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I. Phys: Condens. Matter 5 (1993) 283-3073. Printed in the UK 

X-ray and Raman study of the IOW temperature NH,MnF, 
structure; evidence of Iibrational motion of the NH$ ion 
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A h s h c L  The rtmcaure of the IOW 1empGaNre phase af tW&bF~ has becn determined 
by means of x-my powder d ihc t ion  using the Rielveld method. The rtmcdure h 
orthorhombic with space p u p  Pnma, Z = 4. The unit RU dimensions at T= 83 K 
M a = 5.952(1) A, b = 8.541(1) A and c = 5.949(1) .& The lw temperature Raman 
spUa have been in tq re red  consistently with B e  space p u p .  ?he librational modes 
of the ammonium ion have been identi6ed from the temperature dependence of the 
Raman lines A model for the orientations of the NH: ions U proposed such that the 
minimum energy h achieved when each H atom points “ I s  one of L e  four nearat 
F atoms. Ihe depolarization of glme of the Raman peaks h mtativeiy aplained as an 
c i ~ s t  of orientational disorder of the NH: ions in the IOW temperature phase. 

1. Jntmduction 

At high temperature the ammonium fluoroperovskites NH4MF3 (M = Mg, Zn, CO, 
Mn and Ca) aystallize with a cubic phase11 (Pm3n, so, Z = 1). At low temperatures 
these materials undergo a first-order transition to a lower symmetry driven by small 
tilts of the MF,, octahedra. 

In spite of the large number of studies devoted to the structural and magnetic 
properties of ammonium Buoroperovskites, the actual orientations of the ammonium 
ions in the noncubic phase remain unknown. This is due in part to the micro- 
domain (twinning) structure of the samples, which renders the interpretation of the 

I[ lluoughout the paper we use the intemational notation for space p u p s  For the sake of completeness. 
we give here the equivalent W6nRies notation for the gmups that appcar in the mt: 

Inremational notation Sch6nRies notation 
Pm3m 4 
P 4  f m m m  D:b 
P4/mbm % 
P4bm s 
P n m a  DE 

We take the origin at the Mnz+ site, to match the standard settings of the International Qystallographic 
3b le s  for the group Pnma.  
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experimental results difficult. rhis point should be elucidated in order to understand 
the mechanism of the phase transition 

For example, the low temperature phase of NH4MnF3 was first described by a 
tetragonal P4/mmm, 2 = 1, structure resulting from a stretching of the octahedra 
along one of the cubic axes and a contraction in the others (a, = 4.2080(12) 4 
b, = 4.2659(14) A) (Helmholdt et al 1980) (notice the labelling of the pseudo- 
tetragonal axis as b,), but in the perovskite structure such a distortion is quite 
unlikely to happen since the MF, octahedra tend to remain very regular (except 
for Jahu-lidler active metal ions). In fact, the symmetry reduction is caused 
in most cases by the condensation of W, rotational phonon modes about the 
cubic axes. In-phase rotation of all octahedra along the rotation axis transforms 
as the M, irreducible representation of the cubic first Brillouin Zone (E), while 
anti-phase rotations transform as R; (Glazer 1975). The actual distortion of a 
c~ystal is the result of combinations of the rotations described by these irreducible 
representa tions. 

In a recent paper we have reexamined (Le Bail er d 1990) the crystal structure 
of NH4CdF3 through the Rietveld analysis of its powder x-ray diffraaiDn pattem, 
which avoids problems related with twinning. An orthorhombic structure ( P n m a ,  
sG, 2 = 4) was clearly obtained for the low symmetry phase, resulting from tilts of 
the octahedra around the three cubic axes (a-b+a- in Glazer’s notation). 

In this paper we apply the same technique to the NH4MnF3 Auoroperovskite, 
which has a transition temperature of T, = 182 K (Palacios er al 1986) and shows a 
further transition to an antiferromagnetic phase at TN = 75 K (Bartolom6 er al 1983). 
In contrast with the NH4CoF3 compound (Bartolome er al 1977a), no structural 
transition accompanies the magnetic one (Bartolomi er al 1977b). We analyse 
the x-ray powder diffraction pattem of NH,MnF3 performed at low temperature, 
solve the low temperature crystalline phase and compare it with that of the Cd 
compound. 

