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Order-disorder transition of ND 4Cl and NH4Cl

O. H. Seeck,* D. Hupfeld,† H. Krull, M. Tolan, and W. Press
Institut für Experimentelle und Angewandte Physik der Universita¨t Kiel, Leibnizstraße 19, D-24098 Kiel, Germany

~Received 3 November 1997; revised manuscript received 5 February 1998!

ND4Cl and NH4Cl single crystals, as model systems for orientational order-disorder phase transitions, were
investigated at atmospheric pressure with x-ray diffraction methods. NH4Cl undergoes a first-order transition
whereas for ND4Cl the transition is very close to a tricritical point~TCP!. The order parameterm(T), which
describes a low-temperature phase with ferro-ordered NH4

1 or ND4
1 tetrahedra, is obtained by analyzing the

temperature dependence of the lattice constanta. It is shown that the temperature dependence ofa strongly
modifies the critical exponentbTCP of the order parameter. In particular, the data yieldbTCP50.1660.01 in
direct neighborhood to the TCP, in good agreement with published values. The departure from the expected
mean field value (bTCP50.25) is explained by rescaling the critical temperature due to the order-parameter-
dependent lattice contraction. For ND4Cl we got quantitative results for the lattice contraction using a micro-
scopic electrostatic model. Fluctuations related to local antiferro~AF! ordering of the tetrahedra were observed,
too. Previously, AF ordering and fluctuations were only observed in NH4Br and ND4Br. The correlation length
jAF of these AF fluctuations exhibits values of 30 Å for NH4Cl and 10 Å~2–3 lattice constants! for ND4Cl.
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I. INTRODUCTION

Ammonium halides NX4Y ~with X5hydrogen or deute-
rium and Y5bromine or chlorine! are model systems fo
Ising-like orientational order-disorder transitions. Belo
room temperature the generalized phase diagram~see Fig. 1!
of the ammonium halides contains three phases: A di
dered~D! phase, a ferro~F!-ordered phase with parallel or
ented NX4

1 tetrahedra, and an antiferro~AF!-ordered phase
which only occurs in NX4Br at not too high hydrostatic pres
sure. At atmospheric pressure the transitions are of first o
with different magnitudes of the discontinuity. At high pre
sure the discontinuity vanishes and the transitions bec
second order. The point marking the transition from first
der to second order is denoted as the tricritical point~TCP!.

In the past, the phase transitions of NX4Y have been ex-
tensively investigated by many authors both, theoretica
~see, e.g., Refs. 1–3! and experimentally~see, e.g., Refs
4–10!. Many of these studies focused on the characteris
of the generalized phase diagram. The existence of two
ferently ordered phases was theoretically explained by
madaet al.and Hüller et al. in a semiquantitative manner.1,11

Though the ammonium halides seem to be well understo
there are still unsolved fundamental problems. The most
portant is the departure of the measured tricritical expone
from the expected mean field values. For example at the T
the critical exponentbTCP, which describes the order param
eter m(T) near the critical temperatureTc via m(T);(1
2T/Tc)

bTCP, is predicted to bebTCP50.25. However, values
within the intervalbTCP50.15– 0.18 were found for ND4Cl
and pressures between 0 bar and the tricritical pres
pTCP5(150615) bar. A straightforward explanation of th
difference was done in the literature by logarithmic corre
PRB 580163-1829/98/58~2!/623~10!/$15.00
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tions of the form ln1/4u12T/Tcu.
12,13 However, this effect

strongly depends on the regiont512T/Tc , which is cho-
sen for the data analysis. Close toTc the logarithmic correc-
tions should be negligible. Hence,bTCP50.25 would be still
expected. Logarithmic corrections as the only source for
observedbTCP values can be ruled out by our data. Anoth
possible explanation for the unexpectedbTCP value could be
that the TCP in fact is a multicritical point of higher orde
This seems to be unlikely for NX4Cl,14 because only two
ordered phases are known for the ammonium halides~the
aforementioned F and AF phases!, that only can lead to a
TCP.

In this paper, we suggest that the source of the discr

FIG. 1. The generalized phase diagram for ammonium halid
The thick solid lines mark the phase lines, which separate the
ordered~D!, the ferro-ordered~F!, and the antiferro-ordered~AF!
phase. The dashed lines denote the atmospheric pressure lin
each material. The arrows on the left side are the respective a
lute pressure distances between the phases.
623 © 1998 The American Physical Society
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ancy ofbTCP from the mean field value is the coupling of th
order parameter to the lattice constant. To show this we
a microscopic theory based on previously published work1,11

Though only measurements and calculations for the spe
model system ND4Cl are presented, the results may be e
tended to other systems, which show discrepancies betw
expected and observed tricritical behavior.

Another open question is, if the competing interactions2 in
NX4Cl crystals lead to fluctuations of an AF-ordered pha
They may occur in the disordered as well as in the F-orde
phase. First indications of AF fluctuations in NH4Cl were
published by Couziet al.15 Our synchrotron x-ray measure
ments clearly prove the presence of AF fluctuations
ND4Cl and NH4Cl which were recorded over a wide tem
perature range for the two materials.

