VOLUME 58, NUMBER 11

PHYSICAL REVIEW LETTERS

16 MARCH 1987

Local Ordering in Fluid Deuterium
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The vibrational Raman spectrum of D, has been found to exhibit a fine structure which is particularly
distinct near the liquid-gas critical point (7. =38.3 K). No such structure was observed in the spectra of
either H; or HD. The effect is interpreted as arising from a high degree of local ordering in the Dj sys-

tem.

PACS numbers: 67.20.+k, 05.70.Jk, 33.70.Jg

Previous observations! of the (polarized) vibrational

Raman spectrum of Nj on the critical isochore have re-
vealed that the normal Lorentzian profile undergoes a
transformation to a predominantly Gaussian form as the
critical point is approached over a temperature range of
about 10 K, and that the width of the spectrum also in-
creases by a factor of ~2. The effects become less pro-
nounced for densities other than critical, and (for exam-
ple) disappear completely at twice the critical density.
Our interpretation' of this critical-region anomaly (as
outlined below) emphasizes the potential of such experi-
ments as probes of the state of local order on a scale
determined by the —1-nm range of the pair potential,
and comparable to the average molecular separation.
The phenomenon can be understood by our regarding
the Raman active molecules as anharmonic oscillators
whose resonant frequencies are determined to a
significant extent by the local fields due to neighboring
molecules. In the normal, or noncritical, fluid the effects
of spatial variations in the local field are not significant
when compared with the dynamical contributions? to the
spectral width, and so the result is a homogeneously
broadened (Lorentzian) profile which reflects only the
average effect of the local field via a dependence of the
peak frequency on bulk density. However, since the ap-
proach to the critical point is characterized by marked
increases in the magnitude and lifetime of spatial fluc-
tuations in density, an associated inhomogeneously
broadened (Gaussian) contribution may be observable if
the dynamical broadening is appropriately small. It
turns out that the latter requirement can be satisfied for
specific molecular systems (e.g., Ny, H) where the nor-
mal homogeneous broadening arises primarily from (adi-
abatic) vibrational dephasing processes as opposed to en-
ergy, or population, relaxation. In such cases the near-
critical spectrum can be regarded as a superposition of
local spectra whose peak frequencies are distributed ac-
cording to the normal bulk-density dependence. In other
words, the spectral profile directly reflects the probability
distribution for local density, pgn, as determined primari-
ly by the nearest neighbors (nn). On this basis, and as
described in detail in Ref. 1, information pertaining to
the latter distribution can be extracted from the observed

spectrum in a relatively straightforward manner.

Results which are similar to the N, case have been ob-
tained from corresponding experiments® with H, and
HD. The overall broadening effect has also been ob-
served in vibrational Raman spectra of near-critical D,
as reported here, and in this respect the behavior is simi-
lar to Ny, Hj, and HD. At the same time, however, the
Dj spectra are very different in that the broadening is ac-
companied by the appearance of a regular fine structure
which is absent in the latter cases. For convenience we
concentrate on a comparison of the H; and D, spectra as
shown in Fig. 1. In the case of H; the condition of inho-
mogeneous broadening was established by the deter-
mination that the near-critical profile was predominantly
Gaussian in character. While this criterion could not be
applied for Dy, there is no reason to assume that D; and
H, should differ in this respect. We furthermore em-
phasize that the assumption of inhomogeneous broaden-
ing is the only one underlying the analysis of the D, re-
sults as described below.

At the temperatures of the D, (and H,) experiments
the normal pure vibrational spectrum consists of only
two structureless features [cf. Fig. 1(a)] which are desig-
nated as Q1(0) and Q,(1). The former corresponds to a
transition from the molecular ground state to the first ex-
cited vibrational state (i.e., v =0->1, J=0), and the
latter differs only in that one quantum of rotational ener-
gy is present (v =0-— 1, J=1). The relative intensities
of these features reflects the equilibrium distribution of
populations over the rotational states. The spectra were
obtained with use of a Fabry-Perot spectrometer,' and in
the present application it was a matter of coincidence
that overlapping of the Q,(J) profiles was unavoidable
when we employed resolution sufficiently high to detect
the fine structure. It should be noted, however, that the
spectral resolution relative to the width of the Q,(0)
feature(s) is approximately the same for both H; and D;
so that any corresponding fine structure in the H; spec-
trum would easily have been detected. The effect of in-
strumental width, which was comparable to the width of
the fine-structure features in Fig. 1(b), was removed via
a Bayesian deconvolution technique.* The gross Raman
shifts corresponding to v=0 in Fig. | are approximately
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FIG. 1. Vibrational Raman (Q branch) spectra of (a) H;
and (b) D; as obtained at the respective critical densities with
T—T.=1 K. In each case the two vibrational profiles are
displayed in adjacent interference orders of the Fabry-Perot
spectrometer so that the frequency scales, which are relative to
the strongest peaks, apply only to the distribution of intensity
in the Q,(0) features. The fine-structure peaks in (b) are
separated by a constant interval of —6 GHz. The scale of lo-
cal densities (pn,) is relative to STP and applies only to the
0:(0) transition of D, where the peaks are identified according
to nearest-neighbor coordination number (see text).

