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High-pressure Raman scattering of the stretching mode in nitrogen along the 300-K isotherm
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We present Raman scattering studies of the vibrational band of nitrogen at room temperature between 1 and
31 GPa allowing a detailed line-shape analysis. For the fluid@aptases the vibrational linewidths compare
to dephasing rate§2’l determined by experiments in the time domain. The transition is unmistakably
marked by a drop of the vibrational linewidths around 17 GPa. A further transition intg gfese around 20
GPa proposed from previous Raman results can be ruled out. Additionally, clear evidence is found for a
dynamical freezing of the Nmolecules within theS phase[S0163-182806)03522-9

Nitrogen exhibits a large variety of solid phases in thecalibrate the frequency and to determine the instrumental
p-T phase diagram essentially determined by Raman ancksolution function[full width at half maximum(FWHM):
x-ray scattering"'°Recently, Scheerboom and Schouten ob-0.6 cm™1].
served an anomalous behavior of the vibrational frequency Vibrational spectra in the fluid p<2.5 GPa and B
shift with decreasing temperature in the high-pressére phases (2.5 p<5 GPa consist of a single line, and two
phase of nitrogef which they interpreted as a transition of lines are observed in thé phase (5 p<16.5 GPa corre-
second order connected with changes in the orientational b&ponding to the two lattice sitesandc as presented in Fig.
havior of the N, molecules from a more or less free rotation 1. The low-frequency peakig) is due to the disks on®
into an orientationally localized mode. According to their sites, the one higher in frequency,| is three times lower in
obtained temperature dependence this localization should ofrtensity and represents spheres ansttes. The vibrations
cur around 10.5 GPa at 300 K. shift to higher frequency with increasing pressure, and the

We have performed Raman scattering studies on the Nsplitting betweenv, and v, becomes larger. In addition to
stretching vibration along the 300 K isotherm in the pressurehe gradual increase of the linewidth with pressure the
range from 1 to 31 GPa with two aims. We wanted first tovibron clearly exhibits an anomalous width between 9.3 and
get more detailed information about this localization transi-11.2 GPadouble arrow in Fig. L Clearly, an asymmetry on
tion mentioned above, and second to clarify the phase tranhe high-frequency side of, (single arrow in Fig. 1 can
sitions still under discussion along the 300 K isotherm. Wealso be observed. Above 18 GPa both vibrons become nar-
will show in the following that the linewidth of the Nvi-
bron clearly exhibits anomalies connected with those transi-
tions. This allows a deeper insight into the dynamics of the 18.3
N, molecule in the different high-pressure phases.

High-purity nitrogen gas was filled into a diamond anvil
cell (DAC) of Boehler desighf with a high-pressure gas
loading systen}® Pressure was determined situ by the
ruby fluorescence method after Mao al'* on small ruby
chips embedded in the sample. The pressure gradient in the
sample was determined from locally separated ruby chips
and the well known pressure dependence of thesietch-
ing vibration probed at different spots across the sample vol-
ume at constant pressure. With these pressure gradients the
errors in pressure are estimated#®.1 GPa forp<8 GPa,
+0.8 GPa for 8&&p<20 GPa,, and-2 GPa forp>20 GPa.

The 514.5 nm emission of an argon ion laser was used as
the light source in our experiment. The laser, with a typical
power of 200 mW, was focused to }#m diameter into the
nitrogen sample. Power was reduced to 0.5 mW for the fluo- 2350 2360 2370 2380 2390
rescence measurements on the ruby chips to avoid heating. Raman shift (cm™")

Backscattered light was analyzed using a Jobin-Yvon

U-1000 double monochromator in a standard setup. The col- £ 1. polarized Raman spectra of thg Btretching vibration
lection optics in combination with the 70m wide entrance 4t various pressures indicated at the major peak of each spectrum.
slit of the monochromator resulted in a reduced backgroungne paselines of the spectra are shifted along the ordinate propor-
scattering from the diamond compared to thg Wbron in-  tional to pressure. Single arrows show the splitting of thdine,
tensity with a signal to background ratio 6f35. Prior to  and the double arrow the anomalously broadengtlibron at 11.2
each measured spectrum a neon discharge lamp was used@pa.
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GPa. Between 16 and 18.5 GPa the linewidths of both vi-
brons decrease sharply.

