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A detailed neutron scattering investigation has been made of the order-disorder transition in a crystal
of N(Dy;H,07),Cl as a function of both temperature and pressure, with emphasis on the region close
to the tricritical point (TCP). At atmospheric pressure, the temperature dependence of the order
parameter  was obtained by means of a detailed crystal structural analysis, which revealed that the
transition was first order. It was also found that { could be determined with suitable accuracy simply
by measuring the intensity of the (221) reflection, which is negligibly small in the disordered region.
Intensity data for this reflection were obtained at elevated pressures up to a maximum of 6 kbar both
as a function of pressure and temperature, and the phase line was accurately located. This was
approximately linear, with an average slope of about 8 °’K/kbar. From the behavior of the critical
scattering, which showed quite abrupt changes in the disordered region close to the TCP, the latter was
determined to lie at 128 4 10 bar and (250.2 4 0.1) °’K. The critical exponents at the TCP were
determined for scans made at constant pressure and temperature, and were found to have significantly
different values, 28, = 0.36 4 0.01 and 0.28 4 0.01, respectively. In the second-order region a similar
tendency was observed for scans made through a given transition point in these directions. At 280 °K,
2B for constant pressure and temperature scans, respectively, had values 0.61 4 0.04 and 0.50 4 0.04,
the former being close to the three-dimensional Ising value.

I. INTRODUCTION

Ammonium chloride undergoes a first-order
phase transition at atmospheric pressure in the
vicinity of 250 °K from a state in which the hydro-
gen tetrahedra are disordered to one in which they
are oriented in a parallel (“ferromagnetic”) ar-
rangement. This transition has been studied by
many investigators using various techniques both
at atmospheric pressure!~” and at elevated pres-
sures. ®13 At about 1500 bar!!~?? the transition be-
comes second order and remains so at higher pres-
sures. The point joining the first- and second-or-
der phase lines is a rather special one which has
become known as the tricritical point!* (TCP), and
has recently been the subject of considerable in-
terest, both theoretical'*~!° and experimental, 20-%4
since a new type of critical behavior is predicted.
In particular, an entirely new set of critical in-
dices is expected and the feature of “smoothness
thought to be obeyed along the second-order line
is expected to break down at the TCP.

Other systems with tricritical points include
He®-He* mixtures, %232 metamagnets such as dys-
prosium-aluminum-garnet (DAG)* and FeCl, %%
and the mixed ferroelectric system K(Ta,Nb,_,)Os4
(KTN). 2 These have been studied to varying de-
grees, but very little experimental information ex-
ists to indicate whether the behavior at the TCP can
be thought of as “universal” in some sense, and
whether the current models, which are based on
simple scaling theory, provide an adequate descrip-
tion.
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The present paper describes a careful neutron in-
vestigation of the long-range and to a lesser extent
the short-range order in ND,Cl as a function of
temperature and pressure, and is arranged in the
following format. In Sec. II the sample preparation
and the crystallography of ND,Cl are described.

In Sec. III the results of detailed structural studies
at atmospheric pressure are presented, including
the temperature dependence of the order parameter
¥, and the order of the transition. The studies per-
formed at elevated pressures are described in Sec.
IV. These include the determination of the TCP,
and the values of the critical indices in various re-
gions of the phase diagram. Of particular interest
are the inequalities in the latter observed for con-
stant pressure and temperature measurements at
the same point on the phase lines, and also the low
values for B observedat the TCP. Finally, in Sec.
V the implication of these results with respect to
existing theories of smoothness and tricritical phe-
nomena is discussed.

II. SAMPLE PREPARATION AND CRYSTALLOGRAPHY

Single crystals of ND,Cl were grown from an
aqueous solution to which about 10% urea had been
added in order to promote a cubic growth habit.

The starting materials were prepared by deuterating
NH,CI and normal urea by repeated solution in and
recrystallization from D,O. After seven such cy-
cles the solution was placed in a desiccator and al-
lowed to evaporate slowly at room temperature.
Seeds were collected and a few returned to the lig-
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uid. In this way cubic crystals of up to 5 mm in
size with well-defined (100) faces were easily pre-
pared. The crystals which appeared best under
visual examination were typically found to have mo-
saic widths between 0.20° and 1°, and many showed
multiple peaks characteristic of low-angle grain
boundaries. These imperfections are thought to
result from inclusions of urea which cause small
shifts in the direction of growth planes.

The degree of deuteration of the samples chosen
for study was determined by measuring the average
coherent neutron scattering length of the atoms in
the deuterium-hydrogen positions and was found to
be (93+2)% (see Sec. IM). Crystals from the same
batch of material were analyzed for urea by wet-
chemical techniques but no trace of the latter could
be detected within the sensitivity limit of 200 ppm.

Ammonium chloride has the cubic CsCl structure
(space group Pm3m, cell edge 3.87 A) with essen-
tially rigid tetrahedra of hydrogen or deuterium
surrounding the nitrogen atoms.?’ In the disordered
phase, above about 250 °K, the four hydrogen atoms
are randomly distributed in the 8(g) positions
(x,x,x), with x~0.15. These correspond to two
equivalent sets of tetrahedral sites lying along the
body diagonals of the unit cell (Fig. 1). One of
these sets, referred to as the [111] orientation, has
the coordinates Ty = (x, x,x), (x,7%,%), (%,x,%), and
(%, %, x), with T;y=0,0,0 and ¥;, =3,%,2. The alter-
native orientation, referred to as [111], consists of
inversion through the origin of the four hydrogen
positions above.

In the low-temperature phase there are domains
in which the tetrahedra are preferentially ordered
in one of these orientations, e.g., [111]. The sys-
tem is thought to be well represented by a pseudo-
spin-3 Ising ferromagnet.!? The space group for the
the ordered phase is still primitive cubic (P43m)
so that there are no superlattice lines. As in the
case of a simple ferromagnet, the “magnetic”
Bragg peaks occur at the same positions as the
Bragg peaks for the disordered phase.

