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J. Phys.: Condens. Matter 1 (1989) 4585-4598. Printed in the UK 
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5 Laboratoire des Fluorures, CNRS UA no 449, Facultt des Sciences, Universitd du 
Maine, 72017 Le Mans Ctdex, France. 
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Abstract. We show the efficiency of local measurements with an EPR probe by considering 
the mixed crystals Rb,(NH4),_,A1F4 and the Fe3’ probe substituted for AI3+. In pure 
NH4A1F4 we study the orientational order-disorder transition which occurs near 155 K. EPR 
lineshapes are interpreted from a Kubc-Anderson dynamic model involving random jumps 
between local configurations, and evidence a crossover 2D-3D in the vicinity of 160 K.  In 
mixed crystals, the room temperature EPR spectra show a random distribution of rubidium 
and ammonium ions for any x ,  and allow a simple and accurate measurement of x .  At low 
temperature, we study the influence of the rubidium concentration on the ordering of the 
ammonium sublattice for 0 < x < 0.25. For x > 0.03, new low temperature orders appear 
which are interpreted as being structural spin glass phases. 

1. Introduction 

Previous EPR investigations on NH4AlF4: Fe3+ evidenced an order-disorder phase tran- 
sition in the vicinity of T, = 155 K, associated with a full ordering of the ammonium 
sublattice below 145 K (Leble et a1 1982a, b). The structure consists of (001) layers of 
corner-sharing [AlF6] octahedra separated by layers of NH; ions. In both high and low 
temperature phases, the fluorine octahedra exhibit tilts around the c axis with ‘antiferr0’- 
rotational order along c. 

At room temperature (RT), the space group is I4,”cm (Fourquet et a1 1979, Leble et 
a1 1982b) (figure 1) and the NH,f tetrahedra undergo fast reorientations between two 
equilibrium positions which can be represented by a pseudo-Ising spin operator. 

At low temperature (LT), the ammonium ions exhibit a parallel order in the (001) 
layers and an antiparallel order along the c axis (figures 2(a), (b ) ) .  The space group 
P42/mbc was initially inferred from EPR measurements (Leble et a1 1982a, b) and con- 
firmed by neutron powder profile refinement (Bulou et a1 1982). 

Recently the dynamics of the phase transition of NH4AlF4 has been studied through 
an EPR investigation on single crystals with the help of a Fe3+ probe (Dagorn et a1 
1985). The EPR lineshapes in the temperature range 300 K-145 K have been interpreted 
quantitatively from a Kubo-Anderson dynamic model involving random jumps between 
$Present address: Laboratoire de Chimie des Solides, CNRS UA No 279, UniversitC de Nantes, 2 rue de la 
Houssinikre, 44072 Nantes CBdex 03, France 
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Figure 1. RTStrUCtUre of NH4A1F4. 
Space group I4,”cm. Projection 
on (001) of part of the structure 
bounded by z = t0 .25 .  0: AI at 
z = 0; 0: Fa, at z = 20.14; 0: F,, at 
z = 0; +: NH4 at z = 20.25. 

Figure 2. LT structure of NH4AIF,. Space group P4,/mbc: ( a )  Pro- 
jectionon (001)ofpartofthestructure boundedbyz = t0.25. Symbols 
as in figure 1 and I: H-H edge at z = +0.20. ( b )  Section parallel to 
(010) at y = 0. Symbols as in figure 1 and A ,  0: two possible orien- 
tations of the NH: ions. 

local configurations, and have shown the existence of a crossover 2D-3D in the vicinity of 
165 K. 

In this paper, we present a refinement of the model used in the above-mentioned 
paper. Our refined model enables, in particular, the effective dimensionality of the lattice 
versus the temperature to be followed accurately. We also report an EPR investigation in 
the disordered system Rb,(NH4), _,AlF4 using the Fe3+ probe. RbAlF4 exhibits almost 
the same atomic structure as NH4AlF4, except for the rotational order of the fluorine 
octahedra along c ,  which is of ferro-type (space group P4/mbm) (Bulou and Nouet 
1982). The first EPR experimental results concerning these mixed crystals are briefly 
reported elsewhere (Jouanneaux et a1 1987). Our main purpose is to show the efficiency 
of local measurements with the Fe3+ probe substituted for AI3+ ions, to characterise 
an orientational order-disorder transition, and to point out some basic mechanisms 
responsible for the confused lineshapes which are normally observed in disordered 
systems. 

