JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 4 22 JANUARY 2002

N, and CO, vibrational modes in solid nitrogen under pressure
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Nitrogen has a complex phase diagram that has presented a formidable challenge to theoretical
models. In this study, infraredR) spectroscopy has been performed on solid nitrogen at low
temperatures and pressures up to 6 GPa. | fhiease, two IR absorption peaks were observed that
correspond to N—N stretch modes. The presence of two IR-acwel¥ons is consistent with a
tetragonal structureR4;2,2) and is inconsistent with an earlier proposed rhombohedRaCj
structure. The matrix isolation of GOmolecules in solid M led to the observation of transverse

(v,) vibrational modes, which showed a splitting consistent with the structures of the diffeyent N
phases. The; mode of'2C0O, and'*CO, molecules was measured as a function of pressure, as well

as combination modes. All the vibrational-mode frequencies shifted discontinuously at the critical
pressures for fphase transitions. For G@oncentrations of 0.1%, phase separation is present at
low pressures, but is suppressed for pressures greater than 1 GPa. In summary, these studies have
contributed to the knowledge of the,fhase diagram and the nature of guest-host interactions in
molecular systems. @002 American Institute of Physic§DOI: 10.1063/1.1429644

I. INTRODUCTION have predicted several different structures that appear to be
at odds with experiment. An early theoretical study proposed

In many respects, Nis a model molecular system be- a rhombohedral R3C) structure with eight molecules per

cause its triple bond is very stable and its low atomic numbeunit cell?! a model that was apparently confirmed by x-ray

simplifies theoretical calculatiorisin spite of its apparent diffraction results:® Subsequent calculations predicted a

simplicity, however, N has a complex phase diagram thatmore complicated, tetragonal structurB42,2) with 32

has presented a formidable challenge to theoretical modelsolecules per unit cef? The positions of the molecules in

Theoretical studies have predicted the polymerization of nithe latter structure are similar to those in the former, but their

trogen at high pressures, suggesting that nitrogen could hdifferent orientations result in a lower symmetry. In this

used as an energetic matefiaf.Optical and electrical stud- study, the results of IR spectroscopy provide evidence in

ies have provided evidence that solid nitrogen becomes favor of the tetragonal structure.

nonmolecular semiconductor at pressures above 150°GPa.

In this paper, we present the results of infratd®) spectros- ||. EXPERIMENTAL METHODS

copy measurements on,Ninder hydrostatic pressure. These

studies contribute to the knowledge of thg phase diagram

and the nature of guest—host interactions in dense solids.
The structure of solid Nunder hydrostatic pressure has

To generate pressures up to 6 GPa, we used a piston-
cylinder diamond-anvil ceff® Type-I diamonds with a culet
diameter of 70Qum were used. After a 25@m thick stain-

. . _ less steel gasket was indented to a thickness of A0 a
been studied extensively by Raman spectroscopy-ray 340 um hole was drilled in the center of the indentation.

diffraction® and theoretical calculatiohs'® making it an . ) .
. . . Nitrogen was used as a pressure medium and was loaded into
ideal system for a study of guest—host interactions. A sche-

matic phase diagram for,Ns shown in Fig. 1. IR spectros- the gasket hole by liquid immersidf.CO, molecules were

. . .present in the Blas an “unintentional” contaminariunless
copy at low temperatures and high pressures has yielded in- .. .
) indicated otherwise, the masses of C and O are 12 and 16
teresting results. For pressures greater than 2 GPdRan

: . amu, respectively To determine the pressure at liquid-
?;’“VE N_i\l f}[,e;‘;]h r|n|§ de,t_o_rt V|bfrot?]3 was dob§er(\j/ed tbytr'\]/lc'helium temperatures, we measured the IR absorption peak of
uskeyet al. ¢ activity ot this mo ells ue 10 1€ e v vibrational mode of isolated CQOimpurities in the
low symmetry of the high-pressure phaset! Subsequent

: e h q ive Wb high solid N, matrix. Thevz-mode frequency is sensitive to hy-
mvestlgagggs ave measured IR-activgWorons at higher . ogtatic pressufé and provides a precisi@ situ pressure
pressures:

) ) calibration. From the calibrated intensity of thg IR peak in
There is controversy regarding the structure of the