1 ojr

III. STUDIES AT ATMOSPHERIC PRESSURE

A. Experimental

Since there are no superlattice peaks, an accu-
rate determination of the order parameter at any

DISORDERED CUBIC
(Pm3m)

ORDERED CUBIC
(P4 3m)
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temperature requires a knowledge of the other
structural parameters, including the Debye-Waller
factors, and the possibility of significant changes in
some of these parameters in the vicinity of the
transition temperature must be borne in mind.
Neutron diffraction studies of the order-disorder
transition have previously been reported? but these
were not of sufficient accuracy to give the informa-
tion desired. A series of intensity measurements
were therefore made at atmospheric pressure as a
function of temperature.

The sample chosen for structural studies had
dimensions 2X2x3 mm and a mosaic width of 0.2°.
In order to avoid half-wavelength contamination,
the (311) reflection from a Ge monochromator was
used, providing incoming neutrons of wavelength
1.25 A. The collimation in-pile and between mono-
chromator and sample was 20'. The sample was
mounted with a [110] axis vertical, carefully cen-
tered and masked, and measurements were made
at 15 temperatures between 230 and 255 °K. At
each temperature 17 reflections of the type (hhl)
were studied. In addition, at several temperatures
ten reflections of the type (2kl) for 2+ 0 and #0
were measured and compared for agreement. In
all cases this agreement was better than 10% ex-
cept for the (223) reflection which was so weak that
background uncertainties exceeded these errors.

The data at each temperature were fitted by the
method of least squares to a simple model without
free rotation of the hydrogen tetrahedra.!?'?" The
total structure factor is

Fr=pFyr+(1 -9)Fyr , (1)

where Fiy and Fyp are the structure factors for the
low- and high-temperature phases, respectively.
P, the order parameter, is defined as

_IN[111] - N[TIT])
V= Nan)eNa]

where N[111] and N[111] are the number of tetra-
hedra having [111] and [ITI] orientations, respec-
tively, within a given domain. Above T., ¥ is ex-
pected to be zero, while far below the ordering
temperature ¥ should equal one. Fy, allows for
the random distribution of tetrahedra by assigning
a weight of one-half to each of the eight possible

(2)

FIG. 1. Crystal struc-
ture of ND4Cl. In the or-
dered phase, the deuterium
tetrahedra are oriented in
one of the two equivalent
positions shown on the
right. In the disordered
phase, the tetrahedra are
distributed at random as
indicated by the broken lines.
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deuterium positions in the unit cell, ¥ whereas Fyp
gives unit weight to the [111] set and zero weight
to the [I11] set of orientations.

In both the ordered and disordered structures,
the Debye-Waller expression takes the same form.
The site symmetries of the nitrogen and chlorine
atoms permit only isotropic Debye-Waller factors
B,;, whereas the local symmetry of the deuterium
atoms is lower (372) so that the amplitudes of vibra-
tion may be different parallel and perpendicular to
the [111] direction, and two Debye-Waller factors
are necessary, B;, and B,.%®

In addition to these thermal factors and the order
parameter, the deuterium positional parameter and
scattering length were treated as variables in the
structure factor expression. An instrumental scale
factor and an extinction coefficient were also in-
cluded in the refinement, yielding nine parameters
in all. The observed intensities were initially cor-
rected for absorption with the assumption of a com-~
position 3% hydrogen and 97% deuterium, and the
data were then fit as above. The fraction of D and
H was then recalculated from the refined scattering
length and the absorption recomputed. This pro-
cedure was repeated until no further changes oc-
curred. Scattering amplitudes of 0.94x107'% and
0.96x10"*2 ¢cm were assigned to N and Cl, respec-
tively.

TABLE I.
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B. Results

The 15 sets of data all gave about the same deu-
terium scattering length, bp=(0.599+0.005)x10™!2
cm. Allowing for systematic errors in the data this
corresponds to a deuterium concentration of
(93 +2)%, assuming scattering amplitudes of 0.66%7
%1012 and - 0. 374%x107!% cm for D and H, respec-
tively.

The final values of the Debye-Waller factors and
the deuterium-positional parameters at each tem-
perature are summarized in Table I. Observed and
calculated intensities at 230 and 255 °K (below and
above the transition) are listed in Table II, and are
quite representative of the data as a whole. The
crystallographic R factors (Z|lyp = Ieare! /Z1ops)
were around 3% on average. The values of the fit-
ted order parameter as a function of temperature
are given in Table Il and Fig. 2. The matrix of
correlation coefficients calculated for each refine-
ment shows that the correlation between the order
parameter and the other parameters is quite small
(=0.4). In addition, the correlation matrices show
that with the exception of the scale factor and ex-
tinction parameter, the parameters are well re-
solved.

In view of the fact that only a limited set of data
could be collected at 1.25 f\, it was thought desir-
able to check these results by repeating the mea-

Results of the structure refinements for the Debye-Waller factors

and deuterium positional parameter in ND4Cl as a function of temperature at
atmospheric pressure. Scattering amplitudes taken as 0.94 and 0. 96, both in
units of 10-12 cm, for N and Cl, respectively. B(N), B(Cl), and By;(D) are the
isotropic factors for N, Cl, and D, respectively, and By,(D) gives the anisot-
ropy for deuterium. x(D) is the deuterium positional parameter. Standard
errors are given in parentheses and refer to the least significant digits. The
order-disorder transition falls between 248.85 and 248.86 °K. The deuterium-
site scattering amplitude was also treated as a variable parameter and gave an
average value of 0.599+0.005, corresponding to (93 +2)% deuteration.