The Raman technique has been applied successfully in helping to solve the low 
temperature phases of some tluoroperovskites such as RbCdF,, TIW3 (Rousseau et 
al1975), RbCaF, (Ridou er al 1976) and KMnF3 (Lockwood and B n i e  1974). In this 
paper a Raman study of the lattice modes of NH,MnF3 single crystals is presented. 
For the first time, selection rules were observed below T,, thus allowing for a quite 
complete interpretation of the vibrational spectrum. 

The basic quest which stirred up this work was to determine the orientations of the 
ammonium ion in the fluorine cage for the different phases. This point is essential 
in the understanding of the dynamics of the ammonium ion and its contribution 
to the phase transition disorder entropy (BartolomC. et al 1977a, Bartolome et al 

Most of the experimental evidence based on the study of the ammonium intemal 
modes points towards a D, effective symmetry for the NH: ion in the cubic phase 
and C, in the orthorhombic phase, with a clear indication of the existence of N-H.. .F 
bonds (Agull6-Rueda er a1 1988, Knop el d 1981). However, a different model in 
which the N-H bonds are along the cube diagonals in the cubic phase has been 
proposed recently based on interatomic interaction energy calculations (Fayos 1990). 
Tb elucidate this question we also present a study of the Raman peaks corresponding 
to the ammonium librations and their evolution across the phase transition. The 
results are discussed on the basis of a possible model for ammonium orientational 
disorder. 

1983). 
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Z Experimental details 

Crystalline powders of NH4MnF3 were prepared by the reaaion of MnBr, with 
NH,F in methanol (Haendler er d 1958). NH4MnF, single aystals were grown by 
hydrothermal synthesis, in which a stoichiometric mixture of WHF and MnF2 was 
heated to 673 K for one week under autogenous pressure. The aystals were small 
transparent cubes with dimensions of about 0.5 nun. 

The x-ray powder dilfradon patterns were measured at Werent temperatures 
above and below the phase transition on a two-circle powder ditfractometer, using 
the monochromatized Cu-Ka radiation generated by a rotating anode. The scattering 
angle was measured with an accuracy of 0.M)lo, the step of the scan was 0.04' and 
the time per step was 10 s. The temperature stability was better than f l  K The 
analpis of the -action pattern was made using the Rietveld method, as adapted 
for x-ray powder patterns with Feudo-Voigt pmMes (Bkrar el d 1980). 

The Raman spectra were measured at temperatures between 6 and MO K in 
backscattering geomeby, in a Dilor XY spectrometer with diode array multichannel 
detector. Low temperature measurements were performed in a SMCTBT cryostat 
with a temperature stability of f0 .5  K We used the 5145 A tight of a Coherent Ar+ 
laser. The typical power at the sample was of the order of 50 mW. The spectral 
linewidth was n/pically better than 5 an-'. 

Although great care was taken to cool down or warm up slowly, the aystak 
deteriorated after a few cycles, as evidenced by the formation of cracks and the loss 
of polarization of some Raman peaks. 

3. Structure determination 

The x-ray powder diffraction of NH4MnF, has been measured above T, (at 195 K )  
and below T, (at 83 K) with the nyostat and at 300 K without the cryostat. 
The diffractogram at 195 K was fitted to the cubic Pm3m structure, with a = 
4.2345(1) in good agreement with previous determinations at that temperature 
(Helmholdt ef d 1980). This measurement and the comparison with the dfiactogram 
at 300 K allowed us to detect a number of weak reflections which were identified 
as due to small amounts of impurities, or caused by the AI sample holder. These 
spurious peaks were included as additional peaks in the fits of the low temperature 
pattern. 

In the diffractogram measured at 83 K the main reflections of the cubic phase were 
split and new reflections of small intensity correspondmg to a superstructure appeared 
(see figure 1). As was done previously (Helmholdt et al I=), the split reflections 
could be indexed considering an elongated tetragonal structure with a, = 4.218 A 
and b, = 4.275 A 

However, the Superstructure peaks needed a finer analysis, which was pursued 
following the method proposed by Glazer (1975). First, all the main and 
superstructure peaks were indexed in terms of an auxiliary pseudo-tetragonal cell 
of 2a, x 2b, x 2c, dimensions (from now on we shall take bt = 4.275 A as the 
long tetragonal axis, to compatibilize the Glazer method with the international 
notation). The superstructure reflections indexed as QOl), (321), (341) and (325), 
(odd.even.odd) with h # I, imply that they are caused by small in-phase tilts of the 
regular MF6 octahedra around the b, axis, and the reflections (131) with h = 1 and 
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Figure L X-ray diffraction patterns of W M n q  powder above (1% K )  and telmv 
(Sa K) T. = 185 K ?hese include the peaks caused try the aluminium sample holder. 
?he arrows indicate the supersflunure peaks caused by Ute smctural transition, indexed 
in k m  of fhe pseudo-tetragonal 2ar x 2br x 2ct unit 011. 

