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The dynamical critical phenomena associated with the structural phase transition of
No~Br (T, = 215 'K) have been studied by neutron-scattering techniques. The measurements of the

low-energy part of neutron spectra of ND, Br single crystals have been carried out along the principalI

symmetry directions of cubic reciprocal space. The spectra observed along the f110] direction show a
"triple-peak" structure. The central (quasielastic) component is clearly due to the coupled relaxational

motion of displacement of Br ions and the flipping of ND4 ions. The width I (full width at

half-maximum) of the central component is less than the instrumental resolution (I „„,& 0.28 meV). In

addition to the central component, there exists a well-defined TA, phonon mode at the [110] zone

boundary whose eigenvector exactly corresponds to the spontaneous displacement of Br ions 'in the

low-temperature phase. However, this phonon mode does not show any appreciable softening nor

broadening throughout the temperature region of 220 g T g 29S K. Rather the intensity of the central

component at the M point critically increases. These experimental results are analyzed by looking upon

the system as a pseudospin-phonon coupled system. It is shown that the observed neutron spectra

S(K, eo) are satisfactorily explained with such a formalism by taking the relaxation time of the flipping

of an independent ammonium ion longer than 1.3 X 10 '2 sec. The distribution of intensity of the

central peak shows two maxima in the reciprocal space, one at the I point (zone center) and another

at the M point (t110] zone boundary). This gives direct evidence for the existence of the two

competitive interactions: direct interaction between ammonium ions and indirect interaction via phonon

modes. This competition is postulated to explain the two successive phase transitions which occur in

KD4Br.

I. INTRODUCTION

Structural phase transitions are usually classi-
fied into two classes. (a) Order-disorder type:
The possible positions of atoms are spatially dis-
crete, and the variable which plays the role of the
order parameter is desex'ibed by a pseudospin vari-
able. The phase transition in this case is inter-
preted in terms of cooperative ordering of the spin
system. (b) Displacive type: The displacement of
atoms are described by spatially continuous vari-
ables. The kinetic energy plays an important part
in the total Hamiltonian. In this case, the phase
transition is interpreted in texms of instability of
a particular phonon mode.

In addition to these, there are other interesting
cases when these two types of variables coexist in
the crystal, and the condensation of the phonon
mode and the long-range ordering of the pseudo-
spin take place at the same time due to strong cou-
pling between them. %e may classify this case as
(c) a pseudospin-phonon coupled case. The proper-
ties of the phase transitions belonging to this class
have been investigated mainly in connection with
Jahn-Teller phase transitions 3 and ferroelectric
phase transitions triggex"ed by the ordering of the
proton system. ' Another simple example of the
coupled system is given by several crystals con-
taining moleculax' groups. It commonly happens

that the orientational order of molecular groups
takes place accompanied by the condensation of pho-
non modes. Ammonium halides, especially NH48r,
provides a typical example of such a coupled sys-
tem.

The NH4Br crystal (CsC1 structure) undergoes
two successive phase transitions at 235 and 108 'K
associated with the orientational ordering of NH4'

ionic group. As is usually done, let us attribute a
classical Ising variable (pseudospin) to specify the
two possible orientations of NH4' ion. Then the
structure in the lowest temperature phase (5 phase)
is characterized by parallel ordering of pseudo-
spins and that in the intermediate phase (y phase)
is characterized by (vvO)-type antiparallel arrange-
ment of pseudospins. The highest-temperature
phase (P phase) is the disordered phase in which
each pseudospin is oriented randomly into "up" or
"down" states. Since the pioneering theoretical
work by Nagamiya on amxnonium halides, ' ex-
tensive studies on the phase transitions of this sub-
stance have been performed with various experi-
mental techniques. In addition to the above stated
crystal-structure analysis, precise measurements
of the temperature dependences of the lattice param-
eters and the long-range-oxder parameter'o'"
were carried out by x-ray and neutron diffraction.
The critical diffuse scattering of neutrons due to
spin fluctuations was observed by Seymour. ~3 The
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properties of the ultrasonic propagation were stud-
ied by Garland and Yarnell" with specific refer-
ence to the critical behavior at the P-y transition
point. NMR measurements were also carried
out to investigate the dynamical properties of the
ammonium ions. Anomalies in Raman spectra
around the transition point were also studied by
Wang. Most of these investigations were made
considering the system as an Ising spin system.
It should be noticed, however, that in the y phase
spontaneous displacement of Br ions from the high-
symmetry site take place along with the antiparal-
lel ordering of the pseudospin. ~ The pattern of the
small displacement exactly corresponds to the
eigenvector of the TA2 phonon at the [110]zone
boundary, that is, this particular phonon mode can
be said to condense in the y phase. Moreover, the
amount of the spontaneous Br displacement is pro-
portional to the long-range-order parameter of the
pseudospin' throughout the y phase. These facts
clearly show that the system should be treated as
an pseudospin-phonon coupled system. Recently,
Yamada, Mori, and Noda' developed a microscop-
ic theory of the successive phase transitions in
NH48r by taking into account the effect of the spin-
phonon coupling explicitly. They have shown that
the antiparallel ordering accompanied by the spon-
taneous displacement of the Br ions is stabilized
by the spin-phonon coupling energy, whereas the
parallel ordering is stabilized by the direct spin-
spin coupling.