2. Experimental 

Single crystals of Rb,(NH4)] -,AIF4 were grown by means of hydrothermal synthesis. 
Small amounts of Fe203 were added in the starting mixture. (This was done by one of 
us (JLF)). 

The EPR spectra were recorded on a Bruker X-band spectrometer ( v  = 9.5 GHz). 
The static magnetic field may be varied from 0 to 10000 G. In the range 300-100 K,  we 
have used the standard Bruker variable-temperature system where the temperature at 
the sample is established by regulating the temperature of N, gas streaming past the 
sample. At  lower temperature, the spectrometer was equipped with a helium gas-flow 
cryostat (Oxford Instruments). The temperature stability was better than 0.1 K. 

The simulation of the EPR spectra of pure NH4AlF4 with the dynamic model was 
performed with a program written by one of us (AL). The simulation of the EPR spectra 
of mixed crystals has been achieved with a general program which adds single lines of 
given position, intensity, width and shape and which works in interactive mode on a 
microcomputer. 
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Figure 3. Energy levels and EPR transitions in NH4AIF,: Fe’* at RT for H 1 1  c .  Inset: influence 
of a spin-level decrossing (from Lcblt et a1 1982a, b). 
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Figure 4. Examples of RT spectra of 
Rb,(NH4), .,AIF,:Fe’+ forH11 c .  HvariesfromO 
to 10000 G.  

3. Local order in Rb,(NH4), -,AIF4 at room temperature 

3.1. EPR spectra for Rb,(NH4), -,A1F4: F$’ - H I /  c 

Figure 3 depicts the energy levels and EPR transitions of the Fe3+ probe for pure NH4AlF4 
whenH /I c = [OOl] .  For this orientation of the magnetic field, the energy levels are linear 
and the EPR spectrum shows the classical five transitions M ,  + M ,  + 1. The positions of 
the A and B lines (figures 3 and 4) depend only on the value of the axial quadrupolar 
parameter b: = -1112 X cm-’, which reflects the average quadratic symmetry at 
the AI3+ site (LeblC et a1 1982b). 
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Figure 5. Simulation of the {A} transition for x = 
0.35 at T = 300 K: -; experimental spectrum 

substitution. H, represent the line positions for 
the second shell [Rb,,(NH4)R-,]. 

Figure 6 .  Dependence onx of the axial parameter 
@(n)  for a configuration [Rb,,(NH,),-,] at RT for 

_ _ _  ; calculated spectrum according to random n = 0 , 4 , 8 .  

In mixed crystals Rbx(NH,),-,AlF4 (x # 0) for H / /  c ,  each transition (except the 
-4 -+ f transition) exhibits a well resolved structure (figure 4) that represents the distri- 
bution of local crystal fields. The lines of the structures, labelled by n ,  are attributed to 
Fe3+ probes surrounded, as next-nearest neighbours, by n Rb' ions and (8 - n)  NH; 
ions. 

For any concentration x, the A (and B) transitions may be perfectly reconstructed 
(figure 5) according to 

8 

W , x )  = L(x)fT(H - H,(x))/L(x)l 
n = O  

with Z,(x) = C!xn(l - x)~-'' by fitting x, the lineshape f, the linewidth L(x)  and the 
position of the centre of the line H,(x) .  

The formula used for the relative intensity Z,(x) corresponds to a random distribution 
of the Rb' and NH; ions. Then the simulation of the EPR lines indicates that no chemical 
ordering occurs in mixed crystals for any x, and provides us with a very simple and rapid 
means of measuring the rubidium concentration with a good accuracy (Ax/x = 3%). It 
shows equally the short range character of the Fe3+ probe, because the position of 
the lines is essentially influenced by the configuration of the &shell of monovalent 
neighbours. 

3.2. Evolution of b!(n) versus the concentration 

In figure 6 ,  we have plotted the values of the local crystal field parameter b!(n),  measured 
from the positions of the A and B lines, versus the chemical composition x. n represents 
the number of Rb+ ions substituted for NH; in the 8 second-shell. 

For x < 0.40, Ib!(n)I increases linearly versus the concentration, starting from the 
value of pure NH4AlF4 for n = 0. For x > 0.45, b!(n) does not depend significantly on 
x, and has practically the value of pure RbAlF4 for n = 8. 