TCK)  BMN) (A) Bl (3)  By(D) A2 By(D) (AY x(D)
230 1.43(10) 1.35(10) 2.73(14) —0.107(13) 0.1542(7)
242 1.54(9) 1.46(9) 2.89(14) —-0.103(11) 0.1540(7)
245 ‘1.54(13) 1.51(12) 3.00(18) —0.101(15) 0.1533(9)
247 1.68(12) 1.61(12) 3.05(18) —0.128(16) 0.1540(9)
248 1.81(16) 1.73(16) 3.10(24) —0.117(26) 0.1542(12)
248.5 1.61(12) 1.55(11) 2.99(15) —-0.107(18) 0.1537(9)
248.75 1.71(13) 1.61(12) 3.04(17) -~0.122(19) 0.1539(9)
248.8 1.62(13) 1.58(11) 3.03(15) —0.119(21) 0.1537(9)
248.85 1.58(9) 1.53(8) 2.95(11) —0.113(15) 0.1535(6)
- T, >
248.86 1.61(10) 1.55(9) 2.95(12) -0.121(17) 0.1536(6)
248,815 1.57(11) 1.54(9) 2.91(12) —0.120(18) 0.1538(7)
248.9 1.61(13) 1.60(11) 2.99(14) -0.120(20) 0.1538(8)
249.0 1.64(13) 1.61(11) 3.02(13) —0.120(19) 0.1536(7)
249.5 1.67(13) 1.69(12) 3.11(16) —-0.113(22) 0.1535(8)
255 1.72(12) 1.66(11) 3.15(14) -0.131(18) 0.1534(6)
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TABLE II. Observed and calculated neutron intensi-
ties from ND,CI in the ordered region at 230 °K and the
disordered region at 255 °K, both at atmospheric pres-
sure. Parameters as in Table I.

230°K 255°K

hkl Iota Icalc Iohs Icalc

001 30.3 29.4 30.0 29.1
110 49.9 50.6 50.2 50.1
111 13.3 13.4 1.5 1.5
002 11.9 11.9 11.9 11.7
112 23.7 24.2 15.8 16.3
220 21.5 21.2 19.5 19.1
221 8.5 8.3 0.1 0.1
003 17.7 18.7 15.7 16.4
113 2.6 2.5 1.8 1.9
222 18.8 19.3 12.5 13.3
004 1.7 1.7 1.5 1.5
223 0.2 0.2 0.0 0.0
114 8.5 8.9 6.3 6.7
330 31.6 28.3 26.2 23.7
331 2.2 2.2 1.8 1.7
332 5.8 5.8 5.1 4.9
224 8.5 8.8 5.6 6.0

surements with neutrons of shorter wavelength,
which allows more reflections to be observed.

This was done with a beam of 0.95-A wavelength
from a germanium (331) reflection. Thirty dif-
ferent peaks were measured at each of three tem-
peratures and the data analyzed in exactly the same
fashion as before. The values of the two sets of
parameters, with the exception of the scale and ex-
tinction parameters which are expected to be dif-
ferent, lie within about two standard deviations or
less, which can be considered quite satisfactory
agreement. Representative figures are given in
Table III.

C. Conclusions

The results of the structure studies permit us to
draw several important conclusions. There is a
systematic increase in the Debye-Waller factors
(Table I) as the temperature is raised which is
quite normal, but there is no significant change in
the Debye -Waller factors in the immediate vicinity

TABLE III. Structural parameters for ND4Cl at 1 bar
and 230 °K for neutron wavelengths of 0.25 and 1.25 A.

0.95 A 1.25 &
] 0.91(2) 0.86(3)
x(D) 0.1540(4) 0.1542(7)
b(D) 0.566(12) 0.599(19)
Byy(N) 1.50(5) 1.43(10)
By(Cl) 1.31(5) 1.35(10)
By;(D) 2.47(6) 2,.73(15)
By5(D) —-0.11(1) -0.11(1)
R factor 0.06 0.04
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of the order-disorder transition. This is consistent
with the description of this system as Ising-like,

in that it orders without appreciably changing the
other properties of the system. Likewise, the deu-
terium positions are not sensitive to the transition,
the atoms being roughly 1.03-A distant from the
nitrogen at all temperatures. These results are
consistent with the Raman spectra for NH,CL, ¢
which are also only weakly sensitive to the transi-
tion. The magnitude of the librational motion of the
tetrahedra as indicated by the Debye-Waller factors
is small. Had this not been the case, the simple
model described above, which does not include mo-
lecular rotations, would not be adequate to describe
the data.

The second conclusion is that the order-param-
eter can be unambiguously determined from the
structure measurements. Moreover, there is a
considerable simplification. Of the 17 reflections
studied with 1.25-A neutrons, only the (221) and
(111) reflections have substantial intensity resulting
from the ordering. The latter also has considerable
intensity in the disordered phase but the (221) has
only a very small residual intensity above the tran-
sition. This almost complete disappearence is not
due to any systematic absence resulting from sym-
metry. It results simply from the fortuitous can-
cellation of the nitrogen and chlorine contribution
and the absence of any contribution from the deu-
terium above T,. Furthermore, extinction effects
and the change in the Debye-Waller factors are
quite small over the range studied. In Table IV the
order parameter § derived from the least-squares
refinements is compared to the square root of the
observed intensity of the (221) reflection as a func-
tion of temperature. It can be seen that within ex-
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FIG. 2. Order parameter ¥ as a function of tempera-
ture, at atmosphere pressure, showing a discontinuity
at T~ 248.86 °K. The insert shows the intensity of the
(221) reflection as a function of the increasing and de-
creasing temperature, and clearly reveals a hysteresis
of AT=0.035°K.
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TABLE IV. The value of the order parameter ¢, de-
rived from the least-squares analysis of the structure
data as a function of temperature at atmospheric pressure.
Shown also is the square root of the observed (221) in-
tensity normalized to ¥ at T=230°K. The standard er-
rors are shown in parentheses and refer to the least sig-
nificant digits. The data are corrected for a small re-
sidual Bragg peak at high temperature.

T(°K) P (Ipg) V12
230.0 0.861 (30) 0.861
242,0 0.745 (24) 0.740
245.0 0.681 (30) 0.684
247.0 0.614 (25) 0.611
248.0 0.541 (32) 0.550
248.50 0.498 (20) 0.495
248.75 0.430 (19) 0.435
248.8 0.419 (18) 0.418
248.85 0.389 (14) 0.386
- Tc

248.865 0.259 (10) 0.254
248.875 0.254 (11) 0.252
248.9 0.238 (12) 0.236
249.0 0.192 (15) 0.193
249.5 0.118 (25) 0.125
255.0 0.067 (10) 0.068

perimental accuracy, the order parameter is pro-
portional to the square root of the (221) intensity,
and can therefore be measured as a function of tem-
perature or pressure simply by following the lat-
ter. This is an important practical feature in the
phase studies described in Sec. IV. In addition,
critical scattering can be measured much more ac-
curately if the Bragg peak is small or absent.