According to Ref. 17 the vibrational energy can be redis-
tributed into other degrees of freedor,(proces§, or the
phase of the vibration can be randomly changed either due to
environmental fluctuations or due to the resonant transfer of

@ vibrational energy between the molecul€g, (process In
. liquid nitrogen a lifetimeT; =56 s is determined; extrapo-
lating to 2.4 GP&? values on the order qfs are expected,
still large compared to the dephasing times, which are in the
ps range. Thus in nitrogen dephasing is the dominant process
for vibrational relaxatiort® The inset in Fig. 2 shows the
perfect agreement between the dephasing rates obtained in
the time domain and the data for the linewidths of the N
vibrons obtained by spontaneous Raman scattering in this
work.

At the B-6 transition the linewidth of thes; vibron is
twice as broad as that af,. A similar behavior is found in
Ref. 17 for the linewidths of the two vibrons in the structur-

FIG. 2. Half-width (I') of the N, stretching vibration. Errors in  ally identical y phase of Q. According to Ref. 20 an addi-

I' are smaller than the size of the symbols; for the errors in prestional rotational dependent term can contribute to the line-
sure, see text. The inset givésin the fluid (¢) and B phases  jidth, proportional to the rotational diffusion constaby.

_(D) compared to dephasing _rat'é;l (®) determined with TSRG | this respect, a larger value f@x is expected for the

in Ref. 16, converted according to Ref. 17. molecules showing three-dimensional orientational degrees
of freedom (spheres on sita) than for those molecules
which are restricted to reorienting in a planar geometry
(disks on sitec). This is consistent with our observed
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row and the shoulder on the high-frequency sidevotbe- . X . . . X
comes stronger. It separates from the main (imew labeled "MEWidths in &-N,. At higher pressures the linewidth,,
v,y) into a new line ¢,,) above 20.6 GPa in the phase. compares td’,, . In view of Ref.11 this may indicate that the
The widths of the vibrational lines were found to be in theavailable phase space for the reorienting molecules on the
same order of magnitude as the width of the resolution func2a sites becomes more restricted at higher pressures.
tion. However, the high quality of the spectra obtained al- The change in the dynamical behavior is also reflected by
lowed a detailed line-shape analysis of the vibrons in highthe anomaly in the pressure dependence of the linewidth of
pressure nitrogen. The line shape in a standard Marquardhe v, vibron found at a pressure of 12 GPa. This is in
X2 algorithm fitting procedur® was modeled by convoluting accordance with the results of Scheerboom and Schdtiten,
a Lorentzian function with the experimentally determinedwho interpreted the anomaly in the temperature dependence
resolution function. The frequencies for the vibrons obtainedf the vibrational frequency, predominantly observed for the
from this fitting procedure agree perfectly with literature v, vibron, as a second-order transition from a more or less
datal® A small step in the frequency at 2.5 GPa and splittingfree rotation into a localized state for the molecules on the
of the vibron at 5 GPa mark the well known flugl-and  2a sites. They also noted that the x-ray diffraction work of
B-8 transitions, respectively. The line-shape analysis show®lijnyk® reporting a softening of thpV data along the 300
that the above mentioned splitting of tie vibron into two K isotherm around 12 GPa can be explained by a jump of the
components #,; and v,,) reported above 20 GB¥ is ob-  compressibility at the localization transition around 10.5
servable in the entire phase and already in the cubit  GPa; however, a proper analysis of Olijnylg¥ data for the
phase above 12 GPa. A kink in the slope of the pressuré phase has not been performed $etWe have analyzed
dependence of the; vibron is noticeable around 17 GPa. these dat® by plotting the negative logarithm of the volume
Further information is obtained from the data of theversus pressure and obtained a compressibility of
linewidths [half width at half maximum((HWHM)] pre- K=3.132x10 2 (GPa !, which decreases by about 60% at
sented in Fig. 2. In the fluid phase the vibron linewidth in-a pressure of10 GPa. In terms of the usual arguments for
creases, suddenly dropping at the transition to the s@lid disordered molecular solifsnitrogen has a plastic phase
phase. This is shown in detail in the inset where the linebelow 12 GPa with a larger compressibility than the frozen
width data are compared with dephasing rates determined hjghase above.
time resolved stimulated Raman gain spectroscopy Additionally, we have performed model calculatiéh&'
(TSRG).® Just above thg-§ transition the width of thes;  in which we obtained single-particle orientational potentials
vibron is twice that of thev, vibron. With increasing pres- for the N, molecules on the two different sites in the cubic
sure the widths of the two vibrational lines increase further,§ phase. The results for the pressure dependence of the po-
for the v, vibron relatively more than for the; vibron. tential barrieres show a clear evidence for a transition from a
Additionally, in contrast to the nearly monotonic increase ofmore or less free rotation to a hindered one for therhbl-
the width of thev, vibron in this pressure region, the width ecules on the & sites. We interpret the orientation localiza-
of the v, vibron obviously exhibits an anomaly around 12 tion mentioned by Scheerboom and Schouten as a thermally
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excited relaxation process across the barrier. Here freezing &ver, not confirmed in the x-ray work of Olijnykin the &
marked experimentally by the crossing of the relaxation ratgphase as well as in the phase three contributions to the
1 and the probing frequencywr~1. Through the Raman signal in the stretching mode region are expected by
orientation-vibron coupling the crossover from a dynami-factor group analysi$.The v, is a singleA;y symmetry
cally disordered state to an orientationally frozen one at oumgde, whereas two modes, withy, and E; symmetry
probing frequency is reflected by the anomaly in the vibronconripute to thev, vibron. Etterset al? calculated a maxi-
width around 12 GPa. For typical phonon frequencies obyny gitference of 0.2 cm? for the two contributions to the