In the theory developed in Ref. 19, it is assumed
that the property of the coupled system is described
by a microscopic Hamiltonian

has been performed with considerable success. In
this treatment, however, the dynamical aspects of
the phase transition of this system have not been
investigated.

As for the dynamical critical behavior of the cou-
pled system, several studies have been done with
particular reference to the ferroelectric phase
transition of potassium dihydrogen phosphate
(KDP). ' (Recently, Pytte ' and Feder and
Pytte ' treated the dynamical behavior of a Jahn-
Teller phase transition. ) In the case of KDP, the
pseudospin is represented by Pauli spin operator,
while in Eq. (1) it is given as a classical Ising
spin. Recently, Yamada, Takatera, and Huber33
developed a general treatment of the dynamical
critical behavior when the Hamiltonian is given by
Eq. (1). It is based on Onsager's theory ' of ir-
reversible processes. It has been shown that the
dynamical critical behavior of the coupled system
shows wide variation depending upon the ratio of
the phonon frequency wQ and the fbpping frequency
TQ of the spin. For instance, the spectra of pho-
non-phonon correlations show either three peaks
or two phonon-like peaks corresponding to v~ «(dQ
or rQ»coQ, respectively. In the former case, crit-
ical behavior is mainly seen in the central com-
ponent, while in the latter, critical softening of the
phonon-like peaks occurs. These features are de-
picted in Fig. 1.

On the other hand, no experimental work has
been carried out to investigate the dynamical crit-
ical behavior of such a coupled system. Thus many
interesting points, such as whether or not the con-
densing phonon mode becomes soft around the crit-
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where Qg„ is the normal coordinate of the displace-
ment of the ND4' ion as a unit and the Br" ion, 0; is
the variable to describe the "spin" state at site i,
too(k, s) is the characteristic frequency of the pho-
non with wave vector k and mode s, J;; is the pair
interaction between the ith spin and the j th spin,
and g„-„is the coupling constant between spins and
phonons. Pg„ is the canonical conjugate of @„-,.
Starting from the Hamiltonian given in Eq. (1), var-
ious aspects of the static properties of the coupled
system such as long-range order of the pseudospin
(o(ko)), condensed phonon amplitude (Q(}to)), and
correlation functions of the spin (le'(k) I }, can be
investigated. In the case of ND4Br, (o(ko)}, (Q(ko)),
and (Icr(k) I ) are directly comparable with the ex-
perimental results of neutron (elastic) scattering
and x-ray scattering. In Ref. 19 the comparison
of experimental results and the theoretical values
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FIG. I. Phonon-phonon correlation function P plot-
ted against reduced frequency 0=—ct)/Mp and reduced tem-
perature (T- T,)/T~, where co() and Tc are the character-
istic frequency of the phonon and the transition tempera-
ture, respectively. Case (a) corresponds to typical pat-
terns when ro' &&~p, wo being the relaxation time of flip-
ping motion of a independent spin, whereas case (b) cor-
responds to that when 7p &&up. These figures are taken
from Ref. 23.
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ical temperature in the coupled system, have not
been elucidated.

The purpose of the present work is to carry out
the measurement of neutron inelastic scattering
from a ND4Br crystal, a typical pseudospin-phonon
coupled system, and to investigate the dynamical
critical behavior in this substance by analyzing the
observed experimental results with the treatment
developed in Ref. 23.

