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High-pressure Raman study of the N stretching vibration in argon-nitrogen mixtures
at room temperature
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We present room-temperature Raman investigations of the nitrogen molecule stretching vibration in
Ar;_,(N,), from x=1 to x=0.59 in the pressure range<p<231 GPa. Ar substitution leads to an inhomo-
geneous broadening of the vibrational signal. Baé phase transition of pure Ns shifted to higher pressures
for x=0.75. The substituted Ar atoms preferentially occupy thesies of the cubic elementary cell of the
orientationally disordered phase. This interpretation of the experimental data is supported by our model
calculations. Fox=0.75 a superstructure forms in which all thesites are occupied by Ar atoms. No direct
experimental evidence is found for a disorder-ordes phase transition observable in pure NHowever,
calculated orientational potential energy barriers propose freezing of the orientational dynamics at reduced
pressures.S0163-18206)07626-

The mixed system Ar_,(N,), is well known only for a sites and the lower-frequency one labelgedo thec sites.
ambient pressures and low temperatures, and many authofée latter is 3 times larger in intensity, reflecting the multi-
have contributed to the understanding of this systeee plicity of the two sites in the cubic elementary cell. Increas-
Ref. 1 and references thergiThere, the miscibility of the ing pressure the cubié phase distorts into the lower sym-
two compounds over the full concentration range was remetry orientationally ordered trigonal phase(space group
ported by Barrett and Meyemnd later confirmed by Klee R3c) at 16.3 GP4d.In our recent Raman stuly of pure
and Knorr® The large variety of solid phases of nitrogesee ~ hitrogen we observed three contributions to the vibrational
phase diagram in Ref)4lays an essential role for the prop- band in thee phase as the lower-frequency ling exhibits a
erties of the mixed system. When reducing the temperaturgplitting into two components just above the phase transition
to 63 K without application of pressure nitrogen solidifies Which increases with increased pressure.
into the orientationally disordered hexagoaphase(space The motivation for the present work is driven by thg ques-
group P65/mm¢ where the axis of the N molecules tlon_s ofwha_lt happe_ns to th@ 6 and thed-e phase transition
tumbles around the hexagonalaxis, stabilizing the almost ©f Nitrogen in the mixed system, and how these structures are
perfect close-packed structure. At 35.6 K {ephase trans- possibly influenced when Ar atoms are added to the nitrogen

) : . ; lattice at higher pressures. The effect of helium admixing on
forms into the orientationally ordered cubic phase(space the high pressure phases of nitrogen has already been

group Pa3). The phase transition is of first order and of investigated®! Vos and Schoutéfi found that fluid helium
martensitic type. Substitution of the asphericagl dumbbells can be dissolved im-N ,, favoring this phase, such that the

by spherical Ar atoms strongly affects the transition. The5_6 phase transition occurs at pressures half as high com-

tr_il_nsmon tempe(;atut[e IS Iow?red stlgnlflcarj[tly a_n?émé tran'pared to pure N at comparable temperature. TBes phase
Slion 1S smeared out over a large temperature in " transition was reported not to be shifted at all by the admix-

Ior\]/v a c;|t|cal_tr_ntroge? ct:o|r|1centrat|on &%ZO._SItdhe structuraln ture of helium. Raman spectroscopy of the internal stretching
P .asf t_ransll Ic|m§§ 0 ﬁ. yh Stlrjlppreslse I yie Irtlg a ?o-ca Qibration of the N, molecule served as a sensitive tool for
orientational glassin which the molecular centers of mass exploration of the & high-pressure phase

still form a hexagonal lattice with the orientations of the diagrarﬁ’5'12‘14besides x-ray experimeﬁt§15and therefore

NszoIr(]a_Cl:]Ies, however, ble N9 rsndSOOrgl):(d_lstrlr?gtﬁg. T was used also in this investigations of the mixed system.
or higher pressures along the 30 isothiethe p-T Preliminary results of our work on this mixed system are
phase diagram of pure nitrogen exhibits two structural solidy, jished in Ref. 16. Two more samples with different con-
solid phase transitions. Around 5 GPa tﬁephase_trans- centration were added so that five different compositions
forms Into the C{Jb'(ﬁ phase(space grou?m3n) which is from x=0.87 down tax=0.59 have been examiné@iable |
orientationally disordered as well. The elementary cell con 4 compared to our experimental results on pure nitrogen
tains eight molecules, two on tleeand six on thec, respec- published elsewher®.

