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The decay of short-range ordering of NH,* ions below T, (235°K) in NH,Br is shown to
be responsible for both the specific~heat anomaly and the Raman scattering of a polarized

low~frequency mode at 56 em™!

. The temperature-weighted integrated Raman intensity is

quantitatively compared with the residual specific heat below T y.

It is well established that the A transition at
235°K (T',) in NH,Br is an order-disorder transi-
tion. Above T,, an x-ray diffraction study’ in-
dicates that the crystal has a CsCl-type cubic
structure with the NH,* ions randomly distributed
between two energetically equivalent orientations.
Below T', the unit cell undergoes a small distor-
tion (c/a ratio=1.003), and the NH,* ions assume
ordered orientations. The identically oriented
NH,* ions form chains along the tetragonal di-
rection with neighboring chains oppositely orient-
ed. In this sense the NH,Br ordered phase is
analogous to an antiferromagnet and is therefore
more complicated than the ordered phase of
NH,C1, which is analogous to ferromagnetic or-
der.

In spite of the general understanding regarding
the origin of X transition in NH,Br, the mech-
anism underlying the phase transition is not yet
clear. Many different experiments have been
undertaken in trying to understand the mechanism
associated with the phase transition at 235°K.2
Up to the present, although the overall effect of
the onset of the \ transition has been manifested
in several physical properties, there seems to
be no correlation between them. This Letter re-
ports the effect of short-range order on a Raman
spectrum in NH,Br. The results provide a quan-
titative correlation of the specific-heat anomaly
and the integrated intensity of a low-frequency
mode at 56 cm~! and contributes to a better un-
derstanding of the A transition in NH,Br in terms
of a more unified picture. A similar picture is
also expected for other ammonium halides.

The Raman spectrum was obtained using a con-
stant intensity (120 mW) argon ion source oscil-
lating at 5145 A, a double monochromator for
dispersion, and a photon-counting detection sys-
tem. A good optical quality NH,Br crystal (~1
cm?®), grown from aqueous solution with urea add-
ed as a habit modifier, was mounted in a Cryotip
refrigerator for temperature variations. Sample
temperature was monitored simultaneously at
the base and side of the crystal by two Chromel-
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Constantan thermocouples. The spectrum was
taken only when the two temperature readings
differed by less than 1°K. The temperature sta-
bility of the refrigerator was maintained to
10.3°K.

The Stokes spectrum obtained with the x(zz)y
configuration in the 20-85 cm ! region is shown
in Fig. 1 for several temperatures above and be-
low T,. Above T,, there is no corresponding
scattering observed at the 56 cm ™ region in the
x(zx)y or other depolarized configurations. At
150°K the depolarized (as well as the polarized)
spectrum shows no band at 56 cm~! but, instead,
two much weaker peaks at 67 and 76 cm™'. This
is consistent with the earlier Raman results by
Wang and Fleury.® However, the small leakage
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FIG. 1. The x(zz)y Raman spectrum of NH,Br single
crystal in the region 20-90 cm™! at various tempera-~
tures above and below T). The configuration x(zz)y
gives a transverse phonon with the A symmetry propa-
gating in the x—y plane of the crystal.
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of the 56-cm ™! band in depolarized spectrum re-
ported in Ref. 3 appears to be due to the imper-
fection in the light-gathering optics and the crys-
tal orientation as it did not appear in the present
measurement. Therefore, the 56-cm ' band is
established to be of a totally symmetric mode.
Although all the Raman bands measured in
NH,Br single crystals at temperature below T,
have all been identified and assigned,® the occur-
rence of a totally symmetrical mode at 56 cm ™!
above T, is rather puzzling. In the cubic dis-
ordered phase the selection rule for the first-
order Raman effect is not, strictly speaking,
valid because the random orientation of NH,*
ions has the effect of destroying the translational
invariance in the lattice (but due to the tetrahe-
dral symmetry of the NH,* ions, regardless of
the disorder the group theory predicts a limiting
lattice mode of F, symmetry at 130 cm~'). As a
result, without the restriction of I—E=O, one
should observe scattering from all the even-par-
ity phonons. The resulting Raman spectrum
should then mirror the one-phonon density of
states —which is in general not a symmetrically
shaped nor a sharp function. Therefore, in or-
der to explain the sharp and symmetrically
shaped spectrum at 56 cm~!, Wang and Fleury®
proposed, on the basis of the phonon dispersion
curves for Csl by Karo and Hardy,* that the 56-
cm™! scattering is due to scattering from a large-
wave-vector phonon at the zone boundary, pos-
sibly an acoustic mode at the X point. The mech-

anism which allows coupling of the zone-boundary
phonon with the light wave is considered to be

due to the existence of short-range order above
T,.

