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Anomalous Behavior of Isotropic Raman Line Shapes near Gas-Liquid Critical Points
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Temperature dependencies of Raman linewidths FWHMf the two polarized modes in ) have
been determined along the coexistence line with mK resolution. Comparing the neat fluid with diluted
states of NO in Xe (and CQ), quite opposite behaviors of FWHW¥) have been observed when the
liquids approach their respective critical temperatufgs While the mixture(N,O) os-Xe€.95 Shows the
well known A-shaped effect of critical broadening, a unique and sharp density-correlated line narrowing
has been observed in the neat state. The gradual switchoff of intermolecular resonance couplings with
decreasing density is responsible for this narrowing phenomenon. [S0031-9007(96)01274-4]

PACS numbers: 64.60.Fr, 78.30.—j

Isotropic Raman line shapes (IRL$)w);iso may show diluted solutions of NO in Xe and CQ [17] in order
additional (Gaussian) broadening if the liquid-gas crit-to judge the influence of the couplings on CLB. So-
ical point 799 s reached [1,2]. This so-called criti- lution in a monatomic environment (Xe) removes all of
cal line broadening (CLB) results in @.-peaked and them and additionally narrows the line due to the more
nearly A-shaped temperature dependence of the line widtfsotropic environment [18], whereas isotopic dilution sup-
FWHM(T) (full width at half maximum), which is most Presses the resonant contribution alone (here the expen-
pronounced if the fluid follows a path along the critical Sive isotopomers of pD are surrogated by GQ19]). _
isochore p = p.) [3]. The common interpretation as- The Raman line sha_pes were measured with mgltl-
signs CLB, which is also expected to occur near the conchannel detectors on either a 50 cm focal length triple
solute pointTc(”) of a liquid mixture [4,5], to those modes monochromator DI'IL(;[ XY (Salzburg, he_nceforward
whose instantaneous frequenciedr) = (@) + & () mar'ked with XY) 3°*") or a 100 cm .double instrument
are modulated by fluctuations of order parameters (densi bin 'Yvon U1000 (Jena, marked with U) (all other ex-

p, concentrationx) [6,7]. Thus, CLB might reflect the eriments). 180(XY) and 90 (U) scattering geometries

universal power law behavior of three-dimensional ther\Veré used. In both setups, a kernel-in-shell principle

modynamic systems nedt. (see [8] for a review). The (e.g., see [14]) was used for temperature stabilization;_ i._e.,
most significant example of CLB is given by the width of a fine tuned and weakly heated copper kernel containing
N,, which increases eightfold compared to its low non-the sgmple was surr(_)unded by a more coarsely controlled
critical background value [9,10]. However, it remains analuminum shell. M?(lyntenance e — ShUS 200 mK,
open question whether CLB is universal or not. In addi-"ms fluctuations|67i. | = 1 mK and [6T.| = 50 uK

tion to N, it has also been observed (counting also minorcould be achieved over periods of weeks, as was checked
effects) in Q [2], HD and H, [3], CO [9], CO, (mainly ~ With various Pt 100 resistors and thermistors [20]. The
v1) [11], CHs(»1) [9,12], and HS (v;) [13], whereas improved stability in the U experiments came from
CLB was undetectable in GFy) [9] and GHe(vs) 18Tl = 5 mK compared to|873'| < 100 mK and a
[14]. Furthermore, the CLB searches arounidl’ are tenfold greater mass of the kerneh. = 2.8 kg). To
contradictory, i.e., either a null effect (3-methylpentaneimprove heat conduction, the fluid in the U experiment
nitroethane) [4] or line broadening by concentration fluc-(VY = 2.1 cn?) was in immediate contact with the
tuations (He-N, H,) [5] were reported. Neaf. either (gold-coated) copper, whereas in the XY experiment
line broadening or a total insensitivity to critical peculiar- 2 sealed thin-walled glass tube was used as the pri-
ities was observed, while line narrowing has never beefary container ¥** =~ 2 cn?), fitted firmly into the
presented. To elucidate whether CLB might possibly becopper. In both experiments the trial-and-error filling
overlooked by an insufficient approach Tp, we studied method of [14] was adapted to match the critical density

J(w)iso Of the two polarized modesy(, »3) in N,O in  Ap™ = 0 within 1%. Impurities were<0.3% N, [21].
closest vicinity toT., (i.e., |AT*| = |T/T. — 1| = 107%)  Usually, after reaching the nominal temperature within

along the critical isochorg /p. — 1 = Ap* = 0. In a |6T| = 1 mK, the samples were allowed to equilibrate
dense state of oscillators intermolecular couplings of bottor ¢, = 0.5 horz}" = 4 h (because of the intermediate
resonant and nonresonant nature contribute to line broadiass wall). Longer equilibrationz{, > 12 h in both

ening [15,16]. We therefore compared the neat fluid withcases) did not change our results. Additionally, they
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FIG. 1. Polarized CCD Raman spectra of neat and diluted
states of liquid NO. Lower part: Temperature dependence of
v, (neat state) near belo®., upper part: Solvent dependence v A P =100(1)
of v3 near 218 K. Aquisition times up to 30 min. AV p =101(1)