It can be seen from Table IV and Fig. 2 that a
nonzero value for ¥ is obtained above the phase
transition at 248.86 °K. This is due to the inclusion
of the critical scattering in the total fitted intensity.
Since collimation was absent between sample and
detector, the resolution did not permit even a qual-
itative separation of the Bragg and critical contri-
butions. However, even in these data there is some
evidence that above T, the linewidths observed are
greater than those observed in the ordered phase,
as would be expected. Quite surprising, however,
is the large intensity of the critical scattering and
its persistence well above the phase transition.

D. Order of the transition

While it is well known that the atmospheric pres-
sure phase transition in NH,Cl at 7=~ 242 °K is first
order!®!? there has been considerable uncertainty
about the transition in ND,Cl.%® The results of our
structure work show a distinctly discontinuous or-
der parameter. Further confirmation of the first-
order nature of the transition was obtained by ob-
serving the intensity of the (221) reflection®® as a
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function of temperature in the vicinity of the transi-
tion (Fig. 2 insert). At each temperature the re-
flection was scanned and the intensity integrated
over the five highest points. The resulting curve
clearly shows hysteresis with a AT, of about

0. 035 °K (compared to AT, of about 0.3 °K for
NH,C1) which classifies the transition as first-or-
der. The magnitude of the intensity discontinuity
was the same for both heating and cooling. To with-
in the sensitivity of the controller, ~0.001 °K, no
rounding of this discontinuity could be observed.
The transition temperatures were reproducible to
within about 0. 003 °K upon recycling.

It is somewhat surprising that no rounding of T,
could be seen, especially in view of the significant
fraction of hydrogen in this deuterated material.
This suggests that the interactions in NH,Cl and
ND,Cl are very nearly equal in strength, their dif-
ferences being due only to the difference in lattice
constants for the two materials. It would be inter-
esting to confirm this hypothesis by studying other
members of the series with different ratios of H and
D.

IV. PRESSURE MEASUREMENTS
A. Experimental

For these measurements, another rather larger
sample, roughly 3X3X4 mm, was mounted with a
[110] axis vertical in the aluminum high-pressure
vessel illustrated in Fig. 3, which had a cylindrical
sample chamber 5 mm in diameter. The crystal
was clamped in a small aluminum frame which was
held firmly in position by a spring. The vessel was
pressurized with helium gas, and pressures of up to
6 kbar could be attained.®® Up to 2.5 kbar the pres-
sure was read directly from a Bourdon gauge with
a precision of 1.5 bar. For higher pressures a
manganin-resistance sensor was employed together
with a Wheatstone bridge coupled to an external dc
null detector. The sensor was calibrated against
the Bourdon gauge below 2.5 kbar, and pressures

EXTRACTOR NUT
STAINLESS STEEL

PRESSURE TUBING

MARAGING STEEL

CLOSURE NUT SOFT PACKING

(TEFLON + BRASS)
STEEL PUSH PIECE

AIRCRAFT ALUMINUM

ALLOY
STEEL MUSHROOM

ND4Cl CRYSTAL

FIG. 3. Aluminum pressure vessel used for measure-
ments up to 6 kbar. The cell is pressurized with helium

_ gas and the pressure monitored with a Bourdon gauge and

manganin resistance sensor.
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above this were determined by linear extrapolation.
The sensitivity was about 1 bar at all pressures.
Absolute pressures were known with considerably
less accuracy, however, owing to zero errcrs in
the Bourdon gauge. An estimate is +10 bar at low
pressures and +40 bar at high pressures.

An additional temperature sensor was embedded
in the pres wure vessel, which was then mounted in
a temperature controlled Dewar. The sample tem-
perature was regulated by a sensor mounted in the
heat sink of the Dewar, but measured with the sen-
sor in the pressure vessel. Relative temperatures
could be controlled and measured to within
0.005 °K. Absolute errors are typically within
0.1 °K. The time requiredfor temperature equilib-
rium after the regulating sensor had reached the
control point was about 30 min. In contrast, pres-
sure changes could be achieved nearly instanta-
neously and from this point of view pressure was
the preferred variable. However, temperature
scans were made in a number of cases despite the
long time constants.

B. Measurements of the Bragg intensity

In order to evaluate the order-pararnieter i and
obtain an accurate value for the critical exponent
B, it is necessary to subtract the critical scatter-
ing from the total observed intensity, in the vicin-
ity of the phase line. This is usually done in one
of two ways: either by estimating the Lorentzian
contribution from an examination of the line shape
of the scattered intensity, or by making some sym-
metry assumption relating the critical scattering
below T, to that observed above (e.g., scaling the
intensity by a factor of 3). Neither method is en-
tirely satisfactory and we have attempted to make
these corrections more quantitative by decompos-
ing the observed line shapes into Bragg and critical
scattering contributions.

All data were taken with an incident incoming
neutron beam of -wavelength 1.18 A from a pyrolyt-
ic graphite monochromator in the (004) position.
Coupled (6-26) scans of the (221) reflection were
made at detector intervals of 0.06° through an an-
gle of 2605+3°. In addition to the collimation pre-
viously used, a 20' collimator was used in front of
the detector. The data were fitted by means of a
nonlinear least-squares program to the sum of a
Gaussian for the Bragg contribution, a Lorentzian
of Ornstein-Zernike form folded with the resolu-
tion function to describe the critical scattering,
and a constant background. The width of the Gauss-
ian contribution was determined by fitting the
Bragg data far from the transition, where the crit-
ical scattering can be assumed to be zero. Within
error limits, this width was temperature and pres-
sure independent and very nearly equal to the cal-
culated resolution width. The background was ob-
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served at 2605 -~ 5° and found to be constant in the
range of interest. The variable parameters in the
refinement were therefore the amplitudes of the
Gaussian and Lorentzian peaks and the width of the.
latter.