Considering that, at RT, the main difference between the structures of pure RbAlF, 
and NH4A1F4 concerns the ordering of the fluorine octahedra along c,  these results tend 
to suggest that the average structures of mixed crystals are of NH4AlF4 type for x < 0.40 
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Figure 7. EPR spectra of NH4AIF4:Fe3+ from 
300 K to 140 K for H I /  [ 1001. 

(space group I4/mcm) and of RbAlF4 type for x > 0.45 (space group P4/mbm). Even- 
tually, for 0.40 < x < 0.45 and for different samples, two values of b!(n) are observed, 
probably corresponding to two possible types of crystal structure, depending on the 
exact conditions ( P ,  T )  of the hydrothermal growth. X-ray measurements will be made 
to confirm this simple hypothesis. 

4. EPR study of the phase transition of pure NH4AIF4: refinement of the dynamic model 

4.1. Introduction 

The temperature dependence of the high-field line (called the E line) in NH4A1F4: Fe3+ 
for H 1 1  [loo] is represented in figure 7 .  The experimental work on which this figure is 
based is reported elsewhere (Leble et a1 1982a, b). 

At RT, the average quadratic symmetry at the A13+site gives a single line. On cooling, 
the lineshapes clearly exhibit motional effects: slowing down; precursor order clusters 
represented by a lateral doublet below 210 K;  and a full LT order below 150 K marked 
by a splitting of the RT line. This splitting results from a lowering of the Ai3+ point 
symmetry from 4/m to 2/m and corresponds to an asymmetry of the local crystal field 
characterised by the spin-Hamiltonian parameter lb; 1 = 280 X cm-'. In other 
words, the LT doublet is associated with equivalent sites with asymmetry axes denoted 
by n/2 around the c axis. 

Only aparallel ordering of the NH; tetrahedra in the (001) layers and an antiparallel 
ordering along the c axis lead to a 2/m symmetry at the A13+ site (figure 2(b) )  (Leble et 
a1 1982a, b). Any different ordering would lead to a 4/m or 7 local symmetry. Thus, the 
LT space group P42/mbc was immediately deduced from the EPR spectra and this result 
has been confirmed later by neutron powder diffraction (Bulou et a1 1982). 

Then, using the Kubo-Anderson theory of motional narrowing (Kubo 1954, Ander- 
son 1954, Abragam 1961), a dynamic model involving a relaxation process between five 
local atomic configurations was set up to interpret the EPR lineshapes in the temperature 
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Table 1. Magnetic field line positions associated to the possible values of the pseudo-spin 
2 = U ,  - u2, U ,  and u2 represent the local order of the NH; ions located above and below 
the Fe3+ probe. U = +1: order. U = 0: disorder. 

0 1  -1 -1 0 -1 0 1 0 1  1 
0 2  1 0 1  -1 0 1 -1 0 -1 
z -2 -1-1 0 0 0 -1-1 2 
b: (10-4cm-1) -280 -140 0 0 0 140 280 
Line positions Hm- H'-  H 4 -  H40 H4+ HI- 

range 300-145 K (Dagorn et a1 1985). The results of calculations revealed a steep increase 
of the occupation probability of the LT-ordered configurations between 160 K and 150 K. 
Then a simple 'geometrical' model was set up in order to connect the dimensionality of the 
correlations with the variations of the occupation probabilities versus the temperature 
directly. It was finally found that a dynamic crossover 2D-3D occurred in the vicinity of 
165 K. 

In this section, we present a refinement of the initial model, with the following 
improvements: 

(i) We have used a pseudo-spin of block representation to determine the different 
local configurations. Then we obtain a more realistic relaxation scheme involving nine 
local configurations instead of five. This enables us to dissociate the temperature behav- 
iour of the quadratic configurations corresponding to a full local disorder and to a ferro- 
local order. Indeed, the occupation probability of the latter is essential to characterise 
the 3~ ordering (§ 4.2). 

(ii) We have used the 'geometrical' model directly in order to follow the temperature 
dependence of the dimensionality of the correlations between ammonium ions (§ 4.3). 

4.2 .  Pseudo-spin representation-local configurations 

Consistent with the short range of the probe, experimentally demonstrated by the line 
structure in mixed crystals, the local configurations of the NN NH,f tetrahedra can be 
grouped into key configurations, analysing the microscopic mechanisms involved in the 
parameter b;. 