tively. Different types of orientational disorder are reported” 55505 of purity better than 99.9997% for Ar and
for the N, molecules on the two crystallographic sites. Mol-

ecules on the sites display spherical disorder—e.g., their — tag| g |. List of investigated A;_(N,), concentrations and
orientations sample over full spheres—whereas the Molgrors.

ecules on the sites display disklike disorder with their ori-
entations sampling over flat disk§.N, molecules on these x 1 0.87 0.86 0.79 0.74 0.59
sites give rise to two different vibronic frequencies. Theax - 0.003 0.013 0.04 0.01 0.01
higher-frequency component labeled is attributed to the
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FIG. 1. Spectra of the Nvibrons in Ary»4(N5) g.79- FIG. 2. Spectra of the Nvibrons in Ary4(N,)os0; for the

arrows see explanation in the text.

99.9995% for N were mixed at room temperature to the
appropriate composition and filled into the diamond anvilx=0.74 samples display similar pressure dependence. The
cell (DAC) designed by Chopelas and Boeflarith a high-  behavior is quite different in the=0.59 sampleFig. 2). A
pressure gas loading systéfPressure was determinéd  single line is still observable at a pressurepf 6.5 GPa.
situ by the ruby fluorescence method after Mapall® on  The spectrum recorded at a pressure of 8.2 GPa exhibits a
small ruby chips embedded in the sample. The pressure graplitting which at first glance does not resemble the splitting
dient in the sample was determined from locally separateihto »; and v, as seen in pure Nor, similarly, in the other
ruby chips and the well-known pressure dependence of themixtures at this pressure. Barely seen, a third vibrational
N, stretching vibration probed at different spots across theontribution is located at 2380 cm ! (double arrow in Fig.
sample volume at constant pressure. According to these pre8). The frequency difference between this third and the low-
sure gradients the errors in pressure are estimateddd  frequency line is comparable to that of and v, in pure
GPa forp<8 GPa,*0.8 GPa for 8&&p<20 GPa, andt2 N,. The intensity of the line in the middle strongly de-
GPa forp>20 GPa. creases with pressure. At higher pressii®8 GPaa broad
The 514.5 nm emission of an Ar ion laser was used as théne with a strong asymmetry remains whose frequency ap-
light source in our experiment. The laser with a typical proximately coincides with that of the, vibron in N, and
power of 200 mW was focused to }2m diameter onto the the other mixed samples. Around 2380 tha broad con-
samples. The power was reduced to 0.5 mW for the fluoredribution with low intensity(single arrow in Fig. 2 is no-
cence measurements on the ruby chips to avoid heatingiced.
Backscattered light was analyzed using a Jobin-Yvon Spectra of the N vibration in samples within the concen-
U-1000 double monochromator in a standard setup. The adration range 0.74x<1 recorded at comparable pressures
tual sampling volume of 3—G:m in diameter was deter- around 10 GPa are presented in Fig. 3. Since the vibrational
mined by the collection optics and the 70n width of the  spectra of the mixed samples are in a qualitative agreement
entrance slit of the monochromator chosen for the frequencyith that of pure nitrogen, the two observed lines are labeled
resolution in our experiment. This also led to a decrease ofs in pure nitrogen withv, for the high- andv, for the
the scattering volume along the optical axis, reducing thdow-frequency one. In comparison to ,Nthe vibrational
second-order Raman signal of the diamond anvils in thespectra in the mixed samples exhibit an asymmetry on the
same frequency range. Prior to each measured spectrumhigh-frequency side of,, and a smaller one on the low-
neon discharge lamp was used to calibrate the frequency arickquency side ofv;. The decrease in intensity for thg
to determine the instrumental resolution funct{dml width vibron with increasing Ar admixture is obvious. In the
at half maximum(FWHM): 0.6 cm™1]. x=0.74 sample the; vibron intensity has almost vanished.
Five samples of Ar_,(N,), with different compositions At small pressure the widths of the vibrational lines were
(Table ) have been investigated. Figure 1 representativelfjound to be in the same order of magnitude as the width of
shows the Raman signal of the,Stretching vibration in the the resolution function. For a detailed line shape analysis we
sample withx=0.79 at different pressures. At 3.4 GPa anconvoluted the theoretical line shape function with the ex-
almost symmetric single line is observed. Increasing pressungerimentally determined resolution function and fitted this
leads to a splitting of the line around 5 GPa, which becomesew function to the experimental data with a standard Mar-
larger when pressure is further increased. The asymmetry afuardt x? algorithm?® At higher pressures, where the vi-
the lower-frequency line obvious in the spectrum recorded aprons in the mixed system are significantly broader than the
a pressure of 15.2 GPa is already observable at pressuressolution function, this convolution method was still used
around 10 GPa and increases strongly for pressures betwetar the fitting to ensure comparability of the obtained
15.2 and 23.7 GPa. The spectra of #720.87,x=0.86, and linewidths data. Two line shape functions, a single Gaussian