II. GENERAL ASPECTS OF N X4Y

At room temperature ammonium halides NX4Y crystallize
in a simple cubic CsCl structure with the tetrahedral NX4

1

molecules in the center and the halide ions at the corner
the unit cell. Two nonequivalent orientations of the tetrah
dra are possible, which can be identified with a spin-up~↑!
and spin-down~↓! state. At room temperature the NX4

1 tet-
rahedra are flipping independently.10 The resulting structure
~space groupPm3̄m! corresponds to a D phase~see Fig. 2,
left!.

The tetrahedral arrangement of the hydrogen ato
around the central nitrogen atom yields an octupole mom
tum as lowest order element of a multipole expansion. T
direct octupole-octupole interactionWi j between two NX4

1

tetrahedra depends on both, the orientation and the dist
r . As will be shown later,Wi j follows a 1/r 7 power law,
which favors a ferro-ordering of the NX4

1 molecules. The
F-ordered phase remains simple cubic but the point-gr
symmetry is reduced by a factor of 2~space groupP4̄3m,
see Fig. 2, center!. The order parameterm of the F phase is
defined by

m5
N↑2N↓
N↑1N↓

, ~1!

with N↑ the number of spin-up orientations andN↓ those
with spin down.

Additionally an AF phase is observed in NX4Br. For a
stabilization of the AF arrangement it is necessary to d
place the bromide ions by a valueDz along thec axis alter-

FIG. 2. Microscopic structure of the D phase~space group
Pm3̄m, left!, the F phase~space groupP4̄3m, middle!, and the AF
phase~space groupP4/nmm, right!. The light gray spheres at th
edges of the cubes mark the halide ions; in the center is the nitro
atom. The dark spheres are the hydrogen atoms. In the image o
AF phase the H/D positions are identified by the numbers 1–8~see
text!. Note that the shifts of the halide ions are exaggerated~in
reality it is only 3% of the lattice parameter!.
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nately in positive and negative direction. The resulti
change of the internal energy isW2;Dz/r 5.16 The displace-
ment of the bromide ions in conjunction with the AF orde
ing of the NX4

1 tetrahedra leads to a tetragonal unit c
~space groupP4/nmm; see Fig. 2, right!.

The existence of two different ordered phases can be
plained by introducing competing interactions.11 Roughly
speaking, large values ofDz together with large lattice con
stantsa favor the AF phase.Dz is restricted by the hard
cores of the electron shells of the halide ions and by
polarizability ap, ion2,17 the lattice constant is determined b
the radius of the Cl2 or Br2 ion.18 Because of the highe
polarizability and the larger radius of the Br2 ion, the AF
phase is preferred in NX4Br at atmospheric pressure. De
creasing the lattice constant by applying a hydrostatic p
sure of about 1500 bar the AF phase vanishes and a tra
tion to the F phase or the D phase is observed1 ~see Fig. 1!.

For all ammonium halides a TCP is reached by apply
hydrostatic pressure. This common feature opens the po
bility to draw a generalized phase diagram, with differe
atmospheric pressure lines for different NX4Y compounds
~see Fig. 1!. To reach the TCP a pressure of 3250 bar
needed for NH4Br, 1500 bar for NH4Cl and only 150 bar for
ND4Cl.7,13,19These values can be used to determine the
tancepD from the atmospheric pressure lines of the amm
nium chlorides NX4Cl to the AF phase~see Fig. 1!.

In accordance with the fact that long-range AF order
not observed in NX4Cl, pD is negative. The generalize
phase diagram in Fig. 1 yieldspD'2250 bar for NH4Cl and
pD'21600 bar for ND4Cl near the transition temperature
Thus, at atmospheric pressure NH4Cl is expected to be in the
direct neighborhood of the AF phase and strong AF fluct
tions may appear close toTc . In contrast, ND4Cl is expected
to show considerably weaker AF fluctuations.

It should be mentioned, that the AF fluctuations in NX4Cl
are noncritical and do not yield the critical exponentsg and
n of the susceptibility and the correlation length, respe
tively. They only can be observed by investigating the
ordered fluctuations.

III. MICROSCOPIC THEORY

In the previous section qualitative arguments for the ex
tence of two differently ordered phases in ammonium hali
were given. The key point is that a direct octupole-octup
interaction between the NX4

1 tetrahedra favors an F phas
whereas an indirect coupling~via a displacement of the ha
lide ions! leads to the AF phase. A microscopic theory of t
latter was given by Yamadaet al.1 and Hüller et al.11 Not
considered yet is a coupling of the order parameter with
lattice.

In what follows it will be discussed how the critical be
havior is altered by a coupling of the order parameter w
the lattice of the crystal. We start with a simple qualitati
argument based on an interaction energyWi j , that depends
on the distancer between the particlesi and j in the mate-
rial. This energy is responsible for the ordering process
is assumed to have the formWi j (r )5ci j /r n. The average
over the crystal, i.e.,W5^Wi j &, is obviously temperature
dependent:W vanishes in the disordered phase because

en
the



p

d

r
by
k-

th
t
as
ed
a

t

s
st
-

s
ca
s

th
a-

y

n
o

io
o

sit
s

th
u
u
ro
y-
v-
th

le

n-
is

l is
di-
by

lei

n-

le
dra.

f

d

k

PRB 58 625ORDER-DISORDER TRANSITION OF ND4Cl AND NH4Cl
theci j compensate each other. In the ordered phase a de
dence on the temperature~thus on the order parameterm@T#!
is seen, i.e.,W(r ,m@T#)5C(m@T#)/r n. This potential has to
be added to the common crystal potentialE(r ) of the disor-
dered phase, which may be in the simplest case a van
Waals or an ionic one. The complete crystal potential now
a function ofm(T). This results in a coupling of the orde
parameter with the equilibrium lattice constant given
E(r ) andW(r ,m@T#). The coupling has in general a remar
able effect on the phase transition. AsW(r ) is no longer
independent of the temperature, and thus onm(T), a modi-
fied critical behavior is expected. The effect depends on
actual form ofW andm(T). After this qualitative treatmen
now a quantitative consideration follows for the special c
of ND4Cl where it will be shown that the abovemention
coupling is not negligible and leads to a modified critic
behavior.

To calculate the coupling ofm(T) to the lattice constan
a(T) the interactions between the halide and the NX4

1 ions
have to be considered in more detail. We restrict ourselve
electrostatic interactions. Therefore the charge density di
bution %NX

4
1(r ) of an NX4

1 group has to be taken into ac

count. It is a combination of the shell with ten electron
which can be written as an expansion of spheri
harmonics,20 and the nuclei of hydrogen and nitrogen atom
which are approximated byd functions. The positions of the
d functions and the expansion coefficients depend on
orientation of the NX4

1 molecules and thus on the order p
rameterm(T).

The interaction energyWmn between two charge densit
distributions %m(r ) and %n(r ) is given by Wmn
5*Um(r )%n(r )d3r with the potential Um(r )5*%m(r 8)/
ur2r 8ud3r 8. In most cases the exact electron density%m is
too complex for further calculations. Thus approximatio
have to be found which take into account the symmetry
the molecules and the basic characteristics of the interact
while neglecting details which are expected to be of min
importance for the phase transition. Here the den
%NX

4
1 ,e2(r ) of the NX4

1 group with its ten electrons wa

simplified by introducing five different shells, each wi
spherical symmetry, at the positions of the nuclei. In o
approximation the sphere around the nitrogen atom is b
up by seven electrons. This means, that only three elect
are left for four ‘‘hydrogen shells.’’ Hence each single h
drogen shell contains34 of an electron, because the time a
erage of the electron density has to be considered, rather
actual locations of single electrons. In calculatingWmn it
may be easily verified, that it is equivalent to used functions
instead of the shells with spherical symmetry. Thus the e
tron density is replaced by

%NX
4
1 ,e2~r !'5 27ed~r !2

3

4
e(

n51

4

d~r2Rn! :spin↑,

27ed~r !2
3

4
e(

n55

8

d~r2Rn! :spin↓,

~2!

for the spin-up~↑! and the spin-down~↓! orientation of the
NX4

1 molecule, respectively. The positions ofRn with n
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51–8 are shown in Fig. 2; the mean value ofuRnu is the
distance N↔X. The value of N↔D is expected to be
slightly less than N↔H. Within error neutron diffraction
measurements revealRn5(1.03060.005) Å for both deute-
rium and hydrogen.21

Of course the simplification of the electron density is co
nected with an error in the further calculations. This error
difficult to estimate. However, as shown below, the mode
able to explain our data within the experimental errors in
cating that the assumption of the electron density given
Eq. ~2! is quite reasonable.

The contribution to the charge density from the nuc
%NX

4
1 ,nuc(r ) may be calculated similarly to Eq.~2!. Thus the

total charge density%NX
4
1(r )5%NX

4
1 ,nuc(r )1%NX

4
1 ,e2(r ) is

given by

%NX
4
1~r !'5 q(

n51

4

d~r2Rn! :spin↑,

q(
n55

8

d~r2Rn! :spin↓,
~3!

with q51e/4. With this expression one may obtain the i
teraction energyWTT6 in terms of multipole-multipole inter-
actions. For two NX4

1 tetrahedra with parallel~2! or anti-
parallel ~1! orientation one gets

WTT65
4q2

pe0

1

a H 12
7

9 FRn

a G2

1w6FRn

a G6

111FRn

a G8

1OS FRn

a G10D J , ~4!

with w252 26
9 and w151 34

9 , respectively, and the lattice
constanta. For the special case of ND4Cl, the error neglect-
ing powers of higher order than 10~the ninth order will not
appear! is of about 0.5% ofWTT6 . Only the term propor-
tional to 1/a7 in Eq. ~4!, which describes octupole-octupo
interactions, depends on the orientation of the tetrahe
Since the order parameter is defined asm(T)5(N↑
2N↓)/(N↑1N↓) the resultingm(T)-dependent part of the
interaction energyW@q,m(T)# is a certain combination o
WTT2 and WTT1 . HenceWTT2 has to be weighed by a
factor (11m)/2 andWTT1 by (12m)/2. A detailed calcu-
lation including all neighbors of a NX4

1 tetrahedron yields

W@q,m~T!#'261q2@m~T!#2
Rn

6

pe0a7 . ~5!

for the F-ordered phase.16

To calculate the coupling ofm(T) with the lattice con-
stanta(T) a mean-field-like ionic potential for the disordere
phase