124.8 and 89.80 THz for H, and D», respectively.

Discussion of the fine structure in the D, spectrum will
be restricted to the Q;(0) feature of Fig. 1(b) because it
involves transitions between nondegenerate levels of the
D, molecule, and one possible source of the observed
splitting is thereby eliminated. The number of observed
0.(0) peaks reached a maximum of eight near the criti-
cal point (Fig. 1). However, as was previously the case
for analogous results obtained both in Raman scatter-
ing"? and in infrared absorption,’ the basic effect was
detected over a wide range of conditions around the criti-
cal point. A total of ~50 spectra were obtained which
revealed (i) that the fine-structure peaks maintained ap-
proximately fixed positions and separation (~6 GHz) as
the temperature was raised from 39 to 60 K on the criti-
cal isochore, and (ii) that the number of peaks observed
was determined by the overall width of the Q(0) profile
which decreased by a factor of —3 over the same tem-
perature range. As a consequence, only two such peaks
were detectable at T=60 K on the critical isochore, and
a similar situation applied to the saturated liquid at 35
K.

As implied above, analysis of the D, spectra required
information regarding the sensitivity of the peak fre-
quency (vp, in gigahertz) of the normal-fluid spectrum
to changes in the bulk density, since this determines the
magnitude of the inhomogeneous broadening.® Indepen-
dent measurements on the Q,(0) profile were therefore
performed along an isotherm at 50 K which yielded
ve=v9—0.13p, where vy is the free-molecule frequency
and p is the bulk density relative to 4.458x10 ™3 mol
cm 3 at STP.7 By use of this linear relation the fre-
quency scale for the inhomogeneously broadened Q(0)
profile was transformed to a scale of local densities, pyg,
under the above-mentioned assumption' that the peak
frequencies of the local Raman spectra (which are super-
imposed to produce the near-critical profile) depend on
Pnn in the same manner that the normal spectrum of the
bulk fluid depends on p. This permitted a convenient
empirical description of the spectrum in that the posi-
tions of the fine-structure peaks could be represented
quite accurately by the relation pp, =48i, with the values
of the integer i(=4,5,...,11) being chosen so that the
most prominent peak (i=8) corresponded most closely
to the mean (critical) density, p=p.=372. This leads to
the first of three conclusions, namely, (I) that the local
densities, ppn, are in some way restricted to this set of
preferred values.

It is now relevant to note that changes in the bulk den-
sity of normal liquids are achieved® primarily via
changes in the average nn coordination number, Z, rather
than by changes in the average pair separation, d. By a
generalization of this to the case of density fluctuations,
it is plausible to consider the observed p,, values as indi-
cating an enhanced correlation with particular values of
z. Support for the existence of this correlation is derived
first from model calculations® which show that Z=8 is a
reasonable choice for a near-critical fluid, and this is
consistent with i =8 for the strongest peak [Fig. 1(b)].
The idea also gains more definite support from previous
work® pertaining to the density dependence of the vibra-
tional Raman shift in the gas phase at higher tempera-
tures. An as intermediate step in their theoretical devel-
opment, May and co-workers® derive an expression for
the most important contribution to the frequency shift
per nn pair as AvP=KRep/d'2—KAn/d6, where d (as
above) is the intermolecular distance. Given the values
Krep=2.2x107% cm!" and Kaq=2.5%10"% cm? as
experimentally determined for D, by Looi, Stryland, and
Welsh,!® one can thus calculate the value of d corre-
sponding to a shift per nn pair of 6.0 GHz, as suggested
by the experimentally observed splitting. The result is
d =0.48 nm, and this compares quite favorably with
d =0.49 nm which is obtained as an unweighted average
of values for simple cubic, bcc, and fcc packing at the
critical density (p=372). It is thus concluded to be
most likely (II) that the observed effects reflect a situa-
tion where a significant fraction of the local environ-
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ments is characterized by a well-defined nn distance
d =d, with fluctuations in pn, being achieved primarily
via variations in the necessarily integral values of z. The
peaks of Fig. 1(b) have been identified accordingly; i.e.,
by putting i =z in the above empirical relation so that
Pn=p; =48z.