II. EXPERIMENTAL

In this experiment the deuterated crystal is nec-
essary for the precise neutron-scattering experi-
ments to eliminate strong incoherent scattering due
to the existance of hydrogen atoms. The deutera-
tion process is similar to the method described by
Teh and Brockhouse. 6 The aqueous solution was
prepared by adding 130 g of NH4Br to 100 ml of
D&O and then allowed to stay for 24 h at 70 C to
accelerate the deuteration. After the solution was
evaporated to obtain a. partially deuterated spec-
imen, fresh D~O was added for further deuteration.
This process was repeated seven times. In order
to grow the single crystal of ND4Br from aqueous
solution, a habit modifier is necessary to prevent
irregular growth. As a habit modifier we used deu-
terated urea of 3 of ND4Br in weight. The deutera-
tion of urea was done in the same way as ND4Br.
The mother solution (120 g of ND4Br, 40 g of
ND2COND2, and 110 ml of D20} was put in a tem-
perature-controlled water bath. The temperature
of the water bath was lowered at the rate of 0. 1 'C
per day. The largest single crystal thus obtained
was colorless, having [001]faces and was
7.7@13.0&&12.2 mm in size. The degree of c'.eu-
teration was determined by comparing the proton
NMR absorption intensity of the ND4Br specimen
with that of a NH4Br standard sample. It was shown
that more than 95k deuteration was attained in our
ND4Br specimen.

Measurements of inelastic neutron scattering
were done on a triple-axis spectrometer at the
Brookhaven high-flux-beam reactor. The mono-
chrometer and analyzer were pyrolytic graphite
with a 0.4' mosaic spread. The collimation was
20 min on each side of the sample, 40 min between
the analyzer and detector, and 40 min before the
monochrometer. Most of the measurements were
made with constant initial energy of 14.8 meV, and
the higher-order contamination was eliminated by
the use of pyrolytic graphite filter. The tempera-
ture of the sample was kept constant within 0.2 'K.

Although the measurements were carried out in
the disordered phase, we could obtain well-defined
peaks in neutron spectra corresponding to one-pho-
non excitations in the low-energy region (Ro & 10
meV}. Several of the observed phonon dispersion
curves of low-lying acoustic branches along [$00],
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FIG. 2. Low energy phonon-dispersion relations ob-
served along several symmetric directions in the dis-
ordered phase. The solid curves are calculated ones
based on a rigid-ion model using the same force con-
stants as in illustrated in Ref. 19: the short-range
force constants are taken from Ref. 25 and the Coulombic
part is calculated by Ewald s method.

[Off] and [t;, ',—]—directions are shown in Fig. 2. The
branch we are particularly interested in is the low-
est-lying TA2 branch along the [0)f]direction be-
cause the zone boundary mode (f = —,) of this branch
is the one which "condenses" in the y phase. In
this direction, in addition to peaks corresponding to
one-phonon excitations, we observed a quasielas-
tic-scattering cross section centered at & =0. One
of typical neutron spectra obtained at (0, 0.3, 0. 3)
around the (300) reciprocal-lattice point is shown
in Fig. 3. The intensity of the quasielastic com-
ponent is strongly dependent on the value of f. In
Fig. 4, the spectra observed at various values of
g along [Ogg] are summarized. These spectra are
measured at 295 'K. As g-0. 5 along [Off) direc-
tion, the intensity of the Iluasielastic component in-
creases markedly. As is shown later, these quasi-
elastic components are directly related to the crit-
ical fluctuations of both the ND4' ions and Br
ions. In order to observe the precise (t dependence
of the intensity of the quasielastic component, we
carried out constant-E scanning with E = 0 along
[$00], [Ot;f], and [f2&] directions around the (300)
lattice point. The strong Bragg reflection at (300}
caused some difficulty in observing the quasielas-
tic component near the I' point (zone center). Mea-
surements along the [Off] direction around t; = 0
suffered particularly from this unfavorable con-
dition, since in our experimental set up ([011]ver-
tical axis of rotation), the (300) Bragg reflection
extended along the [0)1]direction due to mosaic
spread of the crystal. This, together with the ex-
tended resolution function of neutron probe, gave
rise to contamination of Bragg reflection up to
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ponent is within the limit of the instrumental resolu-
tion throughout the region of 220& T& 300'K and of
0.15~&&0.5 along the [/&0] direction. On the
other hand, the width of phonon peaks shows strong
k dependence. As is shown in Fig. 4, the width of
the TA~ phonon branch measured along the [Off]
direction increases rapidly as f-0. 5 and reaches
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FIG. 3. Typical scattered neutron spectrum observed
along the [Ofgt direction. In. the figure, the elastic in-
coherent component is subtracted, so that "central peak"
represents the response due to fluctuations of orientation
of the ND4' ions as vrell as displacement of the Br" ions.
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f' = 0. 20 in the [Ogg] direction. By scanning al.ong
the (- 0. 04, 1', 1) line (namely, 0. 04 off from the
exact [0/1'] line), we were able to eliminate con-
tamination due to Bragg "tails". The diffuse quasi-
elastic scattering was not affected by this off-set
because of the broader nature of its distribution.
In Fig. 5, the k dependence of the intensities of the
quasielastic component thus obtained are plotted
along the [&00], [Ogr], and [1,'~] direction. Data
given by open circles appearing in the region of
O. l &g &0.25 are obtained from scanning along ex-
act [Oft;] line, which is contaminated by Bragg
tails. On the other hand, the solid circles in the
same region correspond to the data obtained by
scanning along (- 0. 04, 1', f) around (800).