E~r !52
e2aCsCl

4pe0r
1

C

r n , ~6!

is chosen, with the Madelung sumaCsCl and the distancer
5a)/2. The exponentn can be calculated from the bul
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FIG. 3. Log10-log10 representations of the order parameterm(T) for bTCP50.25. In the left part the standard linear modelutu1/4 is
compared with a model that includes logarithmic corrections. In the center image the effect of the rescaled critical temperatureTX is shown.
The solid line is based on the implicit form Eq.~9!, the dashed line includes the approximation, which is mentioned in the text. The
representation shows that the implicit form of Eq.~9! is almost equivalent to the standard first-order Landau theory.
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modulus B and the lattice constanta0 at the transition
temperature.22 For NX4Cl the values n58.47, B
517.4 GPa,23 and a053.87 Å are given. The constantC
follows from the condition (dE/dr)ua0)/250. To describe
the F-ordered phase the potential given by Eq.~6! is gener-
alized by including the order-parameter-dependent te
W@q,m(T)#. This leads toẼ@r ,m(T)#5E(r )1W@q,m(T)#
and, via minimizing, to a modified equilibrium distanc
ã(T)5a02Da(T) with

Da~T!5
2562q2Rn

6a0@m~T!#2

)e2~n21!a0
6aCsCl215372q2@m~T!#2Rn

6
.

For NX4Cl this can be approximated by

Da~T!'
2562q2Rn

6

)e2~n21!a0
5aCsCl

@m~T!#2'@m~T!#230.01 Å.

~7!

Thus the coupling of the order parameter with the contr
tion Da(T) is different from the usual linear thermal contra
tion. In a completely F-ordered state~i.e., m[1! this con-
traction is expected to be on the order of 0.01 Å compare
the lattice constant of a disordered structure.

Using symmetry arguments Salje24 found for a transition
Pm3̄m→P4̄3m

e1~T!5@a~T!2a0~T!#/a0~T!;@m~T!#2, ~8!

where e1 is the only independent component of the cub
spontaneous strain tensorē. This result is equivalent to Eq
~7!, if the temperature dependence of the D-phase lattice c
stanta0(T) is assumed to be weak. For the special case
ND4Cl this is true „a0(T)5@3.80860.002# Å $11@5.44
60.02#31025 K21 T%….

The maximum value ofDa'0.01 Å for m[1 ~i.e., T
50 K! corresponds to a change of 1.8% for the interact
energy W@q,m(T)#. This has a remarkable effect on th
phase transition behavior itself, becauseW@q,m(T)# in-
creases forT→0 K and a ‘‘self-amplification’’ of the order-
m

-

to

n-
of

n

ing effect may be obtained. Therefore, for ND4Cl the typical
critical behavior of the order parameterm(T);(1
2T/Tc)

bTCF nearTc is not observed. It is possible to obta
the modified form ofm(T) by rescalingTc : In mean field
approximation the critical temperatureTc is proportional to
W@q,m(T)#; thus for NX4Cl the rescaled critical tempera
ture Tx may be written as

Tx5TcS 12
Da~T!

a0
D 27

'Tc~12«@m~T!#2!27,

with «'0.01 Å/3.86 Å'0.0026@see Eq.~7!#. Then the or-
der parameter follows

m~T!5~12T/Tx!
bTCP'F12

T

Tc
~12«@m~T!#2!7GbTCP

.

~9!

Equation~9! is an implicit expression for the functionm(T),
which can in general only be solved numerically. The sha
of m(T) is very similar to that of the order parameter give
by the standard Landau theory for first-order transitions

m~T!;A11A Tc↑2T

Tc↑2Tc↓

and Tc↑ and Tc↓ being the transition temperatures for in
creasing and decreasing temperature, respectively.25 This is
illustrated in Fig. 3. AtTc the solution of Eq.~9! is

m~Tc!5«bTCP/~122bTCP!

In the case ofbTCP50.25 the discontinuity of the lattice
parameter would beDa(Tc)'1.831024 Å for NX4Cl. A
comparison to the first order Landau theory would yield
thermal hysteresis of aboutDT5Tc↑2Tc↓'0.043 K. These
two values can hardly be observed in experiments. For
setup the error in determiningDa(T) was on the order of
1024 Å and that for the temperature was 0.01 K~see Sec.
IV !.

The effect of the modified critical behavior close toTc ,
which is due to the lattice parameter contraction, may o
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be relevant for tricritical behavior~or multicritical of higher
order! in most cases. Ordinary Ising-like continuous tran
tions yield an exponentb50.325. For this value, the discon
tinuity directly atTc decreases rapidly~in our example,Da
'0.05831024 Å !. Thus, for ordinary continuous transition
the effect of the order-parameter-dependent lattice param
change can be neglected.

Instead of introducing the abovementioned small fir
order component by directly solving Eq.~9!, the discontinu-
ity may be avoided by replacing the term@m(T)#2 by the
expected behaviorutu2bTCP, thus

m~T!'F12
T

Tc
S 12«U12

T

Tc
U2bTCPD 7GbTCP

. ~10!

With this approximation the transition remains continuous
it is shown in Fig. 3.

As already mentioned in the Introduction for tricritic
transitions additional logarithmic corrections have to
taken into account.12 They are included by multiplying Eq
~9! or Eq. ~10!, respectively, with the factor

@ lnu12T/Txu#1/4. ~11!

For the special case ofbTCP50.25 the effects of the rescale
critical temperature, the logarithmic corrections, and
first-order components on the critical behavior ofm(T) are
shown in Fig. 3.

IV. SAMPLES, EXPERIMENTAL SETUP,
AND DATA ANALYSIS

Single crystals of NH4Cl and ND4Cl were used for the
investigations. The NH4Cl samples were grown by Haussu¨hl,
University of Köln, Germany. They are mosaic crystals, co
sisting of crystallites of about 2500 Å diameter. This info
mation was extracted from the full width at half maxim
~FWHM! of Bragg reflections. The angular distribution
the crystallites~mosaicity! is about 0.3°. The ND4Cl samples
are from Brockhouse, Collins, and Garrett, McMaster U
versity, Canada. They are approximately 98% deutera
The size of the crystallites is about 10 000 Å with a mosa
ity of 0.035°. This was again deduced from the width
Bragg reflections.

X-ray scattering methods are used to measure the t
perature dependence of the lattice parametera(T) and the
AF fluctuations. The investigations were carried out at tri
axis diffractometers. Thea(T) data were taken at a rotatin
anode laboratory source~Siemens XP18! with a position sen-
sitive detector~Braun PSD-50M! and the measurements o
the AF fluctuations were done at a synchrotron radiat
source~ROEWI at HASYLAB!. The samples were mounte
in a HV chamber (p,1028 mbar). A He-closed cycle cry
ostat ~Leybold RW4000! with a heating and a PID
temperature controller~Lakeshore 330! were used to adjus
the temperature in the range ofT5200– 300 K with an ac-
curacy of DT560.01 K corresponding to a range ofutu
51024.3– 1021 with the reduced temperaturet5(T
2Tc)/Tc .

In general, the order parameter of NX4Y may be directly
observed by measuring the intensity changeI (q,T) of Bragg
reflections. This is simple for the AF phase of NX4Br be-
-

ter

-

s

e

-

-
d.
-
f

-

e

n

cause the ordering mode leads to superlattice reflections.26 In
the high-temperature phaseI (q,T) is zero, while in the low-
temperature AF phase a dependenceI (q,T);@m(T)#2 is
found.27 The information about the AF fluctuations in NX4Y
is also located at the superlattice positions where diffus
scattered intensity can be observed.

In the F phase the size of the unit cell remains unchan
compared to the D phase. The only difference is that
NX4

1 tetrahedra order, which causes a change in the elec
density of the hydrogen shell. Thus, an observation ofm(T)
via intensity changes of Bragg reflections is almost imp
sible with x-ray scattering~less then 2% of the pea
intensity28!. However, the coupling ofm(T) to the lattice
parameter can be observed with high accuracy: The cont
tion Da(T)'@m(T)#230.01 Å @see Eq.~7!# is equivalent to
a maximum shift of 0.27° in the scattering anglef, given by
lAh21k21 l 252a sin(f/2), depending on the Miller indi-
cesh, k, l , and the wavelengthl of the used radiation~for
this examplel51.54056 Å!. The errors in determining the
relative peak positions were estimated to be 0.002°~the
Bragg reflections have a FWHM of about 0.05°!. This leads
to an accuracy of 1024 Å for the changeDa(T) of the lattice
parametera(T). We note here, that theabsolutevalues of
a(T) are only known with an accuracy of about 0.002
Since onlyDa(T) is of interest, this is no limitation for the
data analysis.

To obtain the positions of the Bragg reflections with hi
precision the full temperature-dependent data series
taken ~about 50–60 scans at different temperatures for
hkl reflection! and modeled with a Gaussian shape for ea
peak. As free parameters the intensities and positions w
refined while taking the same FWHM for each data serie

Fluctuations of the AF phase lead to diffusely scatte
intensity at the superlattice peak positions (h,k/2,l /2) of the
cubic cell. The observed intensity inq space may be de
scribed by a Lorentzian

I diff;~11q2jAF
2 !21

if one assumes an Ornstein-Zernicke-like behavior.jAF is the
correlation length of the AF fluctuations,29 which can be ob-
tained from the angular width by

jAF5
l

psFWHM cos~f0/2!
.

Heref0 is the center of mass andsFWHM is the FWHM of
the diffuse peak at the superlattice positions.

V. STUDIES OF THE STRAIN IN ND 4Cl

To investigate the coupling of the order parameter w
the lattice constant a system with a continuous phase tra
tion may be chosen. This means universal behavior neaTc
in the form of a power lawm(T);u12T/Tcub5utub. Devia-
tions from this law can be accounted for particular propert
of the system@e.g., the rescaling of the critical temperature
NX4Cl; see Eq.~9!#.