54 HIGH-PRESSURE RAMAN STUDY OF THE N ... 915

2420 T T r r T
N, p =104 GPa 2400
& =087 p=9.6GPa —
i [
§ g 2380
5 =
z=0.79 p=10.2GPa =
=
& 2360
=074 p=103GPa ﬂ%
2350 2360 2370
Raman shift (cm™!) 2340
FIG. 3. Spectra of the Nvibrons of four different concentra-
tions in Ar;_,(N,), at a pressure of10 GPa.
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and a single Lorentzian and their superpositions have been Pressure (GPa)
tested, carefully checking the deviations between the fit func-
tion and the experimental dateEor pressures below 5 GPa  FIG. 4. Frequencies of the vibrons in Ary (N ) o 79 VS pres-
Lorentzians gave the best results. At higher pressures thgire. The solid lines are fits to the,Nata presented in Ref. 9.
broad and asymmetric line shape of the vibrons obviousl\Errors in frequencies are smaller than the size of the symbols; for
demands the fitting with a superposition of two line shapethe errors in pressure see text.
functions. Here, the superposition of two Gaussians had to be

favored when comparing the deviations from the experimenmatcheS that of the, vibron in pure N,. The broad struc-
tal d"."tf"" This superm_wposed_ line sh_ape fun_ct|on was used fcE[Jre denoted by a single arrow in Fig. 2 was fitted with a
the fitting of the N, vibrons in all mixtures investigated for superposition of two Gaussian functions. The component

pressures above 5 GPa. The fitting parameters obtained f?ﬁgher in frequency also coincides with thg vibron in
the frequencies were corrected with respect to the frequency

of a well-known line of a neon discharge lamp, also used to
determine the experimental resolution function. Figure 4
presents the pressure dependence of thevildrational fre-
guencies in thx=0.79 sample. The solid lines included in
Fig. 4 are fits to the pressure dependence of the vibrons in
pure nitrogen as presented in Ref. 9 for comparison. The 2400
overall agreement of the vibrational frequencies in the mixed
samples with the N data is obvious. Thg-6 phase transi-

tion is observed by the splitting of the vibron around 5 GPa
as in pure nitrogen. In contrast to pure nitrogen the observed
asymmetric line shape demanded fitting of both vibrons with
a superposition of two lines for all pressures investigated.
The individual components are labeled as given in Fig. 4.
Different pressure scans gave comparable results and are
therefore not indicated separately. The vibrational frequen-
cies in thex=0.59 sample are given in Fig. 5, together with
the results in pure Bl. The missing splitting of the vibron at