(311) with k = 1, together with the condition of a, = e, < bl, lead in a unique way 
to the threetilt scheme a; bza;  (SG, Pnma, 2 = 4). This =heme corresponds to 
in-phase tilts around the b, axis and to equal anti-phase tilts around the a, and e, 
axes. 

Once this selection was done, a Rietveld analysis of the whole @actogram was 
performed wirh the orthorhombic cell parameters a N a,& b = 2b,, and e N 

with a N e. The NH$ atom was considered as a point atom N, k e d  in the fitting 
procedure ak (i, a,O) since this constraint hardly Hecn the podness of the fit. 

In table l (a )  we give the best fitting parameters. The ditliactogram calculated with 
them is compared in figure 2 with rhe experimental one. In table l(b) the interatomic 
distances to the next-neighbouring atoms are given. The resulting pseudo-cubic cell 
is depicted in figure 3. All the Mn-F distances are nearly equal, thus verifying the 
starting assumption that the octahedra remain rather regular through the structural 
transition. The rotation angle around the pseudo-cubic axis [0,1,0] given by the MZy 
mode takes the ~ l u e  of 4.7", while around the [1,0,0] and [0,0,1], given by R&= and 
RiSz, they are both 2.4O. The N-F distance, which is 259 8. in the cubic phase, 
wries between 282 and 3.19 k The two nearest F atoms (4,6 in figure 3), for which 
the N-F distances become smaller than in the cubic phase, together with F atoms 
9 and 10, form a tetrahedral cage for the NH? ion. The F atoms 2 and 8 are at 
slightly shorter distances than 10, while the distances for the other six are at equal or 
larger distances. All these results indicate that the NH4MnF3 compound suffers the 
same structural phase transition as the NH4CdF3 member of the series, though the 
distortion is smaller. 
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lbbk L Crystallographic data of WMnF, (It 83 K (U) Best llCt af the adjustable 
psrameters. U = 5.952(1) & b = 8543(1) & c = 5.949(1) 4 SG Pnma; wl 
= 293.27 A3; step scan (28 dg), 0.04; 20 range (dcg), 1s-130. Rcliiaaility f imm (46): 
RI = 6.49, Rp = 5.98, RW = 7.75, Re = 3.9. (b) a~aracmimc interatomic &tanas 
(A). Fl and F2 arc diKmnt site types F, ~ 1 5  diffemtt positions in Ogurc 3. 

(a) 

A” Pmition z 1 2 T B(Az) 
N 4c 0.0. 

* Faed value. 
(*) 
MnFa odahedrs N emrimnmcnt W d F a t o m  
ZxMn-F1:2043(1) N-F,:3.06(1) 1 
2xMn-F1:2182(1) N-F&95(1) I 
2xMn-€22139(1) N-F&19(11 1 
(WF) = u z i  1 

1 
N-FS:ZgLjlj 1 
N-F,:3.06(1) 1 
N-F&95(1) 1 
N-F91.99(1) 2 
&Fio:299(1) 2 
&Fii:298(1) 2 
N-Fd3.09111 2 

4 Raman spectra and interpretation 

In the study of the vibrational structure of the ammonium fluoroperovskites, three 
types of modes will be considered. ion in 
NH4MnF3 appear at frequencies above lo00 cm-* and have been studied previously 
(AguIlB-Rueda er al 1988), so we will not discuss them here. m e  lattice and 
ammonium librational modes appear at energies below 500 cm-I. The Raman spectra 
of NH4MnF, single crystals in this frequency range were measured at temperatures 
w y h g  from 6 to Z70 K (Tc = 182 K). TWO different scattering geometries were 
used, which are labelled as ‘LZ’ and ‘zy’, where z and y are fixed axes parallel to 
the qstal cube edges. 

4.1. The high temperature phase 

WXh respect to the lattice modes and neglecting the inner structure of the ammonium 
ion, the site symmetries in the high temperature phase, Pmfm, are D, for F and 
Oh for NH$ and Mnz+. Since all ions are at sites with inversion symmetry, they 
only participate in ungerade modes at k = 0 (4Tlu + Tzu), which are Raman inactive. 
From them, Tzu is infrared (IR) inactive and one of the TI, is the acoustic mode with 
w = 0. The To components of the other three T,, modes have been observed by IR 
at frequencies of 163, 250 and 390 cm-1 (Bartolomt d a1 1985, Patil and Seua 1972, 
Dunsmuir and Lane 1972). 

