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Direct Observation of Critical Phenomena by Incoherent Neutron Scattering
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The first direct spectral observation of critical incoherent quasielastic neutron scattering is report-
ed. This result has been obtained by a combination of time-of-flight and high-resolution back-
scattering spectrometers with use of a single crystal of selectively deuterated p-terphenyl in the vi-
cinity of the order-disorder phase transition. The relation of the incoherent-scattering results to

critical coherent neutron scattering is discussed.

PACS numbers: 64.60.Ht, 61.12.Ex, 64.60.Cn, 64.70.Kb

A number of magnetic-resonance studies have
shown that collective critical fluctuations occurring
near an order-disorder structural phase transition in-
fluence local dynamics.! These experiments gave evi-
dence that the critical relaxational mode behavior (crit-
ical slowing down) significantly modifies the central
part of the spectral density of the involved autocorrela-
tion function. Quasielastic-incoherent-neutron-scat-
tering spectra should also reflect these critical ef-
fects.23 However, such an observation requires that
the pretransitional fluctuations are important and ap-
pear in an accessible frequency range. Furthermore,
the geometry of the molecular motion should be such
that the quasielastic scattering, directly related to the
structural phase transition, can be isolated. For all
these reasons p-terphenyl (PTP) is a very suitable sys-
tem. Indeed, the geometry of the molecular motion is
particularly simple: Phenyl rings reorient by rotational
“umps’’ in a double-well potential corresponding to
two equivalent nonplanar molecular conformations.*
Moreover, the transition is continuous, or very close
to continuous, and PTP is one of the rare molecular
crystals where critical slowing down has directly been
observed by coherent-neutron-scattering experiments.’
In addition, NMR measurements have also shown a
cleaerc;ivergence of the spin-lattice relaxation rate
Tl—. e

The incoherent-neutron-scattering function associat-
ed with the reorientational jumps of phenyl rings is

$,(Q,0)=4¢(Q)8(w) +[1-4p(Q)I1S(w), (1)

where 4,(Q) is the elastic incoherent structure factor
(EISF). Well above the transition temperature, the
single-molecular motion is well described by a ran-
dom-disorder model. The quasielastic component
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S(w) has a Lorentzian shape whose width is twice the
rate of exchange, 1/7z, between the two molecular
conformations. On approaching 7,, we expect the
shape of the quasielastic part to be modified by critical
phenomena connected with the formation of short-
range-ordered clusters. In fact a simple model based
on a cluster-exchange reaction predicts the appearance
in S(w) of a narrow quasielastic spectral component
due to a cluster lifetime effect.> In previous work,?
the measurement of this “‘critical’” component in the
incoherent-scattering function of fully hydrogenated
powder (C;gH;4) has only partially been successful be-
cause of its intrinsically low intensity and because high
energy resolution is required. However, indirect evi-
dence for its existence was obtained with the aid of
‘‘elastic’’-energy-window measurements.! In the
present paper we wish to report on the first direct spec-
tral observation of the above-mentioned critical in-
coherent quasielastic scattering.

In order to make this experiment feasible, selective-
ly deuterated powder and single-crystalline samples
(C¢Ds-CgH4-CgDs) were used. The partial deuteration
appreciably reduces the elastic component of the
incoherent-scattering function, since the largest ampli-
tude of motion is that of the central ring. In the case
of the C,3D;oH4 single crystal the elastic scattering is
completely eliminated for particular scattering vectors
(e.g., Qolla* with Qp=3.76 A~!). These arguments
are illustrated in Fig. 1 by the plotting of the EISF°®
resulting from the dynamic conformational disorder
for C,gH,4 powder and for C,3D;oH4 powder as well as
for the single-crystalline sample.

Incoherent-neutron-scattering measurements were
made by means of two different instruments at the In-
stitut Laue-Langevin in Grenoble: the time-of-flight
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FIG. 1. Theoretical behavior of the EISF of p-terphenyl.

spectrometer IN5 [Ag=6.167 ;x energy resolution
(FWHM) A% w == 80 ueV] and the backscattering spec-
trometer IN13 (A\g=2.23 A; Afw=17 ueV). The ex-
perimental conditions were such that coherent contri-
butions to the scattered intensity were negligible both
for the powder (see Ref. 8) and for the single crystal.