The temperature dependence of the spectra were
also investigated. Some of the spectra obtained at
(3, 2, ~) are given in Fig. 6. It can be seen that the
quasielastic component critically increases at the
M point as the temperature is lowered toward the
transition temperature, whereas the phonon side
peak stays essentially unchanged throughout the
temperature region of T,+5 'K& T& T,+80'K. It
has been previously observed by x-ray scatter-
ing"' ' and double-axis-type neutron measure-
ment that the diffuse scattering around M point
show the critical behavior. It has now been con-
firmed that the critical scattering is quasielastic
and no critical softening of the phonon branch takes
place in the vicinity of the transition temperature.

%Ye have tried to observe the temperature de-
pendence as well as the k dependence of the line
widths of the quasielastic peak and the phonon
peaks. The observed width of the quasielastic com-
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FIG. 4. %ave-number dependence of the scattered
neutron spectra observed along the t'Of f] line around the
(3, 0, 03 reciprocal lattice point. The incoherent back-
ground is subtracted.
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maximum value at the M point. As will be dis-
cussed later, part of the broadening is considered
to be due to the coupling of this mode with the spin
system. For comparison, the width of TA& phonon
at the M point was also observed, the result being
included in Fig. 10. The width of the TA2 branch
did not show any appreciable temperature depen-
dence even in the critical region of the phase tran-
sition. (See Fig. 6. )

FIG. 5. Quasielastic component observed along sev-
eral symmetric directions. The open circles plotted in
the region of 0. 1 & f & 0. 25 are the data obtained scanning
directly through the [0)&] line. The solid circles in the
same region correspond to the data obtained by scanning
through (-0.04, &, g), as is illustrated in the inserted
figure. The solid curve is the theoretical one calculated
with Eq. (13). The values of g(k), J(k) and (d(k), given
in Ref. 19 are utilized for the calculation. The calculated
value is normalized to the observed one at the M point.

The critical dynamical behavior of the pseudo-
spin phonon coupled system was recently studied
by Yamadaet al. ~ Starting from the same Ham-
iltonian as is given in Eq. (l), they have given ex-
plicit expressions for correlation functions,
$„(K,&d), Q,o(k, &o) and It oo(k, Id), which represent
the spin-spin correlation, the spin-phonon correla-
tion, and the phonon-phonon correlation, respec-
tively. Since neutrons are sensitive to both the
movement of ND4' groups and Br ions, the scat-
tering cross section from ND48r is expressed in
terms of these three correlation functions.