Let us first consider one Fe3+ ion located between two NH; adjacent layers and let 
us use a pseudo-spin o to describe the local order of the NH; ions. We take o = 0 for 
the disorder, and 0 = i 1 for the two possibilities of parallel order in a layer. Let us now 
consider the block of eight ammonium ions surrounding an Fe3+ probe substituted for 
an A13+ ion. The local order of the configuration is characterised by the pseudo-spin 2 = 
o1 - 02, where o1 and o2 are the pseudo-spins of four NH; ions above and below the 
Fe3+ probe respectively. 

The possible values of 2 are -2, -1, 0, 1, 2 (table l), for which are associated the 
following key configurations. 

(i) X = 5 2  corresponds to the LT-ordered configurations (precursor-order cluster). 
The local crystal field parameter is b: = b: ( T  < Tc) = t 2 8 0  X 

(ii) X = 51 corresponds to the intermediate order: local order exists in one layer, 
but disorder occurs between the adjacent layers. For such configurations, only one half 
of the NH; ions cooperate to the local crystal field asymmetry and b: = 4bi ( T  < Tc) = 
5 140 x cm-'. 

cm-'. 
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Figure 8. Relaxation scheme: local configurations of the ammonium ions close to the Fe" 
probe. ++++: ZD parallel order with up orientation of the NHT ions ( a  = +1) in a (001) 
layer. ----: 2D parallel order with down orientation ( a  = -1). - : 2D disorder ( a  = 
0). 0: A13t(Fe3t). NWfl (with o( = m, i ,  q and p = +, 0, -) represent the occupation prob- 
abilities. P I ,  P 2 ,  Q l ,  R I :  jump probabilities. 

(iii) 2 = 0 with u1 = uz = i 1 corresponds to a local parallel order of the NH,f ions 
- in adjacent layers and ferro-order between them. The local symmetry at the A13+ site is 
4 and b: = 0. 

(iv) 2 = 0 with a1 = u2 = 0 corresponds to the full disorder, restoring an average 
quadratic symmetry, and b: = 0. 

The qualitative relevance of this classification, based on an underlying superposition 
model, is apparent on the E m  spectra (figure 7): the configurations (i) are responsible for 
the lateral doublet (Hm-, Hm+) .  The configurations (ii) correspond to an intermediate 
doublet (Hi-, Hi+), which is necessary to explain the lineshape in the slow regime below 
180 K. The configurations (iii) and (iv) are responsible for the central lines (Hq' = Hq- = 
Hq'). The main interest of this classification is to dissociate the behaviour of these two 
configurations, which contribute to the same line position. 

As for the initial model, we have used a Kubo-Anderson dynamic model involving 
a relaxation process between the nine possible local configurations, random jumps with 
many reorientations of the NH; ions being forbidden. The relaxation scheme is repre- 
sented in figure 8, where we have used a pseudo-spin (+, -) representation for the two 
possible orientations of the NH; tetrahedra. The symmetry implies Net = N"with E = 
m, i, q and also leads to a limited number of independent jump probabilities. i 

4.3. 'Geometrical' model 

The ultimate improvement of our model has been the direct use of a 'geometrical' model 
which enables the dimensionality of the correlations to be connected with the variations 
of the occupation probabilities versus the temperature. 

Let us represent bys the density Of 2D parallel ordered clusters ( a  = i 1) in one (001) 
ammonium layer. Then 1 - s is the relative area of disordered regions ( a  = 0). The 
minimum value of s is smln = 9, which corresponds to the probability to obtain u = L l ,  
if the four ammonium ions of a block are situated randomly. Let us also consider an 
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Figure 9. Computer reconstruction of the E lines 
at T = 157, 168, 190 and 240 K with the Kubc- 
Anderson model. -: experimental and --- 
calculated spectra. 

additional coupling parameter U between the NH; layers that favours the low-tem- 
perature 3D order. Then the occupation probabilities can be easily expressed as a function 
of s and U according to: 

P(i) = N"+ + N"- = 1 2s 2 (1 + U) P(ii) = 2("+ + W )  = 241  - s) 

P(iii) = Nq+ + Nq- = iss ' ( l  - U )  P(iv) = Nqo = (1 - s)' 

and they verify the condition: P(i) + P(ii) + P(iii) + P(iv) = 1. 

through the balance equation, can be written as a function of P1, s, U :  

Moreover, the jump probabilities, being connected to the occupation probabilities 

P* = P1s/2(1 - s) Q I  = Pi/'(l + U )  RI = P1,'(1 - U). 