While this kind of approach has previously been
used to analyze critical scattering,3! the method
generally employed has been to evaluate directly
the full three-dimensional folding integral. This
is a long, slow process and a typical refinement
with 40 data points in the scan would take up to 1 h
of fast computer time (CDC - 6600) with only about
1% accuracy in the evaluation of the integral. Fre-
quently, too, the refinement may not converge or
converges to a local minimum if starting parame-
ters are not well chosen. The procedure is, there-
fore, expensive and tedious. It has recently been
pointed out, * however, that a Laplace transforma-
tion exists which permits the exact evaluation of
part of the integration and reduces the numerical
work to a one-dimensional integral. The evalua-
tion of this integral was further speeded by the use
of Gaussian quadratures. With these techniques,
refinement of a scan containing 64 data points, to
at worst 0.1% error in the value of the integral
(the error is k dependent), was typically completed
in 40 sec on the same computer. The method
therefore becomes practical as a general tool and
has been employed extensively in the present study.
It gives very satisfactory and quite consistent re-
sults for the Bragg contribution, even when the
critical scattering contribution is substantial (Figs.
4 and 5) and we were able, in most cases, to ob-
tain values for ¥ one-half decade or more toward
the critical point than would otherwise have been
possible. Furthermore, the values obtained for
the inverse correlation length x” were qualitatively

T T
1000~ 12280°k Pm5520 T=280°K ps4400 200
i bar bar b

500

INTENSITY (ARBITRARY UNITS)

26

FIG. 4. Typical raw intensity data at 280°K. At 5520
bar, there is only Bragg scattering with approximately the
calculated resolution linewidth. At 4400 bar the peak is
noticeably broader and can be decomposed into a Bragg
component with the same half-width as at 5520 bar (solid
line), together with a Lorentzian folded with the resolu-
tion function (broken line). Note the change of scale;
the background is in fact constant.
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FIG. 5. Variation of the (221) intensity at 280°K as a
function of pressure, corrected for the critical scatter-
ing. The insert shows on an expanded scale the region
close to T,, with the uncorrected peak intensities denot-
ed by crosses and the corrected values by filled circles.

reasonable; k' decreased systematically as the
critical point was approached. The uncertainty in
k' was considerable, however, due to a fairly large
correlation between k' and the Lorentzian ampli-
tude (particularly for large values of k). For
k'<0.01 f&", this analyzing procedure broke down
as the resolution of the spectrometer was insuffi-
cient to enable the Bragg and critical scattering to
be distinguished. This was not a serious limita-
tion on the determination of B since measurements
of  covered between two and three decades over a
range below 0.1 in reduced units; however, the
evaluation of v’ was not possible.

The results of the analysis give the peak intensity
for the Bragg component, but since the entire peak
is used in the evaluation, the statistical errors are
equivalent to those expected from a determination
of the integrated intensity. It should be noted that
when simpler expressions were chosen to approxi-
mate the critical scattering, such as a simple Lo-
rentzian, or a Lorentzian folded with a one-dimen-
sional Gaussian, the results for both k' and § were
significantly less satisfactory.

C. Determination of TCP

Preliminary studies of the pressure dependence
of 3 in ND,Cl indicated that the transition became
continuous between 50 and 200 bar, but it is quite
difficult to observe a small discontinuity in 3 when
significant critical scattering is present, and we
were unable to localize the TCP better than this
from this type of measurement. Furthermore, the
hysteresis observed at atmospheric pressure be-
comes smaller and hence more difficult to measure
when the pressure is raised and is therefore not a
very satisfactory probe for this purpose. The crit-
ical scattering, on the other hand, should be a sen-
sitive indicator of the TCP, since the correlation
length and susceptibility diverge along the second-
order phase line and at the TCP, but not along the
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first-order line. Along the phase line, therefore,
the critical scattering should be discontinuous at
the TCP.

Initially, the critical scattering was studied as a
function of pressure at scattering angles sufficient-
ly far from 26 5 for there to be no contribution from
the wings of the Bragg peak. These scans were
useful for defining the phase line (Fig. 6) since the
critical scattering peaks dramatically near T, but
no significant change relating to the order of the
transition was observed. This is not surprising
since the divergence in the susceptibility produces
a sharp intense line, and little scattering at large
values of A(26p) is to be expected.

In principle, measurements of the peak intensity
of the critical scattering taken exactly along the
phase line would certainly reveal the TCP, but with
both the pressure and temperature as variables, it
is impossible in practice to make such a scan with-
out wandering into and out of the ordered region.
What was actually done, however, is closely re-
lated to this. The peak intensity of the critical
scattering was measured in the disordered region
along lines roughly parallel to the phase line (Fig.
7). The earlier attempts to localize the TCP had
defined the latter well enough for scans to be made
without crossing into the ordered region, but since
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FIG. 6. P-T phase diagram for ND4Cl in the order-
disorder region. The broken lines indicate contours of
constant lattice parameter, and the shaded area repre-
sents the cross-over region from second-order to tri-
critical behavior. Each filled circle indicates a transi-
tion point determined either by a constant pressure or a
constant temperature scan.
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FIG. 7. Phase diagram for ND,Cl1 in the vicinity of
the tricritical point. The closed circles correspond to
the midpoint of the sharp increase in the peak intensity
of the critical scattering observed for scans along the
broken lines a, b, and c in the disorder region, as
shown in the insert. Note that the magnitude of this in-
crease becomes smaller and moves to higher pressures
for scans further away from the phase line.

both pressure and temperature had to be varied,
these measurements were quite tedious and time
consuming. It was expected that the change in crit-
ical behavior at the TCP would be reflected in an
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FIG. 8. Variation of the (221) intensity as a function
of temperature at 157 bar.
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appreciable change in intensity along these lines,
but the almost steplike behavior actually observed
was rather surprising (Fig. 7 insert). The mag-
nitude of the step decreases, but it remains quite
distinct further away from the phase line. It was
verified, however, from measurements made along
the rise that it is continuous. We believe that the
extrapolation to the phase line of the midpoint of
these rises (or endpoints) gives an accurate deter-
mination of the TCP. This extrapolation yields val-
ues of (128 +10) bar and (250.2+0.1) °K.

These measurements suggest rather unusual ge-
ometry for the susceptibility contours in the neigh-
borhood of the TCP; the steplike behavior indicates
a “pseudotransition” line extending from the TCP.
Such a pseudotransition line can be generated from
mean-field models of tricritical behavior although
detailed calculations do not exist for ND,Cl.

D. Results

A series of measurements of the order parame-
ter as a function of temperature at constant pres-
sure and pressure at constant temperature were
made through various points along the phase line,
including one scan of each type in the neighborhood
of the TCP. The first of these, a temperature scan
at 157 bar, which has been corrected for critical
scattering as previously discussed, is shown in
Fig. 8. The intensity remains quite high as the
temperature is raised, and then drops precipitous-
ly close to the transition, which is characteristic
of a low exponent. These data can be fit very well
to a simple power law I=A(T - T)%*t from 230 to
250. 39 °K, with the transition temperature included
as a fitting parameter (Fig. 9). We find: 25,=0. 36
+0.01 and T.=(250.43+0.01) °K. The absolute
value of § was not known sufficiently well to per-
mit an accurate evaluation of the amplitude factor.
Within the error limits, the fitted transition tem-
perature agrees with the value determined inde-
pendently by observing the intensity of the critical
scattering beyond the wings of the Bragg peak.

Another scan near the TCP was made as a func-
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FIG. 9. Logarithmic plot of the (221) intensity as a
function of temperature at 157 bar.
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FIG. 10. Variation of the (221) intensity as a function
of pressure at 250.17 °K.

tion of pressure at 250.17 °K (Fig. 10). The same
general shape is seen as in Fig. 8, and the data
again can be fit well to a simple power law,

I=B(P - P*t (Fig. 11) with 28,.=0.28+0.01 and
P,=(127+1) bar. The latter figure is very close
to the TCP values discussed in Sec. IVC and is in
good agreement with that deduced from the critical
scattering.

Both scans near the TCP obey the simple power
law over a reduced range g <0.1, where g is de-
fined as (T,~ T)/T, or [(P~P,)/T,](dT,/dP) for
constant pressure and constant temperature scans,
respectively.®® The difference in the exponents for
these two measurements is significantly outside
their error limits, and cannot be attributed to the
small difference in T,. Since almost three decades
in terms of reduced units were measured in both
cases, and since critical scattering corrections
were quite small, it is unlikely that the difference
in exponents is due to small systematic errors
close to T, in one or both sets of measurements.

Two similar runs were made in the vicinity of
T.=280 °K, which was the highest temperature at
which the required upper pressure limit could be
safely attained. The constant temperature data
shown in Fig. 5 display a pressure dependence dra-
matically different from that seen at 250 °K (Fig.
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FIG. 11. Logarithmic plot of the (221) intensity as a
function of pressure at 250.17 °K.

FIG. 12. Logarithmic plot of the (221) intensity as a
function of pressure at 280.0 °K.

10). Far from the transition the decrease in inten-
sity with decreasing pressure is more rapid, but
near the transition less precipitous than at 250 °K.
These data were again fitted to a simple power law
with 28=0.50+0.04 (Fig. 12). The error bars re-
flect both the smaller intensities close to T, and
also the larger contributions from the critical scat-
tering to the data, which causes greater uncertain-
ties in the least-squares analysis. However, bet-
ter resolution and a larger sample will surely per-
mit a reduction in these error bars in the future.
The constant-pressure data at 4140 bar repro-
duced in Fig. 13 show a new feature, in that a sin-
gle power law no longer appears to hold over the
whole range to g~0.1 (Fig. 14). For g=0.02,
2B8=0.61+0.04, in good agreement with the three-
dimensional Ising value for a second-order transi-
tion. However, for 0.1=g>0.02, there is a def-
inite change in slope, indicative of a lower expo-
nent. Since a power law is valid to g=0.1 in the
other cases described so far, there is no reason to
believe that its breakdown here is due to satura-
tion effects, particularly since the intensity at
£=0.1 is less than the corresponding intensity for
the constant pressure scan at 157 bar. It is be-
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FIG. 13. Variation of the (221) intensity as a function
of pressure at 4140 bar.
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function of temperature at 4140 bar. Note the change of
slope believed to be indicative of cross-over behavior
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lieved that the change in slope indicates “cross-
over” behavior from the second-order region close
to the phase line, to the tricritical region further
away. Furthermore, if current models are cor-
rect, the width of the second-order region so de-
fined should shrink as the tricritical point is ap-
proached, and this is exactly what is observed.
However, if the second-order region is too large,
the tricritical region is not seen, as is the case for
the constant-temperature scan at 280 °K. Like-
wise, if it is too small, the regions are not suf-
ficiently distinct for two exponents to be defined
and only some average value is measured. For
example, in the constant temperature scan at

260 °K, one sees only an intermediate value; 23
=0.38 compared to 0.28 at the TCP and 0. 50 at
280 °K. However, at 265 °K one sees an inner ex-
ponent quite close to the 280 °K value (Fig. 15).
Enough observations of the cross-over behavior
were made to give a qualitative indication of the ex-
tent of the tricritical and second-order regions of
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FIG. 15. Logarithmic plot of the (221) intensity as a
function of pressure at 265 °K. A change in slope simi-
lar to that seen at 4140 bar is also seen in this case.
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the phase diagram (Fig. 6). Scans as a function of
pressure and temperature were made to a number
of intermediate transition points between 250 and
280 °K, and these indicate that the 28 values ob-
served at 280 °K are close to the asymptotic limit,
so that close to the phase line at 280 °K one sees
truly second-order behavior.

Although the absolute value of the amplitude fac-
tor was not determined for any scan, the ratio of
amplitudes for different scans at fixed pressures,
where the proper reduced quantity is unambiguously
defined, could easily be determined. In particular,
the amplitude A (/4 =Ag®) at 4140 bar is a factor
of 1.25+0.02 greater than the amplitude at 157 bar
close to the TCP.

Scans were also made below the TCP, in the
first-order region. Data were collected at atmo-
spheric pressure (see Sec. IIT A) and at a constant
temperature of 249.68 °K, 0.5 °K below the TCP.
Both sets of data could be fitted to a power law very
satisfactorily, but the fitted values of the transi-
tion temperature and pressure were, respectively,
higher and lower than those actually observed, as
might be expected. The corresponding exponents
are 28=0.27+0.01 for 7=249.68 °K (Fig. 16) and
2B=0.31+0.02 for P=1 bar (Fig. 17). While the
first is in good agreement with the TCP results,
the difference between the P=1 bar and the P=157
bar data is significant and demonstrates that great
care must be taken in the interpretation of any ex-
ponents calculated when the transition is first or-
der.

E. Studies of critical scattering

The interpretation of the data in the ordered re-
gion required decomposition of the scattering into
Bragg and critical components and in this process
some information was obtained about the short-
range correlations in the ordered phase. The crit-
ical scattering has also been studied in the high-
temperature disordered phase. Although the ac-~
curacy of most of the data is not high, there are .
several remarks that can be made about the gen-
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FIG. 16. Logarithmic plot of the (221) intensity as a
function of pressure at 249.68 °K. This is in the first-
order region and the fitted P, is lower than that actually
observed.
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eral nature of the critical scattering.

In the ordered phase the critical scattering near
the TCP is quite small compared to that at 280 °K.
The corrections for critical scattering become
negligible beyond g =0.002 at 157 bar, but not un-
til g=0.006 at 4140 bar. At present, it is not pos-
sible to determine whether this difference occurs
mainly in the exponent or the amplitude for critical
scattering, though the latter is more probable.
This behavior can be understood in the following
qualitative manner. Near the TCP where the ex-
ponent B is quite small, the system orders very
rapidly as the temperature is lowered, and for
small values of g the order parameter is much
larger than in the second-order region. As a re-
sult of this rapid long-range ordering, the system
is less free to fluctuate and hence the critical scat-
tering is small.

In the disordered phase, on the other hand, the
critical scatting at the TCP is very much larger
than in the second-order region, perhaps by a fac-
tor of about 3. Furthermore, at 130 bar critical
scattering is readily observed more than 20 °K
above T,, and is still weakly visible 30 °K above.

The data taken at 130 bar as a function of tem-
perature have been carefully analyzed by the same
methods used for the ordered region. The very
small residual Bragg contribution (mentioned in
Sec. III C) and the background were determined at
280 and 290 °K and held fixed in the refinements at
lower temperatures.

The wave-vector-dependent susceptibility, which
has the form®

X(ﬁ) _ (1/7,1)2-n(Kz + ¢2q2)n/2
X(O) = Kz_Hqu ’

(3)

where k is the inverse correlation length, g is the
offset of the spectrometer from the center of the
response function, and 7 is the parameter describ-
ing the deviation from the Ornstein-Zernike form,
was initially analyzed using the Fisher-Burford®
first approximant
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where A, k, and 7 are all parameters to be deter-
mined. Unfortunately, the resolution was not suf-
ficiently good for the parameters to be refined si-
multaneously, and 1 was held fixed at various val-
ues. The best results were obtained for n=0.0
+0.05. It was subsequently pointed out,® that the
form in Eq. (4) gives, in most cases, less satis-
factory results than the Fisher-Burford zeroth ap-
proximant (which is the Ornstein-Zernike form), in
agreement with the above value of 7.

A better approximation to the form of the critical
scattering is likely to be®®

x(q)/x(0) =Ak"/(k? + ¢?) (5)

for 7> T, and g <k/®, which will show a nonzero 7
only if A is held constant. In the limit T~T, (i.e.,
Kk < ®q) the form

x(q)/x(0)=Ad"/q*" (6)

should be valid, enabling one to evaluate 7. Unfor-
tunately, because of the relatively poor resolution,
the data were not of sufficient quality to permit this
to be done.

In the region where the analysis could be per-
formed satisfactorily, A was nearly constant and «
could be fit to a power law (T - T,)” with »=0. 52
+0.08. The resulting value for ¥ is 1. 05+ 0. 20.
The error bars are so large that this value can only
be considered a preliminary one.

Although these measurements were intended only
as a preliminary survey of the critical scattering,
it is clear from the results that with a suitably large
crystal one should be able to determine all of the
susceptibility exponents, ¥, ¥, v, »', 1 and 7',
both near the TCP and in the second-order region
with reasonable accuracy. Furthermore, recent
diffuse-x-ray studies of NH,Cl near the transition
have shown critical scattering characteristic of the
tetragonal NH,Br phase® (see Sec. V), and it should
be possible from neutron measurements to deter-
mine the susceptibility exponents corresponding to
the nonordering density.

V. DISCUSSION AND CONCLUSIONS

In order to understand the results for ND,C1, it
is necessary to introduce a plausible phase diagram
for the system. We can then discuss the apparent
violation of the smoothness postulate and make a
short comparison of our results with current the-
ories.

Tricritical points arise in systems which can
have ‘competing” order parameters. In the case
of the ammonium halides, there is an octupole-oc-
tupole nearest-neighbor coupling which favors the
parallel ordering of tetrahedra observed in ND,Cl,
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and in NH,Br and NH,I at sufficiently high pres-
sures, and an octupole-dipole-octupole “super-ex-
change” ¥ (via the intervening halide ion) which pre-
dominantly favors the antiparallel ordering ob-
served in NH,Br and NH,I at atmospheric pres-
sure.®® Each type of ordering can be characterized
by an order parameter and a conjugate ordering
field, though these fields are inaccessible to ex-
periment. Denoting the parallel and antiparallel
ordering fields by ¢ and H, respectively, we obtain
(based on a mean-field calculation) the phase dia-
gram for ND,Cl shown in Fig. 18. The second-
order line in the H-T plane bifurcates at the TCP
and continues as boundaries of two first-order co-
existence surfaces (wings) that extend out of the
H-T plane. Similar phase diagrams can be obtained
for metamagnets (such as FeCl, and DAG) with the
role of antiparallel and parallel ordering field re-
versed. 14:3°

It is possible that the “pseudospin”-lattice cou-
pling and the octupole-octupole exchange alone are
sufficient to produce a tricritical point (compres-
sible-Ising model) as certain models suggest, but
in the present case the presence of critical scat-
tering at the zone boundary indicates that the anti-
parallel exchange plays a fundamental role.