6.5 GPa shown in Fig. 2 is consequently reflected in the
fitting results for the frequencid&ig. 5. The frequencies of

the two lines fitted to the vibron observed between 3.4 and
6.5 GPa ¢, and v,) match the frequency of the vibron in 9390 , , , , )
B-N, at lower pressures. F@r>5 GPa the vibron frequen- 0 5 10 15 20 95 30

cies of theB phase can be extrapolated from below. The Pressure (GPa)

low-frequency line in the spectra between 8.2 GPa and 12.8

GPa and the large intensity line in the spectrum at 15.8 GPa F|G. 5. Frequencies of the \vibrons in Ay 4(N) 0,50 VS pres-
coincide with the frequency of the, vibronin pure N,. The  sure. The solid lines are fits to the,Nlata presented in Ref. 9.
tiny contribution labeled with a double arrow in Fig. 2 was Errors in frequencies are smaller than the size of the symbols; for
fitted with a single Gaussian function and its frequencythe errors in pressure see text.
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FIG. 6. Half widht at half maximumHWHM) (T") of vy, FIG. 8. Weighted intensity ratioV=xI(v,)/[1(v,) +1(v,)] at
Vo2, Va, anduvy in Arg,4(N3) g 79. Errors inl" are smaller than the 15 GPa vs concentration. For the dotted line see discussion in the
size of the symbols; for the errors in pressure see text. text.

N,, whereas the frequency of the other component agaiwherex denotes the N concentration, antl(v,) andl(v,)
follows the pressure dependence of the vibron frequency ohe integrated intensities of the two vibrons. This ratio mea-
B-N, extrapolated to higher pressures. sures the contribution of the intensity of the vibron to the
The pressure dependence of the linewidthsifgr v,  total intensity scattered into the vibron band. Thus, it is pro-
vp1, andry, is shown in Fig. 6. Here, thg-4 transition at 5  portional to the number o positions in the sample occu-
GPa is marked by a small step in the linewidths. In the pied by N, molecules relative to the total number of posi-
phase above 10 GPa the widths:gf and v,, increase mo- tions in the sample at a given concentration. In pure nitrogen
notonously with pressure, much more pronounced for thehe ratiow=0.25 reflects the multiplicities of the two sites
latter. For comparison the data fep; and vy, of pure N,  in the elementary cell (2 and &). Replacing the N mol-
published in Ref. 9 are included in Fig. 6. The drop of thoseecules on the two sites andc statistically with Ar atoms,
data between 16.5 and 18 GPa marks dhee phase transi- this value would be maintained, whereas a preferred substi-
tion in pure N,. The linewidths of both components in the tution of one site would result in a deviation from this value.
mixed system withx=0.79 are larger than those in pure Obviously, the experimental data presented in Fig. 8 display
nitrogen. Figure 7 compares the linewidths data in all invesan almost linear decrease with increasing Ar concentration.
tigated samples at a pressure of 15 GPa. The widths increa3&e data perfectly match within the limits of their errors with
with the Ar concentration, anli,,22 is always about twice as the dotted line which represents the case that the Ar atoms
broad ad",, in the mixed samples. favor thea positions on which(in pure N,) the N, mol-

For a quantitative analysis of the decrease in intensity ofCuleS exhibit spherical disorder. Fer=0.75 ideally alla

the v, vibron with increasing Ar admixturésee Fig. 3 we  POSitions are occupied by Ar ,Ja@nd the mixed system
calculated the weighted intensity ratio AT 0,24 N2)o 75 fOFmS a superstructure. .
The geometrically plausible preference of the spherical Ar

1(vy) atoms for thea positions in thes phase in the mixed system
=X—, is also supported by the results of model calculatfoirs.
H(vy) +1(v2) Ref. 21 we reported on calculations of single-particle orien-
tational potentials for the Blmolecules at the two different
9 : : : : : crystallographic sites in the cubic lattice 8N ,. For a ref-
Ay erence molecule its interaction energy with its neighboring
oo (} % molecules(of which the orientations were averaged over
1.5F . spheres or disks of appropriate orientajiams calculated as
i % i a function of its own orientation. The single-molecule orien-
% tational potential obtained in this way showed characteristic
differences for the two sites. With the pressure dependence
- 4} . of the orientational potential barriers we were able to con-
0.5k 4} struct phase boundary lines in theT phase diagram of

5GP ! i {)- nitrogen®*
L p= a

HWHM (cm ™)

i Now we apply these calculations to determine the gain in
0 L L L L energy, when replacing Nmolecules by Ar atoms on the
0 0.2 0.4 0.6 0.8 1 a or c sites in the cubic lattice of nitrogen. To calculate the
Concentration x interaction energy between nitrogen and Ar a simple
Lennard-Jones 6-12 atom-atom potential was used, replacing
FIG. 7. HWHM of the N, vibrons v,; and v,, at a pressure of the interaction potential for the Nmolecules given by Etters
15 GPa vs concentration. For errors in concentration see Table et al?? used otherwise. The Lennard-Jones parameters are
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FIG. 9. Energy difference between occupation of the two sites
a or ¢ with Ar atoms or N, molecules, respectively as a function of
pressure. Solid lines are guides to the eye.

taken from Ref. 23 withe o, =67.15 K ando .= 3.35 A.
In a first run the orientational potential was calculated for Ar
as a reference atom at several pressures within the stability
regime of thes phase, yielding single energy values for each
pressure(the spherical Ar atom cannot show any angular
dependenge The calculations were repeated for the same
pressures with an Nmolecule as a reference molecule and
with the nitrogen-nitrogen interaction potential of Ref. 22.
The resulting orientational potential exhibits a modulation in
the energy depending on the orientation of the reference mo
ecule above a positive offset in energy which is large com-
pared to this modulation. The large positive energy values
for this offset in the orientationl potential are due to the factThis doping procedure yields a configuration which is the
that the § phase is only stable at high pressures. For thenost probable for a sample with the concentration of
resulting small distances in the lattice the interaction potenx=0.94. The orientational potential of these two lattices
tial becomes strongly repulsive. We calculated a thermal avhave been calculated together with the pressure dependence
erage of the orientation potential modulation with a temperaeof the barriers important for the orientational dynamic of the
ture of 300 K used in the Boltzmann factor. This averageN, molecule. The results are presented in Fig. 10. The solid
value was added to the offset to give the average potential dine includes the pressure dependence of the orientational
an N, molecule on positiom. The differences between this potential barriers obtained in a pure nitrogen latfit@bvi-
value and the energy value determined for the Ar atom sitedusly, the barriers in the Ar-doped lattice increase much
at the reference position are shown in Fig. 9. The gain irstronger with the pressure than the barriers in pure nitrogen.
energy(negative energy valugss always larger for substi- For the interpretation we follow the discussion in Ref. 21.
tuting the N, molecules on thea sites than on the sites for There we argued that, since the rotational constant of the
pressures within the stability range of the cubiphase, in  nitrogen moleculeBy=2.89 K (Ref. 29 is much smaller
agreement with the experimental findings. than any temperature within the stability region of the

As mentioned above, we previously were able to investiphase, the rotator can be treated classically. Therefore, in a
gate the pressure dependence of the orientational potentigystem with a thermal energy of @K a barrier with a
barriers for the N molecules in theS phase of pure nitrogen. height of 300 K is interpreted as a limit for the freezing of
In the following we apply these calculations to investigatethe orientational dynamics. At room temperature in pure ni-
the pressure dependence of the potential barriers jamhl-  trogen the barrier exceeds the limit at a pressure around 17
ecules at positior in two Ar-doped N, lattices of different  GPa in coincidence with the pressure of e phase tran-
compositions. For these calculations we assumed that the Aition along the 300 K isotherm. In the Ar-doped lattice we
atoms prefer tha positions in the lattice 06-N, according find a reduction of the freezing pressure to 10 GPa for
to theresults presented above. Substitutingmblecules on  x=0.94 and a further, but smaller, one te7.5 GPa for
all the a positions by Ar atoms yields a sample with the x=0.75.
concentration ok=0.75 due to the multiplicity of the two We now want to discuss the consequences of the experi-
sites in the cubic elementary cell. For the second Ar-dopednental and theoretical results for the two phase transitions of
lattice we replaced only one Nmolecule by an Ar atom in  nitrogen under investigation in the mixed system. These re-
the second-neighbor shell of the reference molecule sitting aults are summarized in Fig. 11. Th&J and 6-e phase
positionc. This second-neighbor shell is built up by foar transitions in pure N (x=1) as known from the literature
positions(the first-neighbor shell contains two positions. are denoted by®) and (¢ ), respectively. The highest pres-