_ arding ’ , ®1€  solid CO,,% the thickness of the gasket, and the intensity of
phase. As summarized by Birt al,”” theoretical studies ¢ 15-CO, peak in our measurements, the concentration of

CO, was estimated to be 0.1% in the most heavily doped
aE|ectronic mail: mattmcc@wsu.edu samples.
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FIG. 1. Phase diagram of
g M FIG. 3. N, vibron frequencies as a function of pressure, for low tempera-

tures, in thee phase. Circles and squares indicate IR-active vibrons mea-

. . . . sured in this work and by Binet al. (Ref. 20, respectively. Diamonds
Mid-IR absorpnon spectra were obtained with a Bomemindicate Raman-active vibrons measured by Schiéerdl. (Ref. 7). Solid

DA8 vacuum Fourier transform spectrometer with a KBrlines are fits to the datéTable ) and dashed lines are guides to the eye.
beamsplitter. The samples were kept at a temperature of 6 to

9 K in a Janis STVP continuous-flow liquid-helium cryostat

with wedged ZnSe windows. The spectral range was 500 t¥ibron. The spectra shown in Fig. 2 were obtained with a
5000 cmi't and the instrumental resolution was 1 to 2 ém  Spectral resolution of 2 ciht. For resolutions<1 cm %, the

An off-axis parabolic mirror and light-concentrating cone fo- Noise in the spectrum was high enough so that such a weak
cused the light through the first diamond and onto thaPeak would not be detected. The integrated absorbance of the
sample. The light then passed through the second diamorfeak peak is approximately 7% that of the strong peak.

and onto a Ge:Cu photoconductor detector. After a spectrum The N, vibron frequencies are plotted in Fig. 3 as a
was measured, the sample was warmed to room temperatufnction of pressure. In this figure, IR-active vibrons ob-
the pressure was adjusted’ and the Samp]e was p|aced baCKSﬁfVEd in this work are shown by the circles. The solid lines

the ||qu|d_he||um Cryostat. are |ineal’ fItS to the data:
v=A+BP, (1)
IIl. RESULTS . -
. where the frequency is in cm ! and the pressur® is in
A. N, vibrons GPa. The coefficient& and B are listed in Table | for the

Evidence for an additional IR-active vibron is shown in Modes measured in this work. For thesgwibron measure-
Fig. 2. In this figure, an infrared absorption spectrum isMeNts, a sample with no detectable O@as used. The pres-
shown for two different pressures that lie within th@hase. SU'€ dependge_nce of the maip Mbron was used to calibrate
On the high-frequency side of the main Mbron, a weaker the pressuré’ i.e., the lower branch in Fig. 3 determines the

peak is observed, which we attribute to a second IR-activ@'€Ssure. Pieces of GaN were also in the DAC, and the pres-
sure dependence of their two-phonon modes agreed with

published datd’ The solid squares are IR-active vibrons
measured by Binkt al,?’ and show good agreement with
our results. The diamonds are Raman-active vibrons mea-
sured by Schiferetal.”

In the rhombohedraR3C structure, there are two in-
equivalent sites, only one of which € gives rise to an
IR-active vibron’ Our observation ofwo IR-active vibrons
would appear to exclude tHR3C structure. In the tetragonal
P452,2 structure predicted by Nosand Klein?? nitrogen
molecules reside on two inequivalen &ites (C,; symme-
try) and four inequivalent & sites(C, symmetry. In prin-
ciple, six IR- and Raman-active vibrons should be observed,
but many of these modes may be nearly degenerate or very
weak. In addition, the orientations of the, Mrystals were
FIG. 2. Low-temperature IR absorption spectra gfibrons at pressures of N0t Well controlled. Theoretical calculations performed by
4.1 and 5.3 GPa. Weak peaks are indicated by the arrows. Belaket al® predicted a tetragonal structure at low tempera-

N, vibrons

Absorbance (a.u.)
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TABLE |. Coefficients for the linear frequency shift&q. (1)] of vibrational modes in solid N The linear fits
are valid for the pressure ranges indicated. The unité\fandB are cni! and cmi* GPa'?, respectively.

a phase y phase & phase
0-0.45 GPa 0.45-1.9 GPa 1.9-6 GPa
Mode A B A B A B

N, vibrons 2326.3 2.7
v,(CO,) 662.2:0.1 -2.6+0.3 662.3:0.1 -1.9+0.1 661.3720.04 —1.15+0.01

663.370.04 —0.68+0.04 664.56:0.07 —0.55+0.02
v3(Y’C0O,) 2349.3 12.3 2348.2° 7.80 2345.F 6.6
v3(XCO,) 2283.4:0.4 11.7#0.9 2282.20.1 7.6:0.1 2279.40.2 6.34+0.05
v3+21,(CO,)  3609.6:0.1 9.7-0.3 3608.90.3 6.8-0.3 3604.8:0.3 6.7-0.1
v3+v1(CO,) 3714.0:0.3 13.70.7 3712.20.5 9.4-0.4 3706.80.5 9.4-0.2

gFrom McCluskeyet al. (Ref. 19.
A somewhat more precise fit is given in Ref. 19.

tures and a pressure of 7 GPa, with two vibron frequenciedinuously at the critical pressures for phase transitions in
These frequencies were calculated to be 2351 and 236®lid nitrogen (Fig. 5. As pressure is increased, the
cm 1, in reasonable agreement with Raman spectroscopy exnodes decrease in frequency and their splitting increases.
periments. In our work, if one extrapolates to a pressure of 7 The splitting of thev, peak is consistent with the struc-
GPa, the IR-active vibrons lie within 2 ¢rh of the Raman tures of the different phases. Tlephase has & a3 space
modes, which is on the order of the uncertainty of thegroup, with nitrogen molecules residing on equivaleat 4
calculations® Hence, the experimental results are consistensites that havé&s, symmetry? Assuming the C@ molecules
with the theoretical predictions for the tetragonal model.  occupy substitutional sites, then the modes are doubly
degenerate. The phase has 84,/mnmspace group, with
B. CO, transverse (v,) modes nitrogen molecules residing on equivalena 2ite$® that
. . 4o _ ~ haveD,, symmetry'! In this symmetry, the degeneracy of
As in previous work,” we observed the antisymmetric tha 5, modes s lifted. In the tetragonal phase discussed
stretching ¢3) mode of CQ impurities in solid N under  previously, there are six inequivalent sites, all of which have
pressure(not shown. In the present study, the higher con- 5 |\ symmetry such that the, modes would be split. The
centration of CQ molecules allowed us to observe the 5.t that only two modes are observed in thehase sug-
vo-mode frequencies of COmpurities (Fig. 4). In the gas  gests that the COmolecules reside on one energetically pre-
phase, the linear COmolecule has two degeneratgmodes  forred site
. . . — 8 *
that give rise to a single peak at 667 chf® These modes For the highest C@concentration samples, a weak peak
involve the transverse motion of the carbon atom, out ofg spserved on the high-frequency side of the maimpeaks
phase with the oxygen atoms. For the low-pressuphase, ossibly a result of CQdimers. For pressures less than 1
only one », mode was observed. For the high-pressurégp, two peaks appear on the low-frequency side of the
phases, the interaction with the, Nnatrix lifts the degen-  main,,, peaks, as indicated by the arrows in Figa)6 These
eracy, resulting in two distinct peaks. The peaks shift d'sconpeaks are ascribed g, modes from solid CQprecipitates.

Vz-coz 664

. |2.9GPa ~ 6628
> 3
s §
§ g 660
:
2 2 658
< 8“‘

0.34 GPa I~ 656

650 660 670 % 3 1 s s

Wave numbers (cm'1) Pressure (GPa)

FIG. 4. Low-temperature IR absorption spectra of isolateg @Olecules  FIG. 5. v, frequencies of isolated GQnolecules in solid B, as a function

in solid N,, for pressures of 0.34, 1.7, and 2.9 GPa. The pressures corresf pressure, at low temperatures. Discontinuous shifts of the frequencies
spond to thea, y, ande phases of solid N, respectively. The peaks are occur at the critical pressures for phase transitions in sojid $olid lines
attributed tov, modes of the C@molecules. are fits to the dat&Table ).
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FIG. 6. Low-temperature IR spectra of G@olecules in solid B, at pres-

sures of 0.22, 0.7, and 1.1 GPa. Modes arising from solig @@cipitates  FIG. 8. v, frequencies of isolatetfCO, molecules in solid I, as a func-

are indicated by the arrowsa) v, frequencies of C@in solid N,. (b) tion of pressure, at low temperatures. Solid lines are fits to the(@iakde |).