Of the possible mechanisms which might give rise to
such ordering we first mention those which can be reject-
ed on reasonable grounds. (1) van der Waals clusters:
Only the dimers, (H3), and (D3),, have so far been ob-
served'! in infrared absorption at densities p < 10, and
this is because their lifetime is determined by the col-
lision frequency. The associated spectral features be-
come so broad as to be unrecognizable for p > 10, and it
appears quite unreasonable to expect any such stable
clusters to exist at p=2372. Furthermore, the present
spectral structure was found to disappear as the density
was reduced below the latter critical value. (2) Reso-
nances associated with the v=1 excitation: Two such
effects were considered. First, there is the possibility
that a (local) phonon mode can be excited in resonance
with the intramolecular vibration on the probe molecule,
thereby enhancing the local order. This was rejected be-
cause the required phonon frequencies (~100 THz) are
extremely high and actually exceed those which are typi-
cal of the zone-boundary region in (e.g., metallic) solids.
Second, there is the effect of resonant transfer of the
v =1 excitation between nn molecules. The associated
contribution to the pair interaction'? will, in principle,
cause a deepening of the potential well which could in
turn promote local ordering (cf. van der Waals clusters)
which would not exist under equilibrium conditions.
This effect is, however, very small for homonuclear mole-
cules.'? It is also known!? that the simultaneous pres-
ence of a rotational excitation on the same molecule will
severely inhibit the transfer process, and this is incon-
sistent with the fact that the D; fine structure occurs
with equal prominence on the Q(1) profile as well as
the Q0,(0) profile. It is therefore concluded (III) that
the ordering is characteristic of the equilibrium fluid.

No firm conclusions have been reached regarding the
mechanism responsible for this ordering. One possibility
is that it reflects the presence of acoustic modes of high
wave number (k=2x/A) but low frequency (w). The
existence of such modes has recently been the subject of
theoretical and computer simulation studies,* as well as
experimental investigation by neutron scattering.'> They
are associated with the occurrence of a minimum in the
dispersion curve (w vs k) at ko~6, or A~ o, where o is
the molecular hard-sphere diameter. This phenomenon,
which is well known for the case of liquid He, is now re-
garded as being potentially significant for fluids in gen-
eral, and at least one specific model has been proposed. !¢
It is clear, however, that in the present context the mech-
anism is specific to Dy, and must consequently be sensi-
tive to one or more of the isotopic properties listed in
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TABLE I. Critical-point properties of the molecular hydro-
gens (from Ref. 7).

Number Thermal
Mass T. density n wavelength® A
No. (K) (nm ~%) (nm)
H, 2 33.0 9.0-9.4% 0.38
HD 3 359 9.6 0.30
D, 4 38.3 10.0-10.42 0.25

2Depends on ortho-para ratio.
PA=(h?/2mkgT) "2

Table I. Since quantum effects may be of importance in
this respect, the following points are noted. (i) H, and
D, are bosons whereas HD is a fermion. (ii) Given that
0=0.23 nm for all three molecules,'? and that it may
constitute a particularly significant length scale, its com-
parison with the thermal de Broglie wavelength A (Table
[) is most favorable for D;. In addition, the fact that the
ordering is associated with the critical region must also
be emphasized. It is conceivable, for example, that the
long correlation times which are characteristic of this re-
gion may contribute to the stability of the ordering.

In considering alternative experimental probes it is ap-
parent that inelastic neutron scattering is appropriate for
investigating the details of the dispersion curve. In addi-
tion, an important signature of the effect should be an
unusually narrow first peak in the radial distribution
function which can be investigated by neutron (or possi-
bly x ray) diffraction techniques. Such experiments,
which should be feasible for the D, case, have apparently
not been performed in the critical region.!”
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