We proceed to find the expressions for the neu-
tron scattering cross sections based on these ex-
pressions for the correlation functions. The neu-
tron-scattering cross section is expressed as the
Fourier transformed correlation function of time-
dependent structure factors

kl a
(F(R, t)F (-R, O))e-'"dt

dgd(g) k
(2)

where K is the scattering vector, R-k, and k and
k' are the absolute values of incident wave vector,
k, and scattered wave vector, k', respectively.
The time dependence of the structure factor is due
to the flipping motion of ND4' groups, as well as
the displacement of ND4' ions as a unit and that of
Br ions. Therefore, the structure factor is given
as follows:

F(R, t) = Z FIIn (R)e'"'I+itIF„n (K) QoI(t)e'"'I+iF„n (R) Q R ~ Z; „n (t)e'" I+ QFa, (R)e'" 'I
f

+iba, ZR ~ &I a,(t)e'""'

Here, Z,. „z, (t) and ZI a, (t) are the displacement of
4

the ND4' group as a unit and the Br ion from their
equilibrium position in the ith unit cell. F„n (K)
and &F»4(R) corresponds to the symmetric and
antisymmetric part of the static structure factor
of ND4' ion at its equilibrium position, which are
given explicitly as follows:

factors and p is the N-D bond length. Fa, (K) is the
static structure factor of the Br ion given by

ae

Fa„(K) = ha, ezx'os'

with b~, the scattering amplitude of bromine nucle-
us. It is convenient to introduce Fourier trans-
formed coordinates o(Q and Q(R) as follows:

PFaz), (K) = bN+4bn«»K, ~ cosK„—cosK, —,3 3
(4) o, (t) =~ g a (k, t)e'~'I (6)

&F„n4(K) = —4IIn sinK„p sinK —sinK"43 v'3 '

(6)

1 V„,(k)
u N "„2v~mn

Here b„and bD are the scattering amplitudes of
nitrogen and deuterium including the Debye-Wailer x{Q(k, t)e' "I+Q~((z, t)e' 'I i
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x(q(%, f)e""4+q0(R, f)e-"'4} (8)

where e„D (k) and eB,(k) are the polarization vectors
of the NO4'group and the Br ion belonging to the

TA~ branch. The displacement due to the excita-
tion of other phonon branches is neglected, as we
are interested in the coupling between this partic-
ular mode and the pseudospin coordinate. The neu-
tron-scattering cross section due to fluctuations of
atoms is given in terms of the three correlation
functions, Q„, Qz, and Q, as follows:

d~ k''
(~F„,,(K)}'y..(k)~)+ F„„(K) &

"" +F„(K) &" y«(k, ~)"'4
mND4 m Qp

- K ~ eND4(t4) — K ~ eB,(f) - K ~ eND, (k)
+ &FND (K) F„D4(K) g +FB,(K) ~

' po, ({4,(o) + &FND4(K) F„D4(K)
m gD4 m~, 4 4 m ND4

I

+ Fg, (K) &
" y.,(k, ~), (9)

m Qzs

where K=K„+k. Referring to Eqs. (15), (16), and (17) in Ref. 23, the above expression is rewritten in a
more convenient form:

{K) (F (K)
K ~ eND4(k) F (K)

K ~ esr(k) (00(k)g(k) '
(„- )ND4

~
ND4 fm Br gm +0 +0(Q rr q + ~ (io)

The expression of p„(k, &0) has been given in Ref.
(g3) as follows:

2yk~T
~*+y*(~BT—&(8+(~O(Sg'(8/[~'- ~0(&)]/)'

d~o )
M{d]j

{K)—F {K)KQ ~ e {kQ} g
ND4 0 Br Q

&& $„(kQ, 0) (13)

y = I/IQBTrQ (12)

Hereafter, we refer to y by introducing the dimen-
sionless parameter y, defined by

y, =- Sy

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

A. Quasielastic scattering

In Eq. (10), we note that the cross section at
k = kQ

=- (-,', 0, 0) and to = 0 is given by

The k dependence of J(Q, g (k), and +0(K) are al-
ready given in Ref. 19. Therefore, the above for-
mulas give explicitly the wave-number dependence
and the temperature dependence of the neutron
scattering cross section, leaving the only param-
eter y to be fixed by comparison with experimental
results. The parameter y is related to the relaxa-
tion time vo of the flipping of an "independent" spin
(that is, the relaxation time of the flipping of indi-
vidual Spin when there are no interactions between
other spine as well as phonons) by the relation

where KQ= K„+k . Here we have used the fact that

e ND4 {k0)

for this particular phonon branch. On the other
hand, the equilibrium displacement of the Br ion
in the ordered phase (yphase} is given by'0

e„(k0) g(kQ)
V'm „~0(RQ)