served in the Brillouin experiment of Grimsdiftthe cross- 1, vibron in thee phase, which they claimed to be too small

over is expected at pressures beyond the stability region %r experimental observation. We find a splitting of the

the 6 phase. : _ —1 :
Figure 2 shows a drop of the linewidth data for all vibrons\”br.On of~1 cm " already at pressures above 12 QI_Da n the
between 16 and 18.5 GPa. This is correlated with a progub|05 phase and for all pressures above the transition in the
' ' € phase. Our linewidths increase monotonically with

nounced hysteresis in the frequency shift in the Brillouin . : .
scattering experiment by Grimsdifttaround 16.5 GPa at pressure and therefore do not give any evidence for a transi-
300 K. Yet his work did not provide any information about tion at 20 GPa. The |mprove_d.resolut|on of our Raman ex-
the structure of the new phase. X-ray measurements Jreriment and the_ Qlaborate fitting procedure has allqwed us
Olijnyk® gave clear evidence of a phase transition from thel© .de.tect_ the sphttlng even at S”.‘a”er pressures. Since the
cubic ¢ to the trigonale phase at a pressure of 16:3 0.5 splitting increases with pressure it then_may have been re-
GPa at room temperature. Schneideal. 1° performed Ra- solvable for the other Raman investigations. Unfortunately,
man scattering in the pressure rangeB<54 GPa and ob- "either Reichlinet al.” nor Schneideet al*° give values for
served three of four lattice modes predicted by group theor 'l:?llr resolution function and a direct comparison is not pos-
and two vibrons in thes phase. At 18 GPa they found the I0'e. . . .
eight expected lattice modes for teephase and two vibra- Summarizing, our Raman experiments allowed a detailed
investigation of the vibrational line shape of the nitrogen

tional lines. Thus the authors had direct evidence fordhe molecule stretching mode under hiah bressure alona the 300
e transition from the lattice phonon region but no direct af- " 9 gn p 9 .
K isotherm. Especially, the pressure dependence of the line-

firmation of this transition in the vibron band. A change in . . L . )
the linewidths of 0.4 cm ® (FWHM) at thed-e transition(at widths unambiguously exhibits the different phase transi-
) tions. These data confirm th& &, ande phases and clearly

2h0d%ii§$ti ,"1117§u]§,tvr?:yr3\llje%2%g:ﬁ;mtlonzg rtf)g ricgedeé?;i%n; indicate strong changes in the orientational dynamics of the

line-shape analysis. The dramatic drop of our linewidth data{nolecules at the spherically d|sord_(_ered Bites in thed
(HWHM) by values of 0.3 to 0.4 cm? between 16.5 and 18 phase. They also exclude the transition tosaphase up to
GPa in Fig. 2 unmistakably confirms ti#ee phase transition pressures of 31 GPa.
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