2 -
were not influenced when, durirffy adjustment, the laser x1
beam Q¢ = 514 nm, P < 400 mW) was (horizontally)
directed onto the sample or blocked. Singeandv; are 1F ]
strongly polarized €103 : 1), it is sufficient to measure 0 10 20 30 T-27315K 50

the parallel component for evaluatitigo )i The shapes g 2. Line narrowing vs critical line broadening of
(see Fig. 1) were fitted with inverse polynomials, i.€,,N0 1285 cm 1) and »°° (=2220 cm!) in the flu-
J(@)exp = [Zi:o an(@ — wo)"]”". Except for the criti- ids N,O,(N,0)p05-(CO)oos, and (N,O)pos-Xepos.  The

cal region in the(N,O)g ¢s-Xey0s Mixture, theJ(w) were curves are scaled by appropriate factors to allow an easy
close to ordinary Lorentzians. In thi#l;0)0.05-(CO;)0.95 comparison. Widths are corrected for finite slitaX{,,

. . _N,O g A =1.0,0.5 cm™!). The rms fluctuations i are<1 mK.
mixture qu could only determine; " due to Str&”g OVET™ it "not stated otherwise the critical density has been matched

N,O . . C
lap of »;=" with the tenfold more intens@», ~ mode  within 1%. Note, that each data set is obtained over periods of
near1285 cm™!. Figure 2 summarizes the dependenciesveeks in cycles of lowering and raising temperature.

of FWHM on T in the different chemical environments.

When approaching’. from the two-phase region, in the i 3 proves this nearly linear interdependence between
neat liquid the comparatively broad lines; (v3) narrow.  pait width and density. To account for the crossover from
The »3 line in the (N20)os-(CO)oos mixture also yitical to noncritical temperature dependence of thermo-

narrows neafl.; however, the overall effect is of smaller dynamic properties a power law expansion is usually used
magnitude, whereas the well-known CLB effect becomeer] e.g., for the reduced density p* along the coexis-

clearly evident for both lines in thé€N;O)g0s-X€pos

- ) tence line
mixed fluid.
In Fig. 3, the three data sets showing line narrowing are Aot AlA T*|ﬁ|:1 i (n)lA T*lkA}
IR .9 ; = =+ +
scaled to their individual'. to examine in greater detalil Pexe % ’

k=1
the behavior in close proximity t@.. In the neat fluid,

any indication of CLB is missed. Our highest quality Where 8 = 0.326(2) is the order parameter exponent of

data (i.e., those of) limit the T range where such a the three-dimensional Ising model aad= 0.51(3) is the
broadening might exist te-10"4 < AT* < 1075 (it is  Wegner correction. With FWHMc p and n = 2 this

easier to approaclf, from AT > 0). The », line (in  expansion is sufficient to characterize the dependencies

Fig. 3) most clearly shows that even minor contributionsin Fig. 3. UsingT7,, A, 8, and thea,(f) as adjustable,

of CLB are not present (even an effect as low asandA = 0.51 as fixed, parameters, we obtained a critical

0.05 cm~! would be sufficient to smooth the sharp edgeexponent of Bpwum = 0.30(5) from our highest quality

atT. [22]). data ¢°*"). This result depends somewhat on the choice
The FWHMT) resemble the temperature dependenc®f n. T. could be fixed in this fit within1 mK. The

of the orthobaric liquid density (T) nearT, [21], there- noisier data sets in Fig. 3 produg@wum = 0.35(10).

fore the underlying broadening mechanism of the IRLSThus, as should be expected, the power law behavior

is expected to be highly density correlated. The inset irobserved for FWHNI) is closer to the three-dimensional
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FIG. 3. Line narrowing in the rangd, — 15K =T =<

T. + 09 K. The full lines are the result of a Wegner

expansion (see the expression inside) with figeeF 0.51. The
highest quality dataz(**") result in 8 = 0.30(5). The inset

inates line broadening, it becomes insensitive to critical
fluctuations. The line narrowing observed in the mixture
(N2O)g05-(CD,)0.95 does not contradict this statement be-
cause a residual (nonresonant) interaction betwegd N
and CQ (with a similar density dependence as in the neat
system) cannot be excluded.

In Fig. 4 the A-shaped curves of théN,O)g0s5-X€p.95
mixed fluid are depicted in a log-log plot to
show that lim7+o FWHM(T) = const and
limar«—+9 OFWHM(T)/0T = 0. It must be stressed that
we did not find any indication that FWH{) diverges
nearT.. At least several among the thousands of individ-
ual spectra which were measured (with integration times
of 30 s) in the vicinity of 7. over a period of 1 week
would have matched, by chance, the critical temperature
even better thadAT*| < 107°. If FWHM(T) diverges
in this very narrow range, a “sudden” and instantaneous
broadeningof individual spectra would have been ob-
served. This was never the case. The early results in [1]
gave first hints that CLB may cross over into a constant
width for 1073 < |AT*| = 1072. Mukamel et al. [6]
have made reference to these experimental observations to
justify the results of their hydrodynamic mode-coupling
model which predicts limr—+9 OFWHM(T)/oT = 0.