Therefore, Eq. (12) is rewritten

d'o &

=
~
F„(K,)

~

' y..(k00)
dQd(vi). „"

(i8)

that is, the cross section of the elastic component
of the critical scattering at the M point is propor-
tional to the static structure factor of the super-lat-
tice reflection appearing in the y phase. In Fig. 7,
the quasielastic scattering cross sections at vari-
ous M points observed at 220 'K are compared with
the calculated value using Eq. (16) and the equilib-
rium displacement of the Br ion observed at
T =195 K. s As the temperature factors included
in F„(KQ), we have used the values given by Levy and
and Peterson: B„=1.7 AQ, BB, = 1.7 AQ, and BD
= 2. 5 A .6 The agreement indicates the validity of
the model and it implies that the quasielastic com-



DYNAMICAL CRITICAL PHENOMENA IN ND4Br 4435

800—

400—

~ FXP.
THEOR

T=295OK

I I I I I I I

(3.0,0.5, 0.5) 400

—200

values of J(k), g~(k), and vo(k) are taken from
Ref. 19. No adjustable parameters are included
except that it is normalized at the M point to the
observed intensity.

E
CU

C3

&-" 800
Vl

z 400—

T= 235'K

E
0
O

400 &=

Z'
UJ

200 ~

0
I-

4
LLI
lK

I-
I 800—

T= 223' K

O
KI-

Z
Cl

4J400 I-

400— —200

0 -I -2 -3 -4 -5 -6 -7 -8 -9 -IO
NEUTRON ENERGY LOSS (meV)

ponent is due to coupled motion of the ND4' ions
and the Br ions that move in the phase relation ex-
plained in Fig. 8.

Furthermore, in Eq. (11) we notice that

FIG. 6. Temperature dependence of the scattered neu-
tron spectra observed at (3, 2, 2) (M point). The incoher-
ent background is subtracted. Solid curves are the the-
oretical ones calculated with Eq. (10) taki6g &,=0.016.
The calculated value is normalized at v = 0 of the spec-
trum obtained at T=235'K.

B. Spectra of scattered neutrons: Wave-vector dependence

In the preceding section, it has been demon-
strated that the central component of the scattered
neutron spectra is due to the correlated mode of
the flipping of the ND4' ions and the shift of the Br
ions. On the other hand, we have also observed
a well-defined TA, phonon branch at the M point,
whose eigenvector exactly corresponds to the spon-
taneous displacement of the Br ion in the static
structure in the y phase. These facts mean that the
spectrum of the displacement-displacement corre-
lation of the Br ion shows a "triple-peak" struc-
ture. Therefore, the dynamical process concern-
ing pseudospins and phonons in ND4Br must cer-
tainly be understood as belonging to the "slow-re-
laxation" ca.se shown in Fig. 1(a). The criterion of
"slow relaxation" is given by T p «cop.

In order to present a more quantitative argument,
we use Eqs. (10) and (11) and try to directly com-
pare the observed spectra of the scattered neutrons
with the theoretical values. The expression of Eq.
(11) contains only one parameter y which is related
to ~o by Eq. (12). To determine this parameter,
we proceed as follows. In the slow-relaxation case,
the parameter y is expected to be determined by

I I I I I I I I I

2k~ T

y [u, z'- z.„(R)]'
x IO

-+- EXP.~ THEORY

~12(k, 0) (18)

J,«(k) = J(k)+g (k) (19)

Here 1(k, 0) is the static staggered susceptibility
describing the response of pseudospin to the ap-
plied fictitious "field" with wave vector k. In Ref.
19, it is emphasized that it is essential to have two
local maxima at the I point and the M point in J,ff
(k) in order to explain two successive phase transi-
tions in this substance. It is also pointed out that
J,«(k) will be strongly anisotropic around the M
point and will show a "ridge" along the [Off] di-
rection. Since the quasielastic component is pro-
portional to P„(k, 0), it should reflect these char-
acteristics of J,«(k). The observed k dependence
of the quasielastic component does show the pre-
dicted feature. In Fig. 4, we give the observed
quasielastic component around the (3, 0, 0) recip-
rocal lattice point along with the theoretical curve
as calculated with Eq. (13). In the calculation, the
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FIG. 7. Comparison of the observed relative and the-
oretical intensities calculated with Eq. (16) at variousI points. The dynamical structure factor is calculated
based on the static structure in the low-temperature
phase given by Levy and Peterson (Ref. 6). The Debye-
Waller factors given by them are utilized. The calculated
values is normalized to the observed value at (3, 2, 2).
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ND+ Br