Then the lineshape can be calculated from this model, by fitting P1 , s, U and the magnetic 
field line positions associated with the different configurations. We will not discuss here 
the application of the Kubo-Anderson theory to EPR experiments. This has been clearly 
explained in the paper of Dagorn et a1 (1985). 

For the simulation of the EPR spectra, we have used a continuous process from 
145 to 300 K with temperature jumps of a few degrees. Some characteristic computer 
reconstructions of the experimental line are represented in figure 9. 

4.4. Results of calculations 

The results of the fit are shown in figures 10, 11, 12, which depict the temperature 
dependence of s and U ,  of the occupation probabilities P(i), P(ii), P(iii), P(iv) and of the 
inverse lifetime t-' = Q1 of precursor order clusters. 

At 300 K, s reaches the value of 0.15 (figure lo), which is not far from the minimum 
value smin = Q corresponding to the absence of correlation between the ammonium ions. 
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Figure 10. Dependence on temperature of the 
parameters s and U. 

Figure 11. Occupation probabilities of the dif- 
ferent key configurations. 
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Figure 12. Exponent laws for the inverse lifetime z-' of precursor order clusters. A : A  = 
1.30: A : A  = 2. 

This result confirms our hypothesis about the pseudo-spin U associated with a square of 
four ammonium ions. 

From 300 K down to 170 K, it is found that P(i) = P(iii) (figure 11). This means that 
in this temperature range the ordering process is essentially bidimensional: parallel or 
antiparallel orders along c are equivalent. It can be also noted that P(ii)max = 4 in a 2D 
regime, and this is experimentally verified. 

At lower temperature, the rise of the 3D ordering of the ammonium sublattice is 
marked by the fast decrease of P(iii) and by the sharp increase of the density of 3D- 
ordered clusters P(i), which are concomitant with the sharp increase of the coupling 
parameter U between 160 K and 150 K. In this temperature range, s is not too far from 
the values = 1. Then we conclude that the crossover 2 ~ - 3 ~  occurs in the vicinity of 160 K. 
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According to figure 12, three different regimes can be observed for the inverse 
lifetime z-l of precursor-ordered clusters. In the temperature range 165-215 K, t-' 
verifies an exponent law t-' ( T -  T , ( ~ D ) ) ~  with T,(~D) = 125 K and A = 2, this 
exponent being characteristic of the critical slowing-down for a 2~ Ising system. At lower 
temperature, z-'  deviates downwards from the 2~ regime and obeys the exponent law 
z-l CC ( T  - TC(3D))* with T,(~D) = 154 K and A = 1.30, the critical index for a 3D king 
system. Tc(3D) = 154 K belongs to the steep-rise region observed for P(i) and U. Thus 
the crossover 2D-3D is also apparent in the critical slowing-down which may be charac- 
terised by critical exponents function of the critical exponent v for the correlation length 
of 2D and 3D king systems. 

Above 215 K, z-l deviates upwards from the 2~ regime, and verifies an Arrhenius 
law with an activation energy E = 1630 K, which is in good agreement with NMR results 
(Bulou 1983). Then the NH; tetrahedra reorient independently of their surrounding in 
a local double-well potential, where E is the depth of the wells. 

Finally, it must be stressed that near T,(~D), the almost static EPR spectrum exhibits 
essentially an LT doublet and a central quadratic line on a flat absorption background. 
This is characteristic of very l a r g e 2 ~  domains with a parallel order in the (001) ammonium 
layers (s > 0.9), and the quadratic line can be assigned to flat antiphase walls in the LT 
3~ ordering of the ammonium sublattice. 

5. LT ammonium ordering in Rb,(NH4)1 -,AIF4 mixed crystals 

5.1. Experimental results-simulation of the {E) lines 

The LT {E}  lines for HI/  [loo] are represented in figures 13(a) and 13(b) for x = 0.043 
and x = 0.067 respectively. The rubidium concentration of these mixed crystals was 
measured at RT from the simulation of the {A} lines for H 1 1  c.  

Qualitatively, up to x = 0.10, the essential features of the critical slowing-down are 
modified little with respect to pure NH4A1F4 (figure 7), but the {E}  lines associated with 
n = 0 are flanked by satellites due to NN Rb' ions substituted for NH: ions, and become 
really messy for x > 0.10. Moreover, the LT static spectra relative to mixed crystals 
(figure 13) are quite different from the one obtained in pure NH,AlF4, but mirror stable 
phases with frozen orientations of the ammonium ions. 

