active N-N Pressure-dependent shifts of the £@nd N, vibrational
keeping with the notation of Schifegt al.? we label this ~Pressure calibration for infrared absorption experiments.
modev;. The pressure dependence of the peak position can

be described by a least-squares linear fit: We wish to acknowledge P. Becla for providing the AlSb

samples and J. Wolk for helpful discussions. This work was

N,)=2326.5¢2.7P, 1.9<P<7. 6 _supported, in part, by USNSF Grant No. DMR-94 1776_3 and

v3(N2) © in part by the Director, Office of Energy Research, Office of

The infrared activity of this_mode is consistent with the Basic Energy Sciences, Materials Science Division of the

rhombohedral space grouR3C (D$,), which has one U.S. Department of Energy under Contract No. DE-AC03-
infrared-active and three Raman-active stretch m@@iable  76SF00098.
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