N

FIG. 8. "Mode" of the coupled relaxational motion of
ND4' and Br . Neighboring Br ions tend to move towards
deuterium following the flipping motion of ND4+ ions.

the line width of the central peak and that of the
side peaks. However, the observed width of the
central component was within the limit of instru-
mental resolution even at 295'K and did not allow
any accurate estimation of the instrinsic width.
Moreover, the width of the side peaks includes the
broadening due to origins other than the spin-pho-
non coupling. Under these circumstances, we can
only set an upper limit on the value of y. We es-

timated the instrumental resolution function fol-
lowing the method developed by Cooper and Na-
thans. ' It was then folded to the calculated spec-
trum around the central peak to compare with the
observed line shape. From the condition that the
folded line shape agrees with the observed one
within the estimated experimental errors, we put
the upper limit of the value of y as y, & 0. 016 at
room temperature. This corresponds to taking the
relaxation time as wo& 1.3&10 ' sec. With this
limiting value of y, the scattered cross sections
at arbitrary wave numbers are calculated with Eq.
(10). The result of the calculation at T= 295'K is
summarized in Fig. 9(b), and the corresponding
observed spectra are depicted in Fig. 9(a). Al-
though we can not yet directly compare these
curves because of the instrumental resolution in-
volved in the observed values, the general agree-
ment b'etween observed and calculated spectra are
obvious. Furthermore, we plot the k dependence
of the linewidth (FWHM) of the side peak obtained
from the calculated spectra and compare with the
observed linewidths. On carrying out this com-
parison, the observed linewidths are corrected for
the instrumental resolution by assuming that the
dispersion surface is planar in the region where
neutron probe has finite contribution. The cor-
rected values are also included in Fig. 10. No
definite conclusion can be derived from the com-
parison of the curve with the experimental points,
since the latter includes extra broadening due to
phonon-phonon interaction etc. In order to esti-
mate the broadening due to other origins, the line
width of the TA& branch, which does not couple with
the spin by the crystal symmetry was also studied.
After correction for the instrumental resolution,
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(5.0, g, ( ) T = 295 'K

EXPERIMENTAL
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FIG. 9. Wave-number dependence of the neutron spectra along the [0&+ line. Case (a) represents the experimental
curves after smoothing out the data points. Case (b) is the corresponding calculated curves for y, =0.016. The calcu-
lated curves are not folded to the resolution functions.
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the width is estimated to be 0. 7 meV at the zone
boundary. Using this value for the intrinsic back-
ground width (i.e. , due to other than spin-phonon
coupling) of the TQ branch, the calculated spin-
phonon contribution to the linewidth is correct to
within a factor of 2 and displays the correct quali-
tative behavior.

C. Spectra of scattered neutrons: Temperature dependence

(&O f |', ) T= 295K
THEORY

EXP. (0~CORRECTED TAp)
EXP. (CORRECTED TAp)

8 EXP (CORRECTED TA~)

O. l 0,2 0.3
WAVE NUMBER (f )

I

op

FIG. 10 Llnewldth of the neutron spectra due to pho-
non excitations observed along the [0&&] line. The TA2
branch includes the effect; of broadening due to spin-pho-
non coupling, vrhereas the TA& branch does not; couple with
the spin. system. The dotted line is the estimated width
due to spin-phonon coupling in the TA2 branch. Solid tri-
angles are the direct observations, and solid circles are
the data obtained after the corrections for instrumental
re solution.

In Fig. 6, it is clearly shown that, no softening
nor broadening of the TA, -phonon side peak takes
place when the temperature is lowered towards the
critical temperature. It even shows a small amount
of stiffening as normally observed in ordinary ion-
ic crystals. Qn the other hand, the intensity of the
central component increases critically in the vi-
cinity of the transition temperature. The critical
scattering previously observed by x-ray scatter-
ing" ' and double axis neutron scattering' is large-
ly this quasielastic component, Gn observing Fig.
1, one can see the above stated characteristics of
the temperature dependence of the spectra are also
consistent with the case of "slow relaxation. "