First we note that the INS measurements performed
at T> 245K, i.e., far above 7,=185.3 K, nicely con-
firm the expected simple Lorentzian line shape. The
integrated quasielastic intensity shows the Q depen-
dence expected from the considered molecular
motion. The exchange rate is found to follow a typical
Arrhenius law,

=2180expl— (550 K)/T] ueV, )

similar to that observed in the case of C;gH4.5%

On IN13 we first made feasibility studies by measur-
ing as a function of temperature the intensity of neu-
trons scattered into an energy interval (window) given
by the experimental energy resolution. In Fig. 2 we
show the results for the single-crystalline sample ob-
tained with IN13 and energy windows centered (a) at
Fw=0 and (b) at fw=12 and 24 neV (i.e., with fw
<< l/TR)b at a mean elastic wave-vector transfer
00=3.76 A~! (Qplla*) corresponding to the theoreti-
cal minimum of the EISF (see Fig. 1). The ‘‘elastic’’-
window measurement [Fig. 2(a)] clearly shows the ap-
pearance of critical scattering on approaching the tran-
sition temperature. It verifies the value of the latter
(7,=185.3 K) and qualitatively shows the effect of
the increasing order parameter below 7,. In the
‘“‘quasielastic’’-window measurement (fw > 0) pro-
nounced peaks are observed at 7, [Fig. 2(b)], suggest-
ing that the central part of the quasielastic line is
strongly increasing when the transition point is ap-
proached, and that critical scattering can be observed
in a sizable temperature range around 7, with the
given resolution. This result is direct phenomenologi-
cal evidence of critical incoherent neutron scattering
near the order-disorder phase transition of PTP.

Guided by the results from the window measure-
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FIG. 2. (a) Elastic (fw=0) window measurement and
(b) quasielastic [fw=12 weV (circles) and fiw=24 weV
(crosses)] window measurements yerformed on a single
crystal of C;gDoHs (at 0p=3.76 A~ ", Qlla*). Lines are
guides for the eyes.

ments, we have recorded spectra using IN13 in the en-
ergy range of [—20, +100] ueV at T,+1.1 K and
T.+6.9 K, as well as far below (7=43.5 K) and far
above (T=244.9 K) the transition temperature [Fig.
3(a)]l. A powdered sample was also studied at the
same temperatures on INS, and the energy range of
[-1000, +2000] ueV was analyzed The quasiglastic
part of the INS spectrum measured at Qp=1.52 A-1at
T.+6.9 K is plotted in Fig. 3(b). The IN13 spectra
taken at Qp=3.76 Al (Qpl!la"™) clearly show the fol-
lowing features: At low temperature (43.5 K) an un-
broadened resolution-shaped (elastic) peak is ob-
served. At high temperature (244.9 K) the spectrum
is composed of an elastic line and a very broad quasie-
lastic component (appearing flat on the IN13 energy
scale). However, on approaching 7, (192.2 and 186.4
K), a strong contribution to the central part of the
quasielastic spectrum is seen to develop. Similar ob-
servations were, made in a large Q range (1.3
A~ Q=43 A-1) at about twenty different scatter-
ing angles, but—as expected from the EISF of the sin-
gle crystal (Fig. 1)—in general with a weaker quasie-
lastic intensity. The result confirms the quasielastic-
window measurements and is the first spectral evi-
dence of incoherent critical scattering.

In order to describe these quasielastic-incoherent-
scattering data we have to introduce a model taking
into account the occurrence of collective critical fluc-
tuations. In previous work?® a theoretical expression of
S (w) was derived from a simplified model where only
two characteristic times were introduced to describe
the dispersion of the correlation times in the whole
Brillouin zone: 7g, the above-defined (noncritical)
correlation time for random reorientation in the
double-well potential, and 7, a cluster residence time
averaged over the entire cluster distribution. Then the
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FIG. 3. Incoherent-neutron-scattering spectra obtained (a) with IN13 at (Qy=3.76 AL Qlla*) from a single crystal of
C13DigHy4 and (b) with INS at Qy=1.52 A™ " from a powdered sample of C;3D;oHs. Full lines are the results of a fit by our
model. The critical component of the incoherent scattering function is shown in black.

quasielastic component splits into two contributions:
one of critical origin, mainly governed by 7, and the
other, noncritical, governed by 7:

S(w)=CSqi(w) + (1= C)Sponcrie(®), 3)
The relative weight of the critical part is given by the
parameter C.