Combination-mode frequencies of ¢ solid N,. Discontinuous shifts of the frequencies occur at the critical pressures for
phase transitions in solid N The isotopic frequency ratio,r
=1,4(¥2C0O,)/v4(°CQ,), is plotted in the inset.

By extrapolating the frequencies, zero-pressure values of 655

and 660 cm® are obtained, in good agreement with low-

temperature IR spectra of solid G@t ambient pressufé.  For clarity, the low-frequency sidebands are excluded from

this figure.

Along with the appearance of the solid-€®, modes,
solid-CO, peaks also appear on the low-frequency side of the
In addition to thev, andv; fundamental modes, combi- combination modes, indicated by arrows in Figh)6 These

nation modes were also observed near 3600 and 3708 cmmodes match thes+ 2v, andv;+ v, combination modes of
[Fig. 6(b)]. By comparison with gas-phase data, these modesolid CO,, which have frequencies of 3600 and 3708 ¢m

are identified as thevs+2v, and vs+wv; combination respectively’® Since the spectroscopic signatures for solid
modes, wherev; is the Raman-active, symmetric stretch CQO, only occur for pressures less than 1 GPa, we conclude
mode. The combination modes are in Fermi resonance. In th@at phase separation of G solid N, is suppressed by the

& phase, two IR peaks are observed. In #hend y phases, a application of pressure. This observation suggests that phase
sideband is observed on the low-frequency side of each ofeparation results in an increase in the total volume of the
the main peaks. The intensity of the sideband grows as preg£0o,—N, mixture.

sure is decreased. The reason for this behavior may be re-

lated to the formation of C@dimers. The combination-mode

frequencies are plotted as a function of pressure in Fig. 7 Isotope effects

C. CO, combination modes

The high CQ concentration samples allowed us to ob-

————————1 serve thev; mode of*3CO, molecules in solid nitrogen. This
mode is plotted as a function of pressure in Fig. 8. The mode
frequency increases with pressure, and decreases discontinu-
ously at the critical pressures for solid-nitrogen phase transi-
tions. It is apparent thafCO, molecules provide a sensitive
probe of the surrounding nitrogen atoms. The isotopic fre-
quency ratio is defined as= v53(*?C0,)/v3(**C0,), and is
plotted as a function of pressure in the inset of Fig. 8. A
linear fit yields a zero-pressure value of=1.02883
+0.00003 and a slope of (3t51.1)x 10 °GPa . Given
the standard error, it can be stated that the slope is greater
than zero with 99.9% confidenéé.

For a linear CQ molecule, in the harmonic approxima-
tion, the vz-mode frequency is given by

o 1 2 3 4 35 =6 v3=VK(2M¢+1/Mo) )

Pressure (GPa) wherek is the linear force constany ¢ is the carbon mass
(12 or 13 amy, andM 4 is the oxygen mas&l 6 amu. In this

N,, as a function of pressure, at low temperatures. Discontinuous shifts OIIQnOFiel, the ISOtOpI(.Z frequency ratio is given %Y 1.029 ZQ'

the frequencies occur at the critical pressures for phase transitions in solif@rious anharmonic terms reduce the value.otThe appli-

N,. Solid lines are fits to the da@able ). cation of pressure brings ,Nmolecules closer to the GO

3760

3740

3720

A\

3640

Combination mode frequency (cm™)

3620

FIG. 7. Combination-mode frequencies of isolated,CGfblecules in solid
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molecule, which may result in a reduction in such anhar-demonstrating that matrix-isolated molecules are sensitive
monic terms, bringing the value ofcloser to the harmonic probes of the host crystal. For G@oncentrations of 0.1%,
value. phase separation is present at low pressures, but is sup-
pressed for pressures greater than 1 GPa. Future studies will
address the phase-separation issue in more detail and at

To estimate the pressure dependence of vibrational frehigher pressures.
guencies of C@Qmolecules in solid B, ab initio calculations
were performed, usingsAussiaN 9sw>3 The restricted
Hartree—Fock method was used, with the 3-21G basis set. INCKNOWLEDGMENTS
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