The lineshapes up to x = 0.10 can be accurately reconstructed by a well defined 
monoclinic doublet (ml ,  m2) as in the LT phase of pure NH4AlF4 and by a central 
quadratic line q (figure 13). These lines correspond to a second shell of eight ammonium 
ions (n  = 0). The other lines observed on figure 13 are associated with configurations 
with n = 1 or n = 2 rubidium ions randomly substituted for NH; ions. 

The relative number of quadratic sites Nq is deduced from the simulation of the {E}  
lines and is proportional to the total intensity of the 'quadratic' lines associated with n = 
0, 1 . . . . It may be stressed that the relative intensity of the q line rapidly increases 
between x = 0.043 and x = 0.067 (figure 13). The results of these measurements are 
given in table 2. For x = 0.24, the value of Nq was not measured from the simulation of 
the LT {E}  lines, which becomes barely tractable for x > 0.10. We have used another 
magnetic field orientation (§ 5.2.). 

On the other hand, the computer reconstruction of the EPR spectra indicates that the 
Rb' ions perturb the monoclinic and quadratic lines randomly. Thus the quadratic sites 
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Figure 13. {E) lines for H 11 [loo] at T = 100 K for x = 0.043 
(a ) ;  x = 0.067 (b). -: experimental spectra. ----: simu- 
lated spectra with 13 single lines. (1,2) = (m,, m2): mono- 
clinic doublet (n = 0);  3 = q: quadratic line (n = 0); (4,5), 
(6 ,7):  monoclinicdoublets ( n  = 1); (8,9), (10, 11): pseudo- 
quadraticdoublets(n = 1); (12,13): themoreintensemono- 
clinic doublet (n = 2). 

m1 q m2 

Figure 14. Experimental EPR lines for 
HI1 [Wl] at T =  100 K for x = 0.067(a) 
and x = 0.24(b). (m,,  m2): monoclinic 
doublet; q: quadratic line. 

Table 2. Relative number of ‘quadratic’ sites Nq for different Rb+ concentrations. 

X 0,008 0.028 0.043 0.067 0.10 0.24 
Nq -IO-’ 0.075(5) 0.33(2) 0.48(5) >0.90 

are not preferentially pinned by the rubidium ions. However, no diffuse absorption 
background corresponding to local disorder is apparent. 

5.2. Estimation of Nq for x = 0.24 

For x > 0.10, the LT { E }  lines for H 11 [loo] become really confused, because of the many 
overlapping lines arising from local configurations with n = 0 , 1 , 2 , 3  or more Rb’ ions. 
In order to determine Nq for x = 0.24, we have studied the EPR spectra for H 11 [OOl].  
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In pure NH4AlF4, the transition -4 + 4 at RT forH 11 [OOl] occurs near a level crossing 
involving M, = 4 and M, = f (figure 3). At  LT, the asymmetry of the local crystal field 
represented by the parameter bi can split this single line into a monoclinic doublet 
through a level decrossing, mixing M, = 4 and M, = 3 (see inset in figure 3). 

The evolution of the LTphase in mixed crystals can be followed through this transition. 
In the range x = 0.043 to x = 0.10, the LT EPR spectrum evidences a monoclinic doublet 
(ml, m2) due to sites with a substantial crystal field asymmetry, as for the LT phase of 
pure NH4A1F4, and a central quadratic line q (figure 14(a)). 'This quadratic line exhibits 
a well resolved SHF I9F structure, not resolved at RT. This is the mark of a well defined 
static local order. Moreover, for this orientation of the magnetic field, the perturbations 
by the rubidium ions are not resolved. 

For x = 0.24, one observes only a quadratic line, with no evidence of sites with a 
substantial crystal field asymmetry. The SHF structure is not resolved (figure 14(b)). 
because of the line broadening through topological disorder. The value of Nq cannot be 
measured accurately; nevertheless we may infer from the existence of a single quadratic 
line that Nq is not too far from the value Nq = 1. 

5.3. Discussion 

All the previous observations are consistent with a rather long-range 2~ parallel order 
of the ammonium ions in the (001) layers. Moreover, the quadratic lines that persist at 
very low temperature are due to Fe3+ probes located between adjacent ammonium 
layers exhibiting a parallel order along the c axis. These adjacent layers with a parallel 
order may represent antiphase walls. 