The Raman spectrum at temperatures above the phase transition consjsn of a 
very broad band at about 330 cm-I ,  only seen in perpendicular configuration, that 

The internal vibrations of the 
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Fig” 2 A ampalison of the observed (dotted m e )  and calculated (full cum) 
intensitis of NH&hFs. @e 61 it 50 good Ihat b t h  (u~ves arc almart superpmcd. 
Dorr can be seen at peak maxima. ?he difference pattern appears below OR the same 
=le. ’he  fin1 RW of wnical bars mmpands Io allowed Btagg peak%, the secand row 
U) aluminium Bmgg peaks, and the third mw Io p k s  detected m Ihe high Iemperature 
phase as impuritia. 

=1 

F@m 3. The surrounding atoms of the 
NH$ wn in the P n m a  sllunure of 
NHqMnF3. The four nearest P ions, 
connected ty the broken line, form a 
nearly tetrahedral cage d C symmeuy. 
Notice the definition of the pxudocubic 
zSr ys and zs axa and the ab plane. 

has been assigned to the ammonium librations. The effective symmetry of a molecule 
with point group G ,  located in a crystal in a site of symmetry gi is given by G ,  n gi 
or a subgroup. The p i n t  symmetry of NH: is Td. In the Nhic phase it is located 
in an 0, site and then its effective symmetly is Td n 0,. When this intersection 
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is performed it is seen that the common elements define a D, effective symmetry 
if the N-H bonds are directed to fluorine ions. Ammonium librational mode in a 
site of such a ymmetry transform as 4 and E Only E is Raman active and in a 
perpendicular configuration, as observed. 

42 The low temperahwe phase 

In figure 4 we show the spectra taken at 6 K in parallel and perpendicular 
com5gurations. Up to 21 Raman peaks are clearly resolved; their frequency and 
polarization are listed in table 2 From inspection it is obvious that some of the 
peaks are completely polarized in either padel or crossed polarization, while others 
are only partially polarized or depolarized. The presence of well polarized peaks 
excludes the possibility of light depolarization due to internal stresses appearing in 
the cooling process. 

2 

75 150 225 300 375 450 

Raman shift ( c d )  
F@m 4 Iaw frqueng Raman spectra of W M n S  at 6 K in: (a), parallel (zz); 
(b), a u w d  (zy) polarization; and (c), at 160 K in CmDSed polarization. Notice the 
difference in relative intensities wilh the spearum at 6 K 
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Flgore 5. Ihe temperatm dependence ob the lau energy Raman peak. 

The temperature evolution of the Raman peak frequencies is illustrated in figure 5. 
We have observed neither changes on passing the magnetic aansition temperature, 
nor evidence of the existence of soft modes. It can also be Seen that the frequency 
decreases with temperature of the 386, 357 and 347 cm-' bands are larger than m 
the other bands. This fact together with their coincidence in energy with the large 
peaks observed in inelastic neutron scattering, undoubtedly due to hydrogen motion 
(Rubin and Bartolomd 1992), lead us to assign these modes to ammonium librations. 
We WiU discuss this later on. 

This excludes the space group P4/mbm, 
2 = 2, that would give just four Raman allowed modes. Let us consider 
instead the orthorhombic structure Pnma, resulting from the condensation of 
the R L ( ~ ) h f ~ ( y ) R ' , ~ ( z )  mode, that has k e n  proposed to explain the x-ray 
daactogram. 

So, we are left with 18 peaks. 

Tnbk 3. Sire Symmelfy, lattice mods and optical activiries I" o c h  site, in the low 
temperature phase, Pnma, of NH4MnFS. 

Neglecting again the inner structure of the ammonium ion, the primitive cell of 
the low temperature phase contains 20 atoms, from which 60 modes are expected. 
The site symmetries and optical activities are given in able  3. These 60 modes at the 
r point come from the 15 modes at r in Pm3m plus 45 modes coming from the 
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Tabk 2 F~quencies (ma-') of the Raman modes observed at 6 K in the low energy 
region with their polarization, Symmetty asignmenf and mmpondenm With zoneedge 
modes of the cubic phