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ND,Cl and NH,CI single crystals, as model systems for orientational order-disorder phase transitions, were
investigated at atmospheric pressure with x-ray diffraction methodgCNithdergoes a first-order transition
whereas for NCI the transition is very close to a tricritical poiECP). The order parameten(T), which
describes a low-temperature phase with ferro-ordered NHND] tetrahedra, is obtained by analyzing the
temperature dependence of the lattice constarit is shown that the temperature dependenca sfrongly
modifies the critical exponer+cp of the order parameter. In particular, the data yiglgr=0.16+0.01 in
direct neighborhood to the TCP, in good agreement with published values. The departure from the expected
mean field value 8+cp=0.25) is explained by rescaling the critical temperature due to the order-parameter-
dependent lattice contraction. For )L} we got quantitative results for the lattice contraction using a micro-
scopic electrostatic model. Fluctuations related to local antifétF) ordering of the tetrahedra were observed,
too. Previously, AF ordering and fluctuations were only observed igB¥idnd ND,Br. The correlation length
£ar Of these AF fluctuations exhibits values of 30 A for MH and 10 A(2—-3 lattice constantsor ND,CI.
[S0163-182698)01026-1

. INTRODUCTION tions of the form IA41—T/T .** However, this effect
strongly depends on the regiar=1—T/T., which is cho-
Ammonium halides X,Y (with X=hydrogen or deute- sen for the data analysis. CloseTgthe logarithmic correc-
rium and Y=bromine or chloring are model systems for tions should be negligible. Hencgycp=0.25 would be still
Ising-like orientational order-disorder transitions. Below expected. Logarithmic corrections as the only source for the
room temperature the generalized phase diagsma Fig. 1  observedB+cp values can be ruled out by our data. Another
of the ammonium halides contains three phases: A disorpossible explanation for the unexpeci@tp value could be
dered(D) phase, a ferrdF)-ordered phase with parallel ori- that the TCP in fact is a multicritical point of higher order.
ented NK; tetrahedra, and an antifertdF)-ordered phase, This seems to be unlikely for X,Cl,** because only two
which only occurs in IX,Br at not too high hydrostatic pres- ordered phases are known for the ammonium halides
sure. At atmospheric pressure the transitions are of first ordgfforementioned F and AF phagethat only can lead to a
with different magnitudes of the discontinuity. At high pres- TCP.
sure the discontinuity vanishes and the transitions become In this paper, we suggest that the source of the discrep-
second order. The point marking the transition from first or-
der to second order is denoted as the tricritical pOTi@P).
In the past, the phase transitions oK) have been ex-
tensively investigated by many authors both, theoretically ;
(see, e.g., Refs. 133and experimentally(see, e.g., Refs. . ET J——
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4-10. Many of these studies focused on the characteristics 7
of the generalized phase diagram. The existence of two dif- E_
ferently ordered phases was theoretically explained by Ya- E
madaet al.and Hiller et al.in a semiquantitative mannét!
Though the ammonium halides seem to be well understood,
there are still unsolved fundamental problems. The most im- r
portant is the departure of the measured tricritical exponents o
from the expected mean field values. For example at the TCP
the critical exponenB+cp, Which describes the order param-

eter m(T) near the critical temperaturg; via m(T)~(1 FIG. 1. The generalized phase diagram for ammonium halides.
—T/Tc)Prer, is predicted to b@rcp=0.25. However, values The thick solid lines mark the phase lines, which separate the dis-
within the interval 31cp=0.15-0.18 were found for NIZI  ordered(D), the ferro-orderedF), and the antiferro-ordere@hF)

and pressures between O bar and the tricritical pressufghase. The dashed lines denote the atmospheric pressure line for
prcp= (150=15) bar. A straightforward explanation of the each material. The arrows on the left side are the respective abso-
difference was done in the literature by logarithmic correc-lute pressure distances between the phases.
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disordered (D) ferro—ordered (F) antiferro—ordered (AF) nately in positive and negative direction. The resulting
——— : ' change of the internal energy\,~ Az/r>.'® The displace-
od ment of the bromide ions in conjunction with the AF order-
’ ing of the NX; tetrahedra leads to a tetragonal unit cell
(space grougP4/nmm see Fig. 2, right

FIG. 2. Microscopic structure of the D phagspace group The existence of two different ordered phases can be ex-
Pm3m, left), the F phaséspace grou43m, middle, and the AF plame_d by introducing competing m_teractlo’r’rsR(_)ughly
phase(space grougP4inmm right). The light gray spheres at the speaking, large values dfz together W|th large lattice con-
edges of the cubes mark the halide ions; in the center is the nitrogeffantsa favor the AF phaseAz is restricted by the hard
atom. The dark spheres are the hydrogen atoms. In the image of t§@res of the electron shells of the halide ions and by the
AF phase the H/D positions are identified by the numbers (se8  Polarizability a, jon-, " the lattice constant is determined by
text). Note that the shifts of the halide ions are exaggerdied the radius of the Cl or Br~ ion.'® Because of the higher
reality it is only 3% of the lattice paramejer polarizability and the larger radius of the Bion, the AF

phase is preferred in X,Br at atmospheric pressure. De-

ancy of Brcp from the mean field value is the coupling of the creasing the lattice constant by applying a hydrostatic pres-
order parameter to the lattice constant. To show this we usgure of about 1500 bar the AF phase vanishes and a transi-
a microscopic theory based on previously published wdfk. tion to the F phase or the D phase is obsetvsde Fig. 1
Though only measurements and calculations for the special For all ammonium halides a TCP is reached by applying
model system NECI are presented, the results may be ex-hydrostatic pressure. This common feature opens the possi-
tended to other systems, which show discrepancies betwedility to draw a generalized phase diagram, with different
expected and observed tricritical behavior. atmospheric pressure lines for differenXX)¥Y compounds

Another open question is, if the competing interactfdns ~ (see Fig. 1L To reach the TCP a pressure of 3250 bar is
NX,CI crystals lead to fluctuations of an AF-ordered phaseneeded for NiBr, 1500 bar for NHCI and only 150 bar for
They may occur in the disordered as well as in the F-orderetlD,Cl."***°These values can be used to determine the dis-
phase. First indications of AF fluctuations in )El were tancep, from the atmospheric pressure lines of the ammo-
published by Couzet al!® Our synchrotron x-ray measure- nium chlorides X,Cl to the AF phasésee Fig. 1
ments clearly prove the presence of AF fluctuations in In accordance with the fact that long-range AF order is
ND,CI and NH,Cl which were recorded over a wide tem- not observed in M,Cl, p, is negative. The generalized

perature range for the two materials. phase diagram in Fig. 1 yielgs, ~ — 250 bar for NHCI and
pA=~ —1600 bar for NQCI near the transition temperatures.
Il. GENERAL ASPECTS OF N X,Y Thus, at atmospheric pressure j@His expected to be in the

direct neighborhood of the AF phase and strong AF fluctua-

At room temperature ammonium halldeKL\Y CI’yStallize tions may appear close n . In Contrast, NDC' is expected
in a simple cubic CsCl structure with the tetrahedral;N  to show considerably weaker AF fluctuations.

molecules in the center and the halide ions at the corners of |t should be mentioned, that the AF fluctuations iKJCI
the unit cell. Two nonequivalent orientations of the tetrahe-are noncritical and do not yield the critical exponemtand
dra are possible, which can be identified with a spintllp  » of the susceptibility and the correlation length, respec-
and spin-down(|) state. At room temperature theXil tet-  tively. They only can be observed by investigating the F-
rahedra are flipping independentf/The resulting structure ordered fluctuations.
(space groug?m3m) correspondsa a D phasdsee Fig. 2,
left).

The tetrahedral arrangement of the hydrogen atoms I1l. MICROSCOPIC THEORY
around the central nitrogen atom yields an octupole momen- . , . i
tum as lowest order element of a multipole expansion. The N the previous section qualitative arguments for the exis-
direct octupole-octupole interactia;; between two N tence of two differently ordered phases in ammonium halides

tetrahedra depends on both, the orientation and the distand¥"e given. The key point is that a direct octupole-octupole
r. As will be shown laterW;; follows a 17 power law, interaction between the X tetrahedra favors an F phase,

which favors a ferro-ordering of the X molecules. The Whereas an indirect couplingia a displacement of the ha-
F-ordered phase remains simple cubic but the point-groutﬂde iong leads to the AF phase. A microscopic theory of the

symmetry is reduced by a factor of @pace grouP43m atter was given by Yamadat al! and Hiller et al!! Not
see Fig. 2, centerThe order parameten of the F phase is considered yet is a coupling of the order parameter with the

defined b lattice.
! y In what follows it will be discussed how the critical be-

N;—N, havior is altered by a coupling of the order parameter with
m=S N’ (1) the lattice of the crystal. We start with a simple qualitative
Th argument based on an interaction enevidy, that depends
with N; the number of spin-up orientations aid those on the distance between the particlesand]j in the mate-
with spin down. rial. This energy is responsible for the ordering process and
Additionally an AF phase is observed inXBr. For a is assumed to have the foriw;;(r)=c;;/r". The average
stabilization of the AF arrangement it is necessary to disover the crystal, i.e.W=(W,;), is obviously temperature
place the bromide ions by a valdez along thec axis alter- dependentW vanishes in the disordered phase because all
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thec;; compensate each other. In the ordered phase a depea1-8 are shown in Fig. 2; the mean value |&,| is the
dence on the temperatuftus on the order paramet@{ T])  gistance N-X. The value of N-D is expected to be

is seen, i.e.W(r,m[T])=C(m[T])/r". This potential has to  g|ightly less than N>H. Within error neutron diffraction
be added to the common crystal poten&l) of the disor-  measurements reveR},=(1.030=0.005) A for both deute-
dered phase, which may be in the simplest case a van de{;m and hydroger?

Waals or an ionic one. The complete crystal potential now is  of course the simplification of the electron density is con-
a function ofm(T). This results in a coupling of the order nected with an error in the further calculations. This error is
parameter with the equilibrium lattice constant given bygitficult to estimate. However, as shown below, the model is
E(r) andW(r,m[T]). The coupling has in general a remark- gple to explain our data within the experimental errors indi-

able effect on the phase transition. X¥(r) is no longer  cating that the assumption of the electron density given by
independent of the temperature, and thusw{T), a modi-  Eq. (2) is quite reasonable.

fied critical behavior is expected. The effect depends on the The contribution to the charge density from the nuclei
actual form ofW andm(T). After this qualitative treatment Onx+ nudr) may be calculated similarly to ER). Thus the
now a quantitative consideration follows for the special cas%taf1 éhar e densitg - (1) = O+ nud)+ Ot o (1) i

of ND,Cl where it will be shown that the abovementioned g g Onxg Onxg e
coupling is not negligible and leads to a modified critical 9iven by

behavior.
To calculate the coupling ah(T) to the lattice constant 4
a(T) the interactions between the halide and thé;Nions qE o(r—Ry) :spinf,
have to be considered in more detail. We restrict ourselves to onx; (M= ”zl 3

electrostatic interactions. Therefore the charge density distri-
bution QNXI(r) of an NX; group has to be taken into ac-

count. It is a combination of the shell with ten electrons, . _ . . . . .
; . . . 'with g= +e/4. With this expression one may obtain the in-
which can be written as an expansion of spherical

harmonics® and the nuclei of hydrogen and nitrogen atoms tergction energvaE in terms of myltipole-multipole intgr-
which are approximated b§ functions. The positions of the act|o|r|1$|. For t\.NO N.“ tetrahedra with parallef—) or anti-
5 functions and the expansion coefficients depend on thBarallel(+) orientation one gets

orientation of the IX; molecules and thus on the order pa-

qn; S(r—R,) :spinl,

rameterm(T). 4971 7 [Ry]? Rn[® Rn[®

The interaction energyV,,, between two charge density WTTi_T;_EO a 1- 9| a Wy a +1 a
distributions o, (r) and pgg,(r) is given by Wg, 10
=[Un(re,(r)d® with the potential Unp(r)=fom(r')/ O & )
[r—r’|d% . In most cases the exact electron dengity is a ’
too complex for further calculations. Thus approximations . o6 4 , i
have to be found which take into account the symmetry ofVith W-=—"' andw. =+, respectively, and the lattice

the molecules and the basic characteristics of the interactiorfnStan@. For the special case of NDI, the error neglect-
while neglecting details which are expected to be of minorind Powers of higher order than ithe ninth order will not
importance for the phase transition. Here the densitPPed is °f7 about 0.5% oWrr... Only the term propor-
Onx+ o-(r) of the NX; group with its ten electrons was tional to 1a" in Eq. (4), which describes octupole-octupole
A ) . i ) __interactions, depends on the orientation of the tetrahedra.

simplified by introducing five different shells, each with Since the order parameter is defined a¥T)=(N
spherical symmetry, at the positions of the nuclei. In our_ )/(N;+N,) the resultingm(T)-dependent part of tThe
approximation the sphere around the nitrogen atom is bu"fnte#actioTn enlergyN[q m(T)] is a certain combination of
up by seven electrons. This means, that only three electron\ﬁ/ and W Her,1ceW has to be weighed by a
are left for four “hydrogen shells.” Hence each single hy- fagtTo_r (1+ m)72T+a.ndWTT+ b)T/T(_l—m)/Z. A detailed calou.

drogen shell contain$ of an electron, because the time av-,_.. . K . )
erage of the electron density has to be considered, rather thzls\antlon including all neighbors of a Xj; tetrahedron yields

actual locations of single electrons. In calculatig,, it
may be easily verified, that it is equivalent to usinctions ) )
instead of the shells with spherical symmetry. Thus the elec- WL,m(T)]~—61q7m(T)] meodl ®)
tron density is replaced by

6
n

for the F-ordered phasé.
4 To calculate the coupling afn(T) with the lattice con-

—7ed(r)— § 62 S(r—R;,) :spinf, stanta(T) a mean-field-like ionic potential for the disordered
4 =1 phase
enx; e ()= 8
—7ed(r)— 2 eng5 o(r—Ry) :spin, . e2acsc|+ c i
@ =" e 17 ©

for the spin-up(T) and the spin-dowrt|) orientation of the is chosen, with the Madelung suei.c; and the distance
NX, molecule, respectively. The positions B, with n =av3/2. The exponent can be calculated from the bulk
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FIG. 3. Logglog, representations of the order paramete(T) for Brcp=0.25. In the left part the standard linear modiglt’* is
compared with a model that includes logarithmic corrections. In the center image the effect of the rescaled critical terfipasasin@vn.
The solid line is based on the implicit form E), the dashed line includes the approximation, which is mentioned in the text. The right
representation shows that the implicit form of E§) is almost equivalent to the standard first-order Landau theory.

modulus B and the lattice constard, at the transition ing effect may be obtained. Therefore, for MD the typical
temperaturé”? For NX,Cl the values »=8.47, B  critical behavior of the order parametem(T)~(1
=17.4 GP& and a,=3.87 A are given. The consta@  —T/T,)ATcF nearT, is not observed. It is possible to obtain
follows from the condition §E/dr)|s,3.=0. To describe  the modified form ofm(T) by rescalingT,: In mean field
the F-ordered phase the potential given by Ej.is gener-  approximation the critical temperatuiig is proportional to
alized by including the order-parameter-dependent ternW[q,m(T)]; thus for NX,Cl the rescaled critical tempera-
W[q,m(T)]. This leads toE[r,m(T)]=E(r)+W[q,m(T)]  tureT, may be written as

and, via minimizing, to a modified equilibrium distance

~ - -7
a(T)=a,—Aa(T) with TX=TC(1— Aa(m) ~T(1—e[m(T)]?) 7,
0
Aa(T) 25621%°RSag[m(T)]? with £~0.01 A/3.86 A~0.0026[see Eq.(7)]. Then the or-
a(m= i
V3e(r— 1)a8ac5cr 1537242[m(T)]2Rﬁ der parameter follows
For NX,CI this can be approximated by m(T)=(1—T/TX)/’TCP~[1— Tl (1—e[m(T)]?)7 Brcp
C
25621°RS , , ©
Aa(T)~ [M(T)]?~[m(T)]*x0.01A.  Equation(9) is an implicit expression for the functian(T),

2 5
v3e“(r—Dagacsc which can in general only be solved numerically. The shape

(7 of m(T) is very similar to that of the order parameter given

Thus the coupling of the order parameter with the contracby the standard Landau theory for first-order transitions
tion Aa(T) is different from the usual linear thermal contrac-
tion. In a completely F-ordered statee., m=1) this con- T—T
traction is expected to be on the order of 0.01 A compared to m(T)~"\/ 1+ T._T.
the lattice constant of a disordered structure. et Tel

Using symmetry arguments S&fféound for a transition  and T and T¢; being the transition temperatures for in-
Pm3m— P43m creasing and decreasing temperature, respectiv@iis is

illustrated in Fig. 3. AtT. the solution of Eq(9) is

ey(T)=[a(T)—ao(T))/ag(T) ~[m(T)1?, ®)

where e; is the only independent component of the cubic
spontaneous strain tenser This result is equivalent to Eq. In the case of8cp=0.25 the discontinuity of the lattice
(7), if the temperature dependence of the D-phase lattice corparameter would be\a(T,)~1.8x10 % A for NX,Cl. A
stantag(T) is assumed to be weak. For the special case ofomparison to the first order Landau theory would yield a
ND,CI this is true (ao(T)=[3.808+0.002 A {1+[5.44 thermal hysteresis of aboltT=T¢;—T¢ ~0.043 K. These
+0.02x10 ° K1 T}). two values can hardly be observed in experiments. For our
The maximum value ofAa~0.01 A for m=1 (i.e., T  setup the error in determininga(T) was on the order of
=0 K) corresponds to a change of 1.8% for the interactionl0"*# A and that for the temperature was 0.01($ee Sec.
energy W[ q,m(T)]. This has a remarkable effect on the IV).
phase transition behavior itself, becaugdq,m(T)] in- The effect of the modified critical behavior close Tg,
creases fol—0 K and a “self-amplification” of the order- which is due to the lattice parameter contraction, may only

m(T¢) = gBrcp/(1-2B1cp)



PRB 58 ORDER-DISORDER TRANSITION OF NECI AND NH,CI 627

be relevant for tricritical behavidfor multicritical of higher  cause the ordering mode leads to superlattice reflectfdns.
ordep in most cases. Ordinary Ising-like continuous transi-the high-temperature phas@y,T) is zero, while in the low-
tions yield an exponeng=0.325. For this value, the discon- temperature AF phase a dependen¢g, T)~[m(T)]? is
tinuity directly at T, decreases rapidi§in our exampleAa  found?” The information about the AF fluctuations inxyY
~0.058< 10 “ A). Thus, for ordinary continuous transitions is also located at the superlattice positions where diffusely
the effect of the order-parameter-dependent lattice parametecattered intensity can be observed.
change can be neglected. In the F phase the size of the unit cell remains unchanged
Instead of introducing the abovementioned small first-compared to the D phase. The only difference is that the
order component by directly solving E(), the discontinu-  NX tetrahedra order, which causes a change in the electron
ity may be avoided by replacing the tefm(T)]? by the  density of the hydrogen shell. Thus, an observatiom(T)
expected behavidrr|?AtcP, thus via intensity changes of Bragg reflections is almost impos-
sible with x-ray scattering(less then 2% of the peak
intensity’®). However, the coupling ofn(T) to the lattice
(10) pling _
parameter can be observed with high accuracy: The contrac-
tion Aa(T)~[m(T)]?>x0.01 A [see Eq(7)] is equivalent to
% maximum shift of 0.27° in the scattering anglegiven by

224 12— i i ier indi
As already mentioned in the Introduction for tricritical A hh +kk |+| _dzﬁ S'n(¢/2|)’ depf‘)erf]dlr?g on (tjhe (Ij\(llllg indi-
transitions additional logarithmic corrections have to bet€sh: K. ,an_t e wavelength of the used radiatiotfor
taken into accourl They are included by multiplying Eq. this examplex =1.54056 A). The errors in determining the

9) or Eq. (10), respectively, with the factor relative peak positions were estimated to be 0.0Gffe
© a.(10 P y Bragg reflections have a FWHM of about 0.D5Fhis leads

[In|1—T/T,|]*. (11)  toanaccuracy of 10* A for the change\a(T) of the lattice
parameter(T). We note here, that thabsolutevalues of
For the special case ¢frcp=0.25 the effects of the rescaled a(T) are only known with an accuracy of about 0.002 A.
critical temperature, the logarithmic corrections, and theSince onlyAa(T) is of interest, this is no limitation for the
first-order components on the critical behaviornofT) are  data analysis.

Brcp

T
1— —

Tc

2B1cp\ 7
- |

1- (1
T\ °

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

shown in Fig. 3. To obtain the positions of the Bragg reflections with high
precision the full temperature-dependent data series was

IV. SAMPLES, EXPERIMENTAL SETUP, taken (about 50-60 scans at different temperatures for one

AND DATA ANALYSIS hkl reflection and modeled with a Gaussian shape for each

) peak. As free parameters the intensities and positions were
~ Single crystals of NiCI and ND,CI were used for the  refined while taking the same FWHM for each data series.
investigations. The NECl samples were grown by Haussy Fluctuations of the AF phase lead to diffusely scattered
University of Kdn, Germany. They are mosaic crystals, COn-jntensity at the superlattice peak positiofisk(/2,1/2) of the
sisting of crystallites of about 2500 A diameter. This infor- cpic cell. The observed intensity ip space may be de-
mation was extracted from the full width at half maxima scriped by a Lorentzian
(FWHM) of Bragg reflections. The angular distribution of
the crystallitegmosaicity is about 0.3°. The NBCI samples lair~ (1+92€ap) 2
are from Brockhouse, Collins, and Garrett, McMaster Uni-, ) ) ) .
versity, Canada. They are approximately 98% deuterated! ON€ assumes an Ornstein-Zernicke-like behadgg.is the
The size of the crystallites is about 10 000 A with a mosaic-Correlation length of the AF fluctuatiof$which can be ob-
ity of 0.035°. This was again deduced from the width of {@ined from the angular width by
Bragg reflections. N

X-ray scattering methods are used to measure the tem- Enp= .
perature dependence of the lattice paramea(dr) and the TOEwHM COS $o/2)
AF fluctuations. The investigations were carried out at triplepere ¢, is the center of mass angkyy is the FWHM of
axis diffractometers. Tha(T) data were taken at a rotating the diffuse peak at the superlattice positions.
anode laboratory sour¢&iemens XP1Bwith a position sen-
sitive detector(Braun PSD-50M and the measurements of
the AF fluctuations were done at a synchrotron radiation
source(ROEWI at HASYLAB). The samples were mounted  To investigate the coupling of the order parameter with
in a HV chamber <108 mbar). A He-closed cycle cry- the lattice constant a system with a continuous phase transi-
ostat (Leybold RW4000 with a heating and a PID- tion may be chosen. This means universal behavior fgar
temperature controllefLakeshore 33Dwere used to adjust in the form of a power lawn(T)~|1—T/T|#=|7|?. Devia-
the temperature in the range ©f=200—-300 K with an ac- tions from this law can be accounted for particular properties
curacy of AT=+0.01K corresponding to a range bf| of the systenie.g., the rescaling of the critical temperature in
=10"%3-10"! with the reduced temperaturer=(T  NX,Cl; see Eq(9)].

—T)IT,. In a first step possible hysteresis effects were checked in
In general, the order parameter oK)\ may be directly NX,ClI to obtain the remnants of the first-order component in
observed by measuring the intensity chah@gT) of Bragg  these systems. For both materials the data are shown in Fig.

reflections. This is simple for the AF phase oXNBr be- 4. NH,CI shows a clear first-order transition witf,

V. STUDIES OF THE STRAIN IN ND ,Cl
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FIG. 4. Measuremer(obpen symbolsof the hysteresis effect in NJ&I (left picture and ND,CI. The dashed lines denote the transition
temperature. The transition of N8I is of first order. For NQCI a small first-order component may be séepen circles afl.), which
depends on the thermal history and cannot be reproduced in each measussaayen trianglesThe lines are only guides to the eyes.

=(242.13-0.20) K andT,=(241.60:0.20) K for increas- The reduced lattice constants, which for cubic crystals are
ing and decreasing temperature, respectively. This meanséguivalent to the componest(7) of the spontaneous strain
thermal hysteresis oAT=T,—T,=(0.53+0.04) K. The tensore [see Eq.(8)], were used for the logarithmic repre-
difference between the errors of the absolute valuesAdhd ~sentation of the data. The double logarithmic plotegf7)
are due to the properties of the temperature contrdties demonstrates that the data do not follow a simple power law
accuracy in determining the absolute temperature is only 0.8uch as
K (Ref. 30]. The first-order component of the transition can
also be seen as a jump of the lattice parametenaf; e, () ~| 7% (12)
=(0.0045-0.0002)A and Aag =(0.0052-0.0002)A.
ND,CI shows a different behavior. No hysteresis loop wasPepartures are visible in the overall shape of the curves,
observed and the transition seems to be continuous with hich are bended forr|—0 as well as fof 7/>0.02. Both
critical temperature off,=(248.86+0.20) K (see Fig. 4, lead to 28=0.22£0.02 instead of the expected value of
right). In some measurements a small jump of the lattice2Btce= 0.5 for a tricritical transition, when using E(L2) to
parameter of abouda,~ (0.0005=0.0002)A appears. This fit the data(se_e Fig. 8 The ovgrallxz, which is a measure
may indicate the direct neighborhood of a tricritical point. fO tf;e deviation between all fits and the data, was found to
Yelon et al’® and Garlandet al'4 got similar results with bg x“=0.075. Taking into account Iogarlyhmlc corrections
93% deuterated samples. They observed a thermal hystere§¥€n by Eq.(11) seem to improve the fit slightly. This leads
of 0.035 K at atmospheric pressure, which vanished at pred0® 28=0.32+0.02 _Wh'crz‘ is not much closer to&Zcp.
sures of about 130—150 bar. Therefore JODis the system However, the obtained®=0.087 is even larger but still
to investigate the tricritical transition and deviations from thecomparable to the previous value. Hence no significant im-
expected behaviour because of the change in lattice param-
eter. 3.870 — — T
The temperature dependence of the lattice constant of F
ND,Cl has been observed for two different samples. We q 1
measured the position of the 100, 310, 320, and 311 reflec- — 5g60F F—phase E

3865

R

tions of one sample with increasing temperature. For the sec- 5 :

ond sample only the 100 reflection was investigated, but for g 3.855 - ]
increasing and decreasing temperature to check a possible © i &, D—phase
hysteresis. A typical measurement is depicted in Fig. 5ona 3 *%°F . ]
linear scale. It shows the usual linear thermal contraction & ;4,5 F Aa ° i
ag(T)=agk(1+ ayT), with agx=(3.8076+0.0018) A and £ B ]

an=(5.437+0.017)x 10 °> K ! of the disordered phase for 3.840 -
T—T. .. Below T, an additional contraction due to the ]
ferro-ordering of the X tetrahedra is observed. It typically 200 220 240 260 280 300
saturates for temperaturds<T,—20 K (| 7/>0.08) with a temperature  [K]

maximum — contraction 0an=(_0.0113t_0.(_)005) A for FIG. 5. Temperature dependence of the lattice parameter of
ND,Cl and for NHCI as well. This value is in good agree- np,cl using the 310-Bragg reflection. The dashed line maiks

ment with the estimate oAa~0.01 A given by EQ.(7).  the solid lines mark the linear thermal contraction in the high-
Thus, for NX,ClI the simple electrostatic model using direct temperature phase and the low-temperature phase, respectively. The
octupole-octupole interactions seems to be the adequatgomalous contractiona(T) due to the F ordering can clearly be
choice for getting quantitative results for the coupling of theseen. It saturates beloW<T.—20K at a value ofAa=(0.0113
order parameter to the lattice. +0.0004) A.

3.835 L
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i 10721

x 320
+ 311
310 A 310
100 0 100
1 L 1 1 1 L ! 1 1 1 1 1 1 1
107t 107 1072 107! 107* 107 1072 107"
7] |7]

FIG. 6. Temperature-dependent strain obtained from several FIG. 7. The temperature-dependent strain of ,8Dand a re-
Bragg reflections of NECI and a refinement using, (7)|~| |2~ finement using logarithmic corrections and the approximation Eqg.
For sample 1 the 100, 310, 311, and 320 Bragg reflections wer€l0), which does not change the continuous character of the transi-
used for increasing temperature, for sample 2 the 100 reflection fdion. This fit yields the best resulsee text
increasing and decreasing temperature. It can be seen clearly, that

for low temperatures|f|—1) and forT—T, (|7|—0) a simple For the analysis all available data were used. This of
power-law behavior cannot explain the data. Error bars are onlgourse leads to relatively large error bars of the above men-
shown if they exceed the symbol size. tioned Brcp values, which are calculated from thcp of

each curve using statistics. On the other hand, however, the
fata and the analysis is more reliable and the general effects
such as the bending of the curves and the non-mean-field
Brcp are more pronounced since they are clearly visible in
8II measurements.

provement is achieved. We also tried to get better fits using
modified form of the logarithmic corrections with an expo-
nentB instead of; but without success: the logarithmic cor-
rections mainly influence the curvature far away frogand

not at the transition itself. In a next step, the data are refine
with the model of the rescaled critical temperatlire The e :
best results are yielded by the approximation, that let the

transition remain continuousee Eq.(10)], in connection 107"+ Y 100v i

with the logarithmic correctiongsee Fig. 7. The fit repro- o 1001

duces both the bending neBy and the curvature for— 1. It

leads tox?=0.042, which is two times better than before. - <

For the exponent a value of3=0.44+0.02 is obtained,

which is quite close to B1cp. We also try to refine the data o+ r

with the implicit form Eq. (9). The fit yields 28=0.43

+0.03, but the curvature close T seems to be too large — 2

compared to the measuremdsee Fig. 8 and they? only -

exhibits a value of 0.108. oo
It should be mentioned that some systematical differences 10771 v 1

in the measurements were observed, too. Small differences

in the up and down temperature cycles are visible and also g

small differences between the measurements of the two - o < 320 1

samples do existsee Figs. 6-8 The former may be due to e % + o311

the fact, that the measurements were not exactly done at the A 310

TCP but 150 bar away. Thus a tiny first-order component MRS © 100

may remain(as explained aboyewhich may lead to a hys-
teresis effect. It is very likely that the latter effect may be
caused by a slightly different deuteration of the samples. As
it can be seen from the generalized phase diagram Fig. 1, the FIG. 8. The data set of NfTI and a refinement using logarith-
degree of deuteration fixes the normal pressure lines and thusic corrections and the complete implicit form given by E@).
influences the critical behavior. The less the degree of deurhe predicted first-order jump is somewhat too strong compared
teration is, the larger the first-order component would be. with the measurements negg, but still agrees within the errors.

107t 107 1072 107!
|7]
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NH,Cl (1 1/2 1/2) ND,CI (2 1/2 1/2) 1=T/T,
8 e 2.0 T RRAR AR 1072 10° 1072 10° 1072 10°
30 Lk | LA | T T L} T Ll | LA T
25 | I I 3
20F I I 3
=
15F F d 3
&
10F I I .
7 7
T = st I I 3
3 3
o ) 30
5, 5 (2 1/2 3/2)-position
25 F
> 2
2 o 20
2 E] =<
£ £ sk
10 F
5F
1/2 1/2)- posmonI ) / ) . ;
200 250 300 200 250 300 200 250 300
temperature  [K]
0 HET . P NET— . . .
24 26 28 30 3 45 50 55 FIG. 10. Correlation lengths of the AF fluctuations in MCH,

¢ [ded] ¢ [deg] measured at three different superlattice positions. The top image

shows the log-lin representation far<T,, the bottom image the
whole data on a linear scale. Within the errors the curves are iden-
tical. The solid lines are guides to the eyes.

FIG. 9. Detector anglés) scans at thél, 3, 3)- and the(2, 3,
%)-superlattice positions of N}€I and ND,CI, respectively. In the
F-ordered phasgt low temperaturgshe AF fluctuations are com-
pletely suppressed. At the transition temperature the diffuse scatter-
ing exhibits a maximum. The lines represent Lorentzian fits withticularly the respective mosaicities are only known very in-

linear background. accurately.
Since the FWHM of the diffusely scattered intensity is
VI. STUDIES OF AF FLUCTUATIONS IN N X,CI independent of the abovementioned differences between the

. . . two samplegfor épe<<crystallite siz¢, a quantitative com-
be'i“/ic'sipi))cl)enitr?cij\b?u(tjlmtﬁgj lr: Ililijecstlear:;:?esrg;h;hﬁvs ﬁ)hnasfa?agparison becomes possible. Figures 10 and 11 show the ob-
4 9 9Tange o \ed values of oe(T) for NH,CI and ND,CI. For the two

F ordering. The reason for this are competing interactions SamplesgAF vanishes fofT<200 K, in accordance with the
which seem to be more relevant in WEl compared to

ND,CI (see the generalized phase diagramAF fluctua-

tions are visible as diffusely scattered intensity at the 10 1072 11;/1%_4 102 109

(h,k/2)/2) superlattice positions, which are at the zone Lo i e B e s B B B

boundary(see Sec. V. 10k ]
Figure 9 shows as example a measurement of the intensity

at the(1, 3, 3) position for NH,Cl as a function of the tem- = 8t B

perature. The change in the intensity and FWHM of the ob- ~ 6f ]

served peaks is evident. Near the transition temperature of 5 A ]

aboutT=242 K the maximum intensity and smallest FWHM

are observed. This corresponds to the maximum of the AF 2r ]

fluctuations and the largest correlation lengdity, respec- 0

tively. Figure 9 also depicts measurements at (he, 3) 0

position for ND,CI, which show similar characteristics as the ] 1 E

NH,CI sample. — 8F T ]
The AF fluctuations in X,CIl were investigated at several = 6k 1 ]

superlattice peak p05|t|or[siH4CI (1, 3, 9,3, % 1, and %

2,3, 9, ND,Cl: (2,3, 3) and(3, 3, 3)] to obtain informa- tr T ]

tion about the correlation leng#g in different directions of 2fF I .

reciprocal space. The deuterated and the hydrogenated o £2.1/2 172 posiion 165 /2 1/2);pesiton

samples differ in the surface orientation, mosaicity, and 200 250 300 200 250 300

sample size. However, a comparison between the absolute temperature [K]

level of the diffusely scattered intensiti¢gy of the two FIG. 11. Log-lin(top) and linear(bottom) representation of the

materials has been done. The corrected integrated intensitiggrrelation lengthst - of the AF fluctuations in NBCI, measured

of the two materials seem to be comparable within a sizeablgt two different superlattice positions. Within the errors the curves
uncertainty of the factor of 5—10. More quantitative infor- are identical. The fluctuations are much more suppressed as in
mation cannot be extracted from the intensities because paH,Cl. The solid lines are guides to the eye.
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exponent B1cp=0.16—0.18 instead of the expected mean
field value of B1cp=0.25. This value is in good agreement
with previously published data obtained by other methods.
The effect of the decrease#hp is explained by a coupling
of the order parameter to the lattice that leads to a “self-
amplifying” ordering process of the X|; tetrahedra below
T.. Although we found this explanation for the particular
example of N,CI for which a microscopic model is pre-
e sented one may speculate that this is a more general feature
200 250 300 depending on the kind of transition and the special micro-
temperature [K] scopic interactions. The microscopic model includes the di-

FIG. 12. Comparison of the correlation lengths for Jifland  F€Ct octupole-octupole interactions between the; Netrahe-
ND,CI. The thick dashed line denotes the data of,8Dscaled by dra and has led to a quantitative description of the
a factor 3 and shifted by 6 K. The solid lines are guides to the eyetmeasurements for NJZI. In good agreement with the pre-

dictions, a lattice contraction of abosta=0.0113 A and a
expectation, that the AF fluctuations are strongly suppressequadratic dependendea(T)~[m(T)]? has been confirmed.
in the long range F-ordered state oKNCI. With increasing ~ With a rescaled critical temperatufig,, which depends on
temperature T<T,) the value ofé,r increases. The maxi- a(T), it is possible to explain the difference betweBqcp
mum is reached af; and ¢, decreases in the D phase. The and the expected mean field value. Howevky,leads to a
overall shape is similar to that of the F susceptibility tiny discontinuity of the temperature dependence of lattice
x(gg,T), but without diverging af,. parameter(T) at T,.

The diffusely scattered intensity was measured along dif-  An alternative approximation which assumes that the
ferent directions in reciprocal spageearly the[loo] and the phase transition still remains continuous yields even better
[101] direction for NHCI and the [111] direction for  \oq 15 with this assumption an exponent @fcp=0.22
ND,CI). Within the error barsse is independent of the di- g 51 is obtained. that is quite close to the expected value.
rection, thus indicating almost isotropic fluctuations. Since the measur,ements did not take place exactly at the

The overall behavior of 5e(T) is the same for NECI and o .
for ND,CI. This is demonstrated in Fig. 12 by rescaling theTCP It is not expected to get the precise value &kp

4 : =0.25. Of course it is not possible to do an interpolation

ND,CI data with a factor of 3 and shifting the curve by 6 K ith onl | ¢ hich q at |
to the lower transition temperature of NEl. The main dif- with only one value ofg, which was measured at norma

ference between the AF fluctuations in D and NHCl is ~ Préssure, to obtain an estimation of the reicp at p
the magnitude of 4. Due to the direct vicinity of the long- — 190 bar. But the facts that the corrected value ®f
range AF phasésee Fig. 1, we observe strong fluctuations _=0.22t 0.01is very close to Q.25 and the uncorrected value
in NH,Cl and a maximum value of,-=(30+4) A atT.. IS close to the previously published values of the uncorrected
With a~3.87 A, this is equivalent to the rather large value Btcp indicate that it may reach 0.25 at=150 bar as ex-
of &xp~7-8 lattice constants. In contrast to MH the pected from mean field theory.
ND,CI sample only shows weak AF fluctuations. They reach Additionally AF fluctuations in NHCI and ND,CI have
a maximum correlation length of,-=(10=3) A at T, been investigated. The generalized phase diagram shows,
(2-3 lattice constants Therefore, AF fluctuations are thatlong-range AF ordering does not occur in those materi-
strongly suppressed in NBI, as expected from the gener- als. Measurements of the diffusely scattered intensity at the
alized phase diagram Fig. 1. superlattice positions vyield temperature-dependent short-
To our knowledge, no theory exist that describes the proprange AF fluctuations with correlation lengtéig: which ex-
erties of non-order-parameter fluctuations, such as the olibit values of 30 A(corresponds to 7-8 lattice constants
served AF fluctuations above, properly. However, in fact thefor NH,Cl and, in accordance with the generalized phase
general picture seems to be comparable to the behavior of trdtagram, only 10 Accorresponds to 2—3 lattice constarfts
order parameter: An increase of the AF fluctuations fear ND,Cl. The measurements reveal that these AF fluctuations
both for T—T. ; and forT—T. _ . However, the AF fluc- seem to be isotropic.
tuations clearly show no singularity dt;. A comparison Future measurements afT) with ND,CI directly at the
with a microscopic theory, as shown in the first part of thisTCP, i.e., atp=150 bar hydrostatic pressure, would be of
paper for the order parameter, would lead to further insighgreat interest. Our considerations predict that these measure-
into the microscopic details of the interactions between thements yield exactlyBrcp=0.25 but with the rescaled tem-
molecules of the investigated materials. This has not beeperatureT , instead ofT.. Another interesting point would

done yet. be the investigation of a possible very small first-order com-
ponent of the phase transition, which in fact would allow a
VII. SUMMARY, CONCLUSIONS, AND OUTLOOK further investigation of the predictions of the given theory.

Furthermore, surface sensitive grazing incidence diffrac-
The phase transition of the ammonium chlorides,8H tion measurements were carried out on the,83amples to
and ND,CI has been measured with x-ray scattering methinvestigate if modified critical behavior with tricritical sur-
ods. In the first part the TCP of NI was investigated. face exponents may be detecféd? These results will be
Very close to the TCP, NECI seems to exhibit a critical published elsewhere.
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