For x < x, (0.028 < x, < 0.043) the density of antiphase walls given by Nq is about 
1%, and the 3~ ordering of the ammonium sublattice settles as for pure NH4AlF4, 
according to recent neutron diffraction results (Jouanneaux et a1 1989). 

For x > xc, the relative number of quadratic sites Nq increases radically with x. This 
clearly indicates that the ordering of adjacent ammonium layers is no longer fully 
antiparallel along c:  a new LT phase occurs. The neutron diffraction measurements have 
shown that these phases do not correspond to high-order commensurate phases, such as 
are given by extended Ising models with competing interactions (Selke eta1 1985, Barreto 
and Yeomans 1985). Finally, the actual LT phase for x > x, is similar to a structural 
pseudo-spin glass phase, with long range 2~-ordered domains exhibiting static disorder 
along the c axis. Eventually, for x = 0.24, we may infer, from the value of N q ,  that the 
L T ~ D  order of the ammonium sublattice tends to become fully parallel. 

From these results, it turns out that the phase diagram (x, T )  of the Rb,(NH4)1 -,AlF4 
system is rather similar to the one observed for Rb,-,(NH4),H2P04 (Courtens 1982, 
Cowley et a1 1985) and for magnetic alloys with competing ferro-antiferro interactions 
(Aharony 1978). Nevertheless, in the system Rb,(NH4), -,A1F4, the static disorder of 
the NH; ions in the glassy phase probably does not result from directly competing 
interactions between the pseudo-spins. 

Until now, the LT ordering of the NH; sublattice was considered independently of 
the organisation of the fluorine octahedra. In pure NH4AlF4, the short range octupole- 
octupole interaction between the NH; tetrahedra is not strong enough to explain the 
LT phase, and we may consider that the antiferro-type rotation of the AlF, octahedra 
favours the LT order of the ammonium sublattice (Leble et a1 1982b). Considering that 
the AlF, octahedra are ferro-rotationally ordered in RbA1F4, we may then question the 
nature of the rotation of fluorine octahedra in mixed crystals, and therefore the influence 



EPR study of Rbx(NH4),-.A1F4 4597 

of the organisation of the AlF6 sublattice on the LT orientational ordering of the 
ammonium ions. 

The Fe" probe is not sufficiently sensitive to measure the local tilts of the octahedra 
around c ,  and is not well situated to control the rotational order between adjacent layers 
of [AlF6] groups. For this latter purpose, a probe substituted for the monovalent cation 
should be further adapted. Let us remind ourselves that in SrTiO, the antiferro distorsive 
order of the LT phase could be fully demonstrated by using two probes, one substituted 
for a Ti4+ ion, the other one for a Sr2+ ion (Unoki and Sakudo 1967, Muller and Berlinger 
1971). At present, we cannot exclude the hypothesis that disorder in the organisation of 
the [AIF,] sublattice finally drives the LT ordering of the NH: ions in the glassy phase. 
This remains an open question. 

6. Conclusion 

In this paper, we have shown the efficiency of the use of the EPR technique to study 
various features of a disordered system. 

In pure NH4AIF,, we have studied the orientational order-disorder transition, and 
all the essential features (LT static order, depth of the local wells, precursor-order 
clusters, collective dynamics, effective dimensionality of the lattice) spring from the EPR 
lines. The Fe3+ probe enables the configurations of blocks of pseudo-spin to be monitored 
through four types of lines. This may evoke the first step of a Kadanoff transformation 
of the NH; sublattice. 

In mixed crystals, EPR local 'measurements at room temperature are efficient to 
verify the random distribution of the rubidium ions, and to measure accurately the 
concentration for each crystal. The measurement of b!(n) shows a discontinuity of the 
structure when going from NH,AIF, to RbAIF,. At low temperature, we have been able 
to determine the local and 2~ orders of the ammonium ions, and to observe the influence 
of the rubidium concentration on the LT ordering of the ammonium sublattice. 

X-ray diffraction experiments are now necessary in order to confirm the hypothesis of 
adiscontinuityof thecrystallographicstructureat room temperature for0.40 < x < 0.45. 
Neutron diffraction measurements will also have to be performed for x = 0.24 to verify 
the possible 3D order of the ammonium sublattice at low temperature. 
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