Keeping this separation into critical and noncritical
terms we will in the following introduce the wave-
vector—dependent correlation times 74 associated with
the Fourier components of the spatial fluctuations of
the orientation. These are known from coherent neu-
tron scattering on fully deuterated PTPS and are in
good agreement with a mean-field approximation.’® In
order to simplify the calculation, we have considered
isotropic collective fluctuations with a mean correla-
tion length £. The dispersion relation reads

1/Tq=(l+q2§2)/'rc. (4)

Near T, for T > T, both the square of the correlation
length ¢ and the cluster lifetime 7, are found to
behave approximately like (AT) " !=|T—T,|-151
Thus, near T, a strong dispersion of the correlation
times 7, is expected from Eq. (4). This is confirmed
qualitatively by the observation that the width of the
coherent scattering for g=0 at 7,+1 K is 77 !=1

neV, whereas at the same temperature Eq. (2) yields
7R 1= 110 peV. Here it must be noted that Eq. (4) is
only valid for small wave vectors q; for large vectors q
the correlation times 7, have little dispersion and
should approximately be equal to the single-molecule
correlation time 7g. This justifies our phenomeno-
logical separation of S(w) according to Eq. (3).
Snoncrit (@) is then again a simple Lorentzian with half
width at half maximum of 2/7g, whereas S.;(w), the
critical spectral contribution, is obtained by averaging
of the coherent-quasielastic-scattering function

5(q ) =kgT[1/(£72+¢) e, Y/ (r7 2+ )7
Q)

over the critical region of the Brillouin zone:
Scm(w) - j::rit regionS (q' w ) dzq' (6)
This has previously been calculated.!? At T=T,, this
function diverges as w2 The critical region is de-
fined by the reasonable (although somewhat arbitrary)
requirement that the maximum value of 7, ! is equal
toTg 1

Because of the various approximations made, the
weight C of the critical scattering component is used as
a parameter. Its value (0.41 at 7.+ 6.9 K and 0.57 at
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T.+1.1 K) is at first extracted from a fit of the INS5
data and then used for describing the IN13 spectra.
Note that these values are of course sensitive to the
definition of the critical region. On IN13 a weak pure-
ly elastic contribution, observed above T, and probably
due to various small effects (such as multiple scatter-
ing), is described in the fit by the introduction of an
extra elastic component. The resulting total scattering
function convoluted with the resolution function
describes both series of spectra very well. The results
of these fits are shown in Fig. 3, the critical part being
shown in black. The agreement is remarkable given
that the same theoretical formula (with the same
parameter values) is compared to data taken at rather
different Q vectors, and in energy ranges and with en-
ergy resolutions both differing by an order of magni-
tude.

This direct experimental evidence of critical-
incoherent-neutron scattering in PTP proves that this
technique is an alternative method for the study of lo-
cal critical dynamics. The window measurements
presented are in a way analogous to NMR spin-lattice
relaxation-rate measurements. However, incoherent
neutron scattering in addition allows the measurement
of the complete spectral density of the involved auto-
correlation function. It should be possible to relate
this spectral density to the correlation-time distribu-
tion of a generalized cluster-reaction theory.!* Furth-
ermore it may provide an estimation of the weight of
critical fluctuations, a fundamental concept in the field
of critical phenomena. It will be interesting to advance
further in this direction in the future, as well as to look
for similar phenomena in other compounds, where
very large motional amplitudes of incoherently scatter-
ing atoms (especially hydrogen) occur in connection
with critical fluctuations.

A full account of the incoherent-neutron-scattering
results from PTP will be published later.

We are indebted to Professor R. Carrier and Dr. D.
Gree for the preparation of the selectivity deuterated
p-terphenyl. One of us (B.T.) would like to thank
Professor H. Dachs and the Hahn-Meitner Institut for
their hospitality while part of this work was performed.
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FIG. 3. Incoherent-neutron-scattering spectra obtained (a) with IN13 at (Qy=3.76 At Qlla*) from a single crystal of
C13D1oH4 and (b) with INS at Qp=1.52 A~ from a powdered sample of C;3D;oHs. Full lines are the results of a fit by our
model. The critical component of the incoherent scattering function is shown in black.