A direct verification of the short-range order
would be a measurement of the phonon dispersion
curves in NH,Br by neutron scattering to see if
the X-point frequency agrees with the 56-cm"?
value, but there has been no such study ever re-
ported since the proposal was made. Another
possible test of the proposed picture would be the
study of the 56-cm ™' mode below T, by the Ra-
man or infrared (IR) intensity measurement. If
the 56-cm ! feature is indeed due to short-range
ordering, one would expect that below T, the re-
placement of the short-range order by the long-
range order would be manifested by the decay of
the 56-cm ' mode.

We have measured the integrated intensity of
the 56-cm ™' mode at several different tempera-
tures above and below T,. The integrated inten-
sity divided by n(w,) +1, which is called I;,,, is
shown by open circles in Fig. 2. The intensity
data are obtained by averaging values from four
consecutive measurements and are accurate to
within 4%. The same results were obtained ir-
respective of approaching the phase transition
from above or from below. There is no thermal
hysteresis observed in the X -transition region.

In the short-range~order picture the light
scattering which arises as a result of the cor-
relation of an NH,* ion with its nearest neighbor
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FIG. 2. The temperature-weighted Raman integrated intensity plotted versus the absolute temperature in the vi-
cinity of the A transition. The residual specific-heat data (in units of 1.676 cal/mole deg) obtained from Ref. 8 are

included for comparison.
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is most conveniently considered as due to the as

spontaneous fluctuation of a system of microscop-

9 y P 6C,=6C,=yep(T), (5)

ic dipole moments associated with the NH,* ion
pairs. The spectral density J(w) of the fluctua-
tion, which is proportional to the Raman scatter-
ing intensity, is related to the imaginary suscep-
tibility according to the fluctuation dissipation
theorem by®

J(w) = 27i[n(w) + 1] Imy (w) (1)

and, below T',, J(w) is proportional to the Fou-
rier transform of the correlation function of the
dipole moment associated with the NH," ion pair:

J(w)=p(T)[ dr(P(r)P)e"", (2)

where p(T) is the fraction of the correlated pair
of nearest neighbors per unit volume. The p(T)
may be regarded as an order parameter describ-
ing the short-range order. n(w) is the average
occupation number given by [exp(fw/kT)-1]"1.

In writing out Egs. (1) and (2), the tensorial prop-
erty of the susceptibility is ignored because the
56-cm ™! mode is totally symmetrical. The in-
tegrated spectral density is equal to

J = [J(w)dw= PHp(T); (3)

and if the fluctuation is small, one can then ex-
pand P in terms of the displacement from the
equilibrium position and carry out the ensemble
average to yield

J=p(T)@P/3q)*[n(w,) +1]
= Iint[n(wo) + 1]; (4)

where only one mode of vibration at frequency
w, (=56 cm™) is assumed. Therefore, according
to Eq. (4), the integrated intensity divided by
n(w,) +1 gives the measure of the correlated pair
density p(T') which is shown in Fig. 2.

According to the theory of the specific-heat
enhancement of a disordered crystal, the resid-
ual specific heat at constant volume due to an im-
purity is proportional to the impurity concentra-
tion.® While the theory given in Ref. 6 is de-
signed for small concentrations of isotopic im-
purity, in the present case the impurity is due to
disordering of the NH,* ions; and, therefore the
impurity concentration associated with the dis-
order is a function of temperature. Below T,,
the impurity concentration function p(7) can, in
principle, be calculated according to the Bethe-
Peierls approximation of the three-dimensional
Ising model.” In this approximation the expres-
sion for the residual specific heat can be written

1228

where 6C, is the additional molar specific heat
due to the ordering of NH,* ions, y is the number
of nearest neighbors of any NH,* ion site, ¢ is
the interaction energy, and p(T) is equal to the
temperature derivative of the difference between
the long-range and short-range order parame-
ters.”