%e have calculated the temperature dependence
of the neutron scattering cross sections at (3—', &)

with Eg. (10), where the value of y is taken as y,

= 0. 016. The calculated curves are then folded with
the resolution function for the direct comparison
with the observed spectra. The results are shown
in Fig. 6 by the solid curves together with the ob-
served points. The calculated curves are normal-
ized to the observed value at the single point v = 0
and 7.'= 235'K. It is seen that the calculated phonon
peaks are considerably narrower than the observed
peaks, for the reason which has been discussed in
the preceding section. Except for this point, the
agreement between the calculated spectra and the
observed ones are satisfactory. Especially the
principal characteristics-namely, no softening nor
broadening of phonon peaks takes place, and the
critical enchancement of fluctuations occurs in the
central component-are reproduced in the calculated
patterns.

V. CONCLUSIONS AND DISCUSSIONS

From the dynamical structure factors observed
at various M points, we clearly see that part of the
displacement of the Br ion follows the reorienta-
tional motion of the ND4 ion, This motion is char-
acterized as the relaxational motion with relaxation
time much longer than the characteristic period of
vibration of phonon mode. In addition to the relaxa-
tion mode, there exists a well-defined TA2 phonon
mode at the [110]zone boundary whose polarization
vector exactly corresponds to the static structure
in the lower-temperature phase. However, the
softening of the "condensing" phonon mode does
not take place in this substance. Instead, the crit-
ical enhancement of the fluctuations of the displace-
ment of the Br ions is mainly associated with the
relaxational part. From these features we con-
clude that the ND48r system falls into the category
of the "slow-relaxation" case discussed in Ref.
23.

The theory predicts that the dynamical coupling
between spins and phonons will give rise to broad-
ening of the spectra. In the case of ND48r, how-
ever, we could only set a limiting value to the flip-
ping frequency due to experimental limitations.
The result gives that the relaxation time of an "in-
dependent" spin vo is longer than 1.3&&10"' sec.
The effective relaxation time of a spin fluctuation
should show a critical slowing-down effect due to
interactions between spins and phonons, In Ref.
23, it has been shown that the relaxation time of
the spin fluctuation with wave vector ko is given by

Even at room temperatures 7'(go) ls estimated as
longer than 0. 48&10""sec, which means that the
flipping frequency of spins is about 0. 020 of the
characteristic frequency of the TA~ branch at the
[110]zone boundary.
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Therefore, for the high-frequency phonons, the
relaxational fluctuations can be simply considered
as static disturbance, by which the equilibrium
positions of the Br ions are displaced from the
high-symmetry site. Recently, Sokoloff and Love-
luck treated the phonon system in ammonium ha-
lides in particular reference to Raman scattering
and neutron scattering effects based on the assump-
tion of static random orientations of ammonium
ions. As far as the behavior of the optical phonons
and the zone-boundary phonons are concerned, his
model seems to be completely valid in the tempera-
ture region less than room temperature.

On the other hand, for the low-frequency phe-
nomena such as NMR spectra, the pseudospin fluc-
tuations will give rise to a motional narrowing ef-
fect. The observed proton and bromine NMR spec-
tra' ' of ammonium halides in the P phase show
narrowing due to flipping of ammonium ions. From
the observed spin-lattice relaxation time, Gutowsky
et al. ' deduced the relaxation time of the flipping
at room temperature as v= 5. 4x10" sec, which is
consistent with our limiting value of v(po)

——0. 48
&&10 "sec, althoughwe can not directly compare
these values because the neutron observes the re-
laxation process with a particular k value.

It has been shown that the intensity of the quasi-
elastic part of the scattering cross section ob-
served along [3fg] give two maxima: one at the I'

point and the other at the M point. The relative
intensity at the M point is higher than at the I' point.
These features are consistent with the scheme of
the successive phase transitions in ND4Br as is
discussed in Ref. 19. On the other hand, in ND4Cl

it is known that the parallel ordering of pseudo-
spins develops below the critical point. Since the
general property of the interactions between spins
and phonons will be similar in both substances, we
expect that in ND4Cl the diffuse scattering along
[Ofr] will show a similar pattern, except that the
relative intensity of the I" point and the M point is
reversed in this case, i.e. , the intensity at the I'
point will be higher than that at the M point. It
would be interesting to carry out neutron-scatter-
ing experiment in ND4Cl to check this point.
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