Interaction of pseudospins and the density
spectrum of libration states in an NH,Cl crystal
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The bandwidth (7') of one-phonon libration states has been determined from the
Raman scattering (RS) spectra of two-phonon transitions. The static octupole
moment of an ammonium ion has been calculated for the first time in the
multipole-multipole interaction model of T; this has made it possible to

estimate the interaction energy of pseudospins and the phase-transition
temperature.

PACS numbers: 63.20.Dj, 78.30.Gt

Ammonium-halide crystals are the classical subject for studying Ising phase trans-
itions (PT). In these crystals the ammonium ion can assume two orientations, which
are customarily described by the pseudospin. According to theoretical concepts,! ~3
the interaction of pseudospins is determined by the octupole moment /5 of an am-
monium ion. However, a calculation of the vibrational spectrum of ND4Cl, which
was made in Ref. 4 using neutron-scattering data,’ showed that the charges on the
deuterium atoms, and hence the value of 75, are close to zero. This follows from the
fact that no dispersion of the libration vibration we(k) was detected in Ref. 5. This
result contradicts the existing concepts of PT in ammonium halides and, as noted in
Ref. 4, requires a more precise determination.

We have investigated the RS spectra of the two-phonon transitions wg + wg ; this
allowed us to obtain precise data on the width of the w¢ (k) band and to determine
for the first time the static octupole moment of the ammonium ion.

We have investigated experimentally the RS spectra of the 8§ phase of an NH,Cl,
crystal at T=80 K. The spectra were excited by an argon laser (Ap =514.5 nm and
a power of 1 W) and were recorded by a Spex-Ramalog 6 in the storage mode with
the aid of a “Scamp”” minicomputer. The contribution of stray polarization spectra
was subtracted out.

The shape of the obtained w¢ + wg spectra of E' (Fig. 1a) and F, (Fig. 1b) sym-
metry show that they are two-particle transitions. Consequently, the anharmonic
shift in this case is small (=-14 cm™ for the E and F, transitions according to an
indirect estimate?) compared to the width of the two-particle spectrum (110 cm™
for E and 75 cm™ for F, transitions) and does not lead to the formation of a
bound (single-particle) state. We note that the small anharmonic interaction of the
vibrations (AIV) does not shift the limits of the two-phonon spectrum, but it does
influence its shape significantly.5~®

According to the selection rules,® only the overtone transitions we; (k) + we;(-k),
where =1, 2, and 3 is the number of the branch, are allowed for the symmetrical
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FIG. 1. Spectra of the density of w, (k) +w4)(-k) states. (a) £ symmetry and (b) F, symmetry in
the NH, Cl crystal. The solid curves represent the experimental RS spectra and the dashed curves
denote the spectra obtained from the experimental spectra after taking AIV into account; the histo-
grams were calculated using 8 X 10° points from the dispersion c, (k). The arrows indicate the
calculated frequencies of the transitions at the symmetrical points of the Brillouin zone. All
spectra were normalized to a unit area. The calculated spectrum of E symmetry (2) coincides with
the density spectrum of single-phonon states expanded by a factor of two along the frequency
scale.

points of the Brillouin zone in the spectrum of £ symmetry. Therefore, we can pre-
dict that the density spectrum of unperturbed AIV wg + we (F) states is identical
to the density of single-phonon wy states that has been expanded by a factor of 2
along the frequency scale. In the multipole-multipole interaction approximation
the dispersion wg (k) is determined by the derivative of the static octupole moment
I, with respect to the rotation angle ¢. Consequently, by determining from the
spectrum of wg + we (£) transitions the width 7's of the spectrum of single phonon
states, we can find 873 /8¢ and calculate the quantity 3. The equations needed to
calculate wg (k) were taken from Ref. 10. As a result of the calculation, we obtained
the following relationship between T (cm™ ) and /3(C * m?):
g
T, =5,05X 1052 ——-M—7-—

CO6 a
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Here wg is the midfrequency (cm™), g is the lattice constant (nm), and M is the mo-
ment of inertia of the ion (kg - m?). The obtained relationship is valid for the § phase
as well as the y phase of ammonium-halide crystals. In the calculation we ignored

the polarizability of the ions, which leads to an indirect interaction, since it is small

at the frequency we. In addition, an indirect wy interaction via dipole-active vibra-
tions is allowed only for phonons of M5 and X5 symmetry and has no effect on the
frequencies of the zone limits, which correspond to phonons of M, and X,; symmetry
(see Fig. 1a).

The cutoff frequencies and the value of T4 used for the calculation were taken
from the wg + we(E) spectrum (Fig. 1a). The good agreement obtained between
the calculated and experimental cutoff frequencies of the wg¢ + w¢(F,) spectrum
(Fig. 1b) confirms the correctness of the model used. Histograms of the density of
two-phonon states of F' symmetry [we;(k)+ we(-k)] and of F, symmetry [we (k)
+ wg(-k), where i j] were calculated from the dispersion ws (k); this made it pos-
sible to perform an additional test of the model and to estimate the AIV constants.
To do this, we reconstructed the densities of wg + wg(F) and wg +wg (F,) states,
which were unperturbed by AIV, from the experimental RS spectra. The calculation
was made in the point-interaction model of quasiparticles.®® The curves obtained
with the AIV constants AZ, =-17 cm™ and A’Zg =-20 cm™! are represented by the
dashed lines in Fig. 1 and, as one can see, they agree satisfactorily with the calculated
histograms (the discrepancy in the region of 2M transitsis is presumably caused by
the indirect interaction),
The value obtamed by us for the octupole moment of awnmmomum ion is

=1.6X 107 C - m?; this corresponds to an effective charge 070.29 of the ele-
mentary charge of hydrogen. The simplest estimate of the g%eud&spm interaction
energy in a rigid (unpolarized) lattice givesJ = 6(/% /a” )i“ 5\§§\cm -1, Hence, the tem-
perature of the PT, calculated for a simple cubic Ising sudkce in accordance with Ref.
11,is T,=J/0.22 - k3 = 360 K. Considering the approximate nature of the estimate
of T,, we must regard its agreement with the true value of T,, =243 K to be satisfac-
tory.
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