In a first step possible hysteresis effects were checke
NX4Cl to obtain the remnants of the first-order componen
these systems. For both materials the data are shown in
4. NH4Cl shows a clear first-order transition withT↑
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FIG. 4. Measurement~open symbols! of the hysteresis effect in NH4Cl ~left picture! and ND4Cl. The dashed lines denote the transitio
temperature. The transition of NH4Cl is of first order. For ND4Cl a small first-order component may be seen~open circles atTc!, which
depends on the thermal history and cannot be reproduced in each measurement~see open triangles!. The lines are only guides to the eye
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5(242.1360.20) K andT↓5(241.6060.20) K for increas-
ing and decreasing temperature, respectively. This mea
thermal hysteresis ofDT5T↑2T↓5(0.5360.04) K. The
difference between the errors of the absolute values andDT
are due to the properties of the temperature controller@the
accuracy in determining the absolute temperature is only
K ~Ref. 30!#. The first-order component of the transition c
also be seen as a jump of the lattice parameter ofDac↑
5(0.004560.0002)Å and Dac↓5(0.005260.0002)Å.
ND4Cl shows a different behavior. No hysteresis loop w
observed and the transition seems to be continuous wi
critical temperature ofTc5(248.8660.20) K ~see Fig. 4,
right!. In some measurements a small jump of the latt
parameter of aboutDac'(0.000560.0002)Å appears. This
may indicate the direct neighborhood of a tricritical poin
Yelon et al.13 and Garlandet al.14 got similar results with
93% deuterated samples. They observed a thermal hyste
of 0.035 K at atmospheric pressure, which vanished at p
sures of about 130–150 bar. Therefore ND4Cl is the system
to investigate the tricritical transition and deviations from t
expected behaviour because of the change in lattice pa
eter.

The temperature dependence of the lattice constan
ND4Cl has been observed for two different samples. W
measured the position of the 100, 310, 320, and 311 refl
tions of one sample with increasing temperature. For the
ond sample only the 100 reflection was investigated, but
increasing and decreasing temperature to check a pos
hysteresis. A typical measurement is depicted in Fig. 5 o
linear scale. It shows the usual linear thermal contract
a0(T)5a0 K(11a thT), with a0 K5(3.807660.0018) Å and
a th5(5.43760.017)31025 K21 of the disordered phase fo
T→Tc,1 . Below Tc an additional contraction due to th
ferro-ordering of the NX4

1 tetrahedra is observed. It typicall
saturates for temperaturesT,Tc220 K (utu.0.08) with a
maximum contraction of Da5(0.011360.0005) Å for
ND4Cl and for NH4Cl as well. This value is in good agree
ment with the estimate ofDa'0.01 Å given by Eq.~7!.
Thus, for NX4Cl the simple electrostatic model using dire
octupole-octupole interactions seems to be the adeq
choice for getting quantitative results for the coupling of t
order parameter to the lattice.
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The reduced lattice constants, which for cubic crystals
equivalent to the componente1(t) of the spontaneous strai
tensorē @see Eq.~8!#, were used for the logarithmic repre
sentation of the data. The double logarithmic plot ofe1(t)
demonstrates that the data do not follow a simple power
such as

e1~t!;utu2b. ~12!

Departures are visible in the overall shape of the curv
which are bended forutu→0 as well as forutu.0.02. Both
lead to 2b50.2260.02 instead of the expected value
2bTCP50.5 for a tricritical transition, when using Eq.~12! to
fit the data~see Fig. 6!. The overallx2, which is a measure
for the deviation between all fits and the data, was found
be x250.075. Taking into account logarithmic correction
given by Eq.~11! seem to improve the fit slightly. This lead
to 2b50.3260.02 which is not much closer to 2bTCP.
However, the obtainedx250.087 is even larger but stil
comparable to the previous value. Hence no significant

FIG. 5. Temperature dependence of the lattice paramete
ND4Cl using the 310-Bragg reflection. The dashed line marksTc ,
the solid lines mark the linear thermal contraction in the hig
temperature phase and the low-temperature phase, respectively
anomalous contractionDa(T) due to the F ordering can clearly b
seen. It saturates belowT,Tc220 K at a value ofDa5(0.0113
60.0004) Å.



g
o-
r-

ne

th

e.

a

e

ce
c

als
tw

t t
en
-
be
A

, t
th
e
.

of
en-

the
ects
field
in

er

e
f

, t

n

Eq.
nsi-

-

red

PRB 58 629ORDER-DISORDER TRANSITION OF ND4Cl AND NH4Cl
provement is achieved. We also tried to get better fits usin
modified form of the logarithmic corrections with an exp
nentb instead of1

4 but without success: the logarithmic co
rections mainly influence the curvature far away fromTc and
not at the transition itself. In a next step, the data are refi
with the model of the rescaled critical temperatureTx . The
best results are yielded by the approximation, that let
transition remain continuous@see Eq.~10!#, in connection
with the logarithmic corrections~see Fig. 7!. The fit repro-
duces both the bending nearTc and the curvature fort→1. It
leads tox250.042, which is two times better than befor
For the exponent a value of 2b50.4460.02 is obtained,
which is quite close to 2bTCP. We also try to refine the dat
with the implicit form Eq. ~9!. The fit yields 2b50.43
60.03, but the curvature close toTc seems to be too larg
compared to the measurement~see Fig. 8! and thex2 only
exhibits a value of 0.108.

It should be mentioned that some systematical differen
in the measurements were observed, too. Small differen
in the up and down temperature cycles are visible and
small differences between the measurements of the
samples do exist~see Figs. 6–8!. The former may be due to
the fact, that the measurements were not exactly done a
TCP but 150 bar away. Thus a tiny first-order compon
may remain~as explained above!, which may lead to a hys
teresis effect. It is very likely that the latter effect may
caused by a slightly different deuteration of the samples.
it can be seen from the generalized phase diagram Fig. 1
degree of deuteration fixes the normal pressure lines and
influences the critical behavior. The less the degree of d
teration is, the larger the first-order component would be

FIG. 6. Temperature-dependent strain obtained from sev
Bragg reflections of ND4Cl and a refinement usingue1(t)u;utu2b.
For sample 1 the 100, 310, 311, and 320 Bragg reflections w
used for increasing temperature, for sample 2 the 100 reflection
increasing and decreasing temperature. It can be seen clearly
for low temperatures (utu→1) and for T→Tc (utu→0) a simple
power-law behavior cannot explain the data. Error bars are o
shown if they exceed the symbol size.
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For the analysis all available data were used. This
course leads to relatively large error bars of the above m
tioned bTCP values, which are calculated from thebTCP of
each curve using statistics. On the other hand, however,
data and the analysis is more reliable and the general eff
such as the bending of the curves and the non-mean-
bTCP are more pronounced since they are clearly visible
all measurements.
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FIG. 7. The temperature-dependent strain of ND4Cl and a re-
finement using logarithmic corrections and the approximation
~10!, which does not change the continuous character of the tra
tion. This fit yields the best results~see text!.

FIG. 8. The data set of ND4Cl and a refinement using logarith
mic corrections and the complete implicit form given by Eq.~9!.
The predicted first-order jump is somewhat too strong compa
with the measurements nearTc , but still agrees within the errors.
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VI. STUDIES OF AF FLUCTUATIONS IN N X4Cl

As pointed out in Sec. II fluctuations of the AF phase m
be visible in NX4Cl, though these materials show long-ran
F ordering. The reason for this are competing interactio
which seem to be more relevant in NH4Cl compared to
ND4Cl ~see the generalized phase diagram 1!. AF fluctua-
tions are visible as diffusely scattered intensity at
(h,k/2,l /2) superlattice positions, which are at the zo
boundary~see Sec. IV!.

Figure 9 shows as example a measurement of the inten
at the~1, 1

2 , 1
2! position for NH4Cl as a function of the tem

perature. The change in the intensity and FWHM of the
served peaks is evident. Near the transition temperatur
aboutT5242 K the maximum intensity and smallest FWH
are observed. This corresponds to the maximum of the
fluctuations and the largest correlation lengthjAF , respec-
tively. Figure 9 also depicts measurements at the~2, 1

2 , 1
2!

position for ND4Cl, which show similar characteristics as th
NH4Cl sample.

The AF fluctuations in NX4Cl were investigated at severa
superlattice peak positions@NH4Cl: ~1, 1

2 , 1
2!, ~ 3

2 , 1
2 , 1!, and

~2, 1
2 , 3

2!, ND4Cl: ~2, 1
2 , 1

2! and ~3, 1
2 , 1

2!# to obtain informa-
tion about the correlation lengthjAF in different directions of
reciprocal space. The deuterated and the hydrogen
samples differ in the surface orientation, mosaicity, a
sample size. However, a comparison between the abso
level of the diffusely scattered intensitiesI diff of the two
materials has been done. The corrected integrated intens
of the two materials seem to be comparable within a sizea
uncertainty of the factor of 5 – 10. More quantitative info
mation cannot be extracted from the intensities because

FIG. 9. Detector angle~f! scans at the~1, 1
2 , 1

2!- and the~2, 1
2 ,

1
2!-superlattice positions of NH4Cl and ND4Cl, respectively. In the
F-ordered phase~at low temperatures! the AF fluctuations are com
pletely suppressed. At the transition temperature the diffuse sca
ing exhibits a maximum. The lines represent Lorentzian fits w
linear background.
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ticularly the respective mosaicities are only known very
accurately.

Since the FWHM of the diffusely scattered intensity
independent of the abovementioned differences between
two samples~for jAF!crystallite size!, a quantitative com-
parison becomes possible. Figures 10 and 11 show the
served values ofjAF(T) for NH4Cl and ND4Cl. For the two
samplesjAF vanishes forT,200 K, in accordance with the

er-

FIG. 10. Correlation lengths of the AF fluctuations in NH4Cl,
measured at three different superlattice positions. The top im
shows the log-lin representation forT,Tc, the bottom image the
whole data on a linear scale. Within the errors the curves are id
tical. The solid lines are guides to the eyes.

FIG. 11. Log-lin~top! and linear~bottom! representation of the
correlation lengthsjAF of the AF fluctuations in ND4Cl, measured
at two different superlattice positions. Within the errors the curv
are identical. The fluctuations are much more suppressed a
NH4Cl. The solid lines are guides to the eye.
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expectation, that the AF fluctuations are strongly suppres
in the long range F-ordered state of NX4Cl. With increasing
temperature (T,Tc) the value ofjAF increases. The maxi
mum is reached atTc andjAF decreases in the D phase. Th
overall shape is similar to that of the F susceptibil
x(qF ,T), but without diverging atTc .

The diffusely scattered intensity was measured along
ferent directions in reciprocal space~nearly the@100# and the
@101# direction for NH4Cl and the @111# direction for
ND4Cl!. Within the error barsjAF is independent of the di
rection, thus indicating almost isotropic fluctuations.

The overall behavior ofjAF(T) is the same for NH4Cl and
for ND4Cl. This is demonstrated in Fig. 12 by rescaling t
ND4Cl data with a factor of 3 and shifting the curve by 6
to the lower transition temperature of NH4Cl. The main dif-
ference between the AF fluctuations in ND4Cl and NH4Cl is
the magnitude ofjAF . Due to the direct vicinity of the long-
range AF phase~see Fig. 1!, we observe strong fluctuation
in NH4Cl and a maximum value ofjAF5(3064) Å at Tc .
With a'3.87 Å, this is equivalent to the rather large val
of jAF'7 – 8 lattice constants. In contrast to NH4Cl the
ND4Cl sample only shows weak AF fluctuations. They rea
a maximum correlation length ofjAF5(1063) Å at Tc
~2–3 lattice constants!. Therefore, AF fluctuations ar
strongly suppressed in ND4Cl, as expected from the gene
alized phase diagram Fig. 1.

To our knowledge, no theory exist that describes the pr
erties of non-order-parameter fluctuations, such as the
served AF fluctuations above, properly. However, in fact
general picture seems to be comparable to the behavior o
order parameter: An increase of the AF fluctuations nearTc ,
both for T→Tc,1 and forT→Tc,2 . However, the AF fluc-
tuations clearly show no singularity atTc . A comparison
with a microscopic theory, as shown in the first part of th
paper for the order parameter, would lead to further insi
into the microscopic details of the interactions between
molecules of the investigated materials. This has not b
done yet.

VII. SUMMARY, CONCLUSIONS, AND OUTLOOK

The phase transition of the ammonium chlorides NH4Cl
and ND4Cl has been measured with x-ray scattering me
ods. In the first part the TCP of ND4Cl was investigated.
Very close to the TCP, ND4Cl seems to exhibit a critica

FIG. 12. Comparison of the correlation lengths for NH4Cl and
ND4Cl. The thick dashed line denotes the data of ND4Cl scaled by
a factor 3 and shifted by 6 K. The solid lines are guides to the e
ed
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exponentbTCP50.16– 0.18 instead of the expected me
field value ofbTCP50.25. This value is in good agreeme
with previously published data obtained by other metho
The effect of the decreasedbTCP is explained by a coupling
of the order parameter to the lattice that leads to a ‘‘se
amplifying’’ ordering process of the NX4

1 tetrahedra below
Tc . Although we found this explanation for the particul
example of NX4Cl for which a microscopic model is pre
sented one may speculate that this is a more general fea
depending on the kind of transition and the special mic
scopic interactions. The microscopic model includes the
rect octupole-octupole interactions between the NX4

1 tetrahe-
dra and has led to a quantitative description of t
measurements for ND4Cl. In good agreement with the pre
dictions, a lattice contraction of aboutDa50.0113 Å and a
quadratic dependenceDa(T);@m(T)#2 has been confirmed
With a rescaled critical temperatureTx , which depends on
a(T), it is possible to explain the difference betweenbTCP

and the expected mean field value. However,Tx leads to a
tiny discontinuity of the temperature dependence of latt
parametera(T) at Tc .

An alternative approximation which assumes that
phase transition still remains continuous yields even be
results. With this assumption an exponent ofbTCP50.22
60.01 is obtained, that is quite close to the expected va
Since the measurements did not take place exactly at
TCP it is not expected to get the precise value ofbTCP

50.25. Of course it is not possible to do an interpolati
with only one value ofb, which was measured at norma
pressure, to obtain an estimation of the realbTCP at p
5150 bar. But the facts that the corrected value ofb
50.2260.01 is very close to 0.25 and the uncorrected va
is close to the previously published values of the uncorrec
bTCP indicate that it may reach 0.25 atp5150 bar as ex-
pected from mean field theory.

Additionally AF fluctuations in NH4Cl and ND4Cl have
been investigated. The generalized phase diagram sh
that long-range AF ordering does not occur in those mat
als. Measurements of the diffusely scattered intensity at
superlattice positions yield temperature-dependent sh
range AF fluctuations with correlation lengthsjAF which ex-
hibit values of 30 Å~corresponds to 7–8 lattice constant!
for NH4Cl and, in accordance with the generalized pha
diagram, only 10 Å~corresponds to 2–3 lattice constants! for
ND4Cl. The measurements reveal that these AF fluctuati
seem to be isotropic.

Future measurements ofa(T) with ND4Cl directly at the
TCP, i.e., atp5150 bar hydrostatic pressure, would be
great interest. Our considerations predict that these meas
ments yield exactlybTCP50.25 but with the rescaled tem
peratureTx instead ofTc . Another interesting point would
be the investigation of a possible very small first-order co
ponent of the phase transition, which in fact would allow
further investigation of the predictions of the given theory

Furthermore, surface sensitive grazing incidence diffr
tion measurements were carried out on the ND4Cl samples to
investigate if modified critical behavior with tricritical sur
face exponents may be detected.31,32 These results will be
published elsewhere.
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