If we combine the behavior of ND,C1 in the H-T
plane with the pressure dependence which was ob-
served experimentally, we obtain the H-T-P phase
diagram shown in Fig. 19. At pressure P, a cut
parallel to the H-T plane will reproduce the dia-
gram shown in Fig. 18. At pressure P,, however,
the TCP will have moved to H=0 and for 0=P=P,
no second-order line will be visible in any cut par-
allel to H-T. 1t is possible that at some pressure
P, the TCP will “disappear” at 7=0 and hence we
anticipate that in the H-T-P space there will be a

H FIRST-ORDER LINE

,////////// A~ WINGS
/////////Q//Zéé{/@/> SECOND-ORDER LINES

FIG. 18. A plausible phase diagram for ND,Cl. H is
a field conjugate to the antiferromagnetic ordering,
while ¢ is conjugate to the ferromagnetic ordering. The
second-order line bifurcates at the TCP and continues as
the boundary of the wings.
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FIG. 19. A plausible phase diagram for ND,C1 in
H-T-P space. There is a line of TCP’s beginning at
Py and H=0, and terminating at P, and T=0, which
divides the space into surfaces of first- and second-order
phase transitions. The section at P; contains the fea-
tures of the H-T plane in Fig. 18.

line of TCP’s between T=0, P=P, and H=0, P=P,
separating surfaces of first- and second-order
transitions.?’ In accord with the ideas of smooth-
ness, *! we expect that the asymptotic critical be-
havior of ND,Cl can be characterized by a single
set of second-order exponents and by a single set
of tricritical exponents. Thus everywhere along
the line of TCP’s one expects to measure the same
set of critical exponents. This leads to the inter-
esting consequence that the basic description of
tricritical behavior can be obtained from P-T mea-
surements of H=0; that is, in the absence of the
“nonordering density.” Therefore, no “demagne-
tizing” corrections are necessary, corrections
which are quite important for metamagnets.

Let us consider further, now, the ideas of
smoothness in the P-T plane. One result of our
experiment is that the measured critical exponent
B depends upon the direction along which ‘one ap-
proaches the phase line.*? In addition, the 8 char-
acterizing a particular direction appears to change
in a continuous fashion as one moves along the
phase line. Smoothness, of course, requires that
the value of Bbe the same for all “nonasymptotical -
ly parallel” approaches to the critical line.

The smoothness postulate*! deals with an asymp-
totic exponent which experimentally can be identi-
fied as the limit of an “effective” exponent obtained
by fitting Iny vs Inlg| over a certain number of
decades as the distance from the critical line
shrinks to zero. The continuous variation of B is
then easily understood as resulting from fitting
data which extend beyond this asymptotic range.
This range shrinks as one approaches the TCP in
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accord with current theory due to the cross-over
effects mentioned previously.

The observed difference in exponents for differ-
ent directions of approach to the same point may be
due to similar effects. According to the theory of
Griffiths and Wheeler, critical behavior along a
second-order critical line can be described by two
independent thermodynamic fields, one of which
must be chosen in some sense parallel to the phase
line. These two fields define directions of ap-
proach to the phase line each of which is charac-
terized by a different exponent. In scaling theory,
one measures in the asymptotic limit the exponent
characteristic of the nonparallel direction for all
paths except the asymptotically parallel path. How-
ever, if one follows a path that is close to the paral-
lel path, the exponent will not reach its limiting val-
ue at measurable distances. We believe this to be
the case for constant temperature measurements.
This direction must become closer to the parallel
direction as pressure is raised and the lattice be-
comes less compressible. Hence, exponents mea-
sured in this direction may deviate from the ex-
pected results. The temperature axis, on the other
hand, should be more pure, and the observation of
an Ising-like B at high pressures tends to bear this
out. One may be able to verify these speculations
by the measurement of the other critical exponents
along this line since simple scaling should hold in
the pure direction and appear to break down in the
nearly parallel direction.

The value measured for the tricritical 8 (~0.18)
is in reasonable accord with present models. One
of these, largely due to Riedel and Wegner, 1 pre-
dicts that the TCP, y< (glng)!/%, i.e., B=%. How-
ever, the logarithmic correction results in a B
~0.19 if one fits the function (glng)!/* to a power
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law g®*f over the range 10110, Another model,
based on an extension of the Schofield equation of
state®® to the TCP!® gives a value for 8 which de-
pends weakly on the geometry of the phase lines but
is approximately 0.17.

Because of the previously mentioned absence of
demagnetizing effects, ND,Cl is in many respects
a nearly ideal system for studying tricritical ef-
fects. The picture presently available is a very
consistent one; the values of 8, are in general
agreement with theory, as is the cross-over be-
havior. A wealth of further information should be
available when a more thorough study of the crit-
ical scattering is completed. Coupled with a ther-
modynamic measurement of o, the neutron mea-
surements of B reported here, the susceptibility ex-
ponents ¥, v, and 7, and the related low-tempera-
ture and nonordering quantities should provide a
test of scaling at the TCP.

It would also be of great interest to study the dis-
continuity in ¥ as a function of the distance from the
TCP, in the first-order region. Unfortunately, in
ND,CI this region is quite small and a careful sur-
vey would be quite difficult. However, in
N(H,,5Do.5)4Cl the coherent scattering may be suf-
ficient to permit accurate measurement and the
first-order region may be large enough to indicate
whether the scaling predictions® linking this region
to the TCP have any validity.
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