Pressure (GPa)

FIG. 10. Barriers of the orientational potential at positoin
r1_x(N5)y for x=0.94(a) andx=0.75(b) vs pressure. The solid
ines give the barriers in pure nitrogen for compari¢eee Ref. 21
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B-4 transition may be totally suppressed as found in this
system at ambient pressure and low temperature.

The characteristic feature of the,N5-e phase transition,
the drop of the vibrational linewidths by 0.5 cm ! [see
(®) in Fig. 6], was not observed for any of the mixed
samples investigated. On the contrary, the linewidths in-
crease monotonously with pressure for all those samples. A
drop in the widths of similar size must have been detectable
in the mixtures, since the values of the linewidths are found
to be between 0.4 and 1.6 ¢m (depending on the concen-
tration) at the pressure of 15 GRsee Fig. 7. The disorder-
order 5-¢ transition in pure N is accompanied by a com-
plete freezing of the molecular orientational degrees of
freedom around 17 GPa. At this pressure the barriers of the
calculated orientational potentials are to large to be crossed

FIG. 11. Room-temperature high-pressure phase diagram (py the molecules. |ntr0dUCing Ar, the local environments of

Ar;_(Ny),. The experimentally determinefl-6 and 6-€ transi-
tions pressures in pure N(x=1) are denoted by@) and (¢),

the N, molecules are changed drastically. The potential bar-
riers are increased and the freezing of the molecular orienta-

respectively. ¢ ) indicate the upper pressures boundaries of puretions is expected already at lower pressyses10 GPa for

B and () the lower boundaries of pur@ vibrational spectra. The
size of the symbols at=0.59 scales with the relative intensities of
B and é vibrons in the transformation regime. The dotted line

x=0.94 andp~7.5 GPa fox=0.75 at a temperature of 300
K. The so-determined freezing pressures of the orientational
dynamics are included in Fig. 11 witl®) yielding rather a

guides the eye for thg-5 phase boundary. Freezing pressures ob-small stability regime for thes phase in thep-x plane at

tained from the orientational potential calculation in thphase are
marked by @).

sures where we could observe vibrational spectra ofghe
phase and the lowest pressures for those spectra ob the
phase are denoted byl() and (¢). At x=0.59 the spectra
of both phases were observed over a large pressure regi
with their relative intensity indicated by the different size of
the two symbols. The-6 phase transition is clearly shifted

to a higher pressure for this concentration, but more or les

independent on the concentration for-0.75. In the pres-
sure range of the cubié phase, the Ar atoms, in the mixed
system, prefer thea positions for concentrations with

x=0.75. Below that concentration the Ar atoms have to oc-

cupy ¢ positions also. At the concentration »f 0.59 each
elementary cell ob-N, statistically contains at least one Ar
atom located on positioe. Obviously, the mixed system
with a 16% “overload" of spherical particles favors the
more or less closed packed hexagopastructure over the
cubic é structure stable for pure Nat comparable pressures.

room temperature. Since we cannot distinguish&taend the
e phase by means of our experimental data, the existence of
the e phase remains questionable for the mixed samples. Ex-
periments with small doping should clarify this strong influ-
ence of Ar substitution.

In summary, with Raman data on the [Stretching vibra-

ntli n and model calculations of orientational potentials for the

, molecules in thes phase we were able to construct a
X-p phase diagram of Ar_,(N,), at room temperature. The
-6 phase transition is shifted to higher pressures for
x=<0.75. The Ar atoms preferentially occupy the positions
with spherical disorder of the Norientations in theS phase.
The freezing of the orientational dynamic associated with the
S-€ transition may occur already at smaller pressures in the
mixed system.
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