Therefore a critical test for the proposed pic-
ture is to plot 6C, (with a suitable normalization)
as a function of temperature and compare it with
the Raman intensity result. A plot of 6C, vs T
is shown by the solid circles in Fig. 2. The 5C,
was obtained from the specific-heat data mea-
sured by Sorai et al.,® by subtracting the mea-
sured specific heat of NH,Br from a smooth-
curve baseline representing all the nonconfigura-
tional contributions to C, (such as lattice vibra-
tions, libration of the NH,* tetrahedra, and in-
ternal motions of the NH,* ion). As clearly
shown in Fig. 2, the excellent agreement between
the 6C, data and the Raman integrated intensity
data indicates that the specific-heat anomaly of
NH,Br is closely associated with the behavior of
the 56-cm ™' mode. In other words, agreement
between the Raman and specific-heat data sug-
gests that the earlier proposed mechanism? for
the 56-cm ™! mode is essentially correct.

The fact that the 56-cm ™! mode continues to
exist above T, indicates that the short-range or-
der persists in the disordered phase. Because
of the difficulty associated with establishing a
definite baseline for subtracting off the part of
scattering due to complete disorder, the Raman
intensity is not compared with the specific heat
data above T,. In addition, one expects Eq. (2)
to be invalid because p(T) in the disordered
phase is not small. Nevertheless, as is clearly
shown in Fig. 2, although the short-range order
exists above T',, the evolution of order in NH,Br
starts at about 260°K, which is considerably
higher than 7, (=235°%K). The result of slow
evolution of order below 7', and of the existence
of residual short-range order above T, is signif-
icantly different from the lambda transition in
NH,C1, where it was found by the IR study that
there is no residual order above T),.

One independent support for the slow evolution
of order in NH,Br is provided by the calculation
of the entropy change from the specific-heat mea-
surements reported in Ref. 8, The entropy
change associated with the reorientation of the
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NH," ions in the vicinity of X transition is 0.74
eu, which is substantially less than the R 1n2
=1.38 eu for NH,Cl. The result suggests that the
change from complete disorder to complete or-
der is spread out over a much wider temperature
range than for the chloride and is consistent with
the present low-frequency Raman data.

In conclusion, we point out that despite its
close association with the ) transition, the low-
frequency mode at 56 cm ™! is not, however, the
“soft mode” for the order-disorder transition in
its usual sense. While the peak frequency of this
mode is insensitive to temperature (see Fig. 1),
the spectral width is broadened considerably as
the temperature is lowered below 7T',, along with
the drastic decrease in scattering intensity. The
anomalous broadening and the quantitative cor-
relation of the temperature-weighted Raman in-
tensity with the specific-heat data suggests that
the mechanism of decaying short-range order
below T, is correct. This mechanism, which
has been shown to be responsible for both the
specific-heat anomaly and the Raman scattering
below T,, is likely also responsible for the cor-
related critical oscillations of NH,* ions recently
observed in the proton spin-lattice relaxation
near the X transition in NH,Br.'
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A novel application of the Born-Oppenheimer approximation is made which predicts
the strength and nature of the singular threshold structure associated with plasmon sat-
ellites for a wide class of experiments involving the interactions of photons or fast elec-

trons with solids.

I consider here the theory of plasmon singular-
ities in a wide class of experiments in which a
core electron is excited up into the continuum of
unoccupied states. This excitation could be pro-
duced either by absorption of a photon or by a
collision with a fast electron. It is measured
either by detecting a change in the initial-state
particle as in soft-x-ray absorption or high-en-
ergy—electron energy loss, or by detecting a fi-
nal-state product as in x-ray photoemission,

soft-x-ray emission, or appearance-potential
spectroscopy.’ Typically the spectra from such
experiments have plasmon satellites and possi-
bly threshold singularities.?

In experiments such as x-ray emission and ab-
sorption, the plasmon satellites tend to be much
weaker than one might expect after estimating
the coupling constant. There is, however, a
strong cancelation® in second-order perturba-
tion theory. In general, though, one knows that
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