Our data in Fig. 4 confirm this proposed flattening of

r IIIIIIII T l|IIlIlI T T TTTTIT T llllll—l'l

shows the direct correlation between width and density. FWHM / fem}
22} -
20 v, R can *> 0
. - . . " _VV vVVVVVW* AT*>0
Ising-like behavior ofp(T) rather than to the classical
mean-field behavior. er
What are the reasons for this strong correlation betweer 14 - [P*=1:001), 1.01()
width and density? Considering the nature of the com- 15 L 1'1113 I Z

paratively broad IRLS of the polarized modes in dense
N,O, it was argued [19] that resonant coupling (RC) be- 1.0
tween adjacent molecules should be the most effective 01%®
the competing broadening mechanisms [15]. However, %8
this conclusion might have been questionable because tho.7
authors in [19] were forced to approximate the thermo-
dynamic state dependencies of the individual mechanisms
by theoretical expressions which were not well proven ex- 0.5
perimentally. To avoid any arbitrariness, we studied in
detail thex dependencies of(w)”' andJ(w)** in liquid
mixtures of NO with its isotopomerd’NNO and N°NO

as well as Xe and CQ23]. Fortunately, the predictions

in [19] were completely confirmed; i.e., chemical as well
as isotopic dilution lead to a large line narrowing (see
Fig. 1) which has never been observed before in any othel
liquid. The polarized modes inJO are among the rare
cases where resonance coupldaminateshe IRLS of a
liquid. Thus, we understand the observed anomalous lin
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k.(v4) = 0.353(12)
k,(v4) = 0.243(5)
k.{vg) = 0.237(4)
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narrowing as a switch off of RC, caused by the signifi—iEnl(%h:' 'migtﬁt:g?:\ll;giQb;r&?e(sfzmg of the, and ther; mode

Note the log-log plot. The

cant decrease gf(T) for T = T.. In other words, when arrows show the slope resulting from a fitting procedure for
RC (as a predominantly two-oscillator process [16]) dom{AT*| > 0.01, i.e.,|AT| = 3 K.
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FWHM(]AT|) as close a$AT*| = 107, i.e., well inside  [15] D.W. Oxtoby, Adv. Chem. Phy<0, 1 (1979).
the region betweef. and the crossover. [16] S. Bratos and G. Tarjus, Phys. Rev.3R 2431 (1985).

In conclusion, our measurements show (1) that the crittL7] No indication exists that the critical linZ, (x) of the mix-
ical dependencies of the purely environmentally induced ture shows any of the _anoma'lles which are characteristic
broadening are completely different from those cause g fgr ;trongllyFnoglc!]?al mlxt(;uris,l_seg [E]' 3. Chem. Ph
by intermolecular vibrational (resonance) couplings andi8] D: Keutel, F. Seifert, and K.-L. Oehme, J. Chem. Phys.

. . . . 99, 7463 (1993).
(2) that any diverging line broadening can be excludeqlg]

_ . - T.W. Zerda, X. Song, and J. Jonas, Chem. PI84.
* 5
for |[AT*] = 107>, or more precisely, approaching, 427 (1985). They believe that the broadening process is

the isotropic linewidth of uncoupled vibrational states in- dominated by RC since the hard binary collision model
creases regressively up to a finite critical width below [see S.F. Fischer and A. Laubereau, Chem. Phys. B&tt.
[AT*| < 1073, 6 (1975)] delivers an order of magnitude narrower IRLS

We are grateful to G. Persch and M. Grosch (Jena) for  than observed experimentally.
technical assistance. Furthermore, M. M. and K.-L. O. ac{20] A 4.7 kQ thermistor was used to probe the temperature
knowledge valuable discussions with D. Bender (Jena), fluctuations and to control the heater (power< 2 W).
G. Doge (Braunschweig), and G. Moser (Salzburg). The Its characteristic line was fitted (1 K range) to the
Jena work was supported by the “Deutsche Forschungs- characteristic line of a Pt 100 resistor. For testing purposes
gemeinschaft’ under Grant No. Oe 1491,2,3 and the the heat transport_ .between the copper gnd the flq|d was

M .. . probed by an additional.7 k() thermistor immersed in a

Salzburg work by the “Fond zur Foérderung der wis-

. . . low vapor pressure liquid (hexane). Equilibration could be
senschaftlichen Forschung” Project No. 7201-PHY. called instantaneous in the time scale of our experiment

and mK 7 resolution; seeA. Onuki, H. Hao, and R. A.
Ferrell, Phys. Rev. A1, 2256 (1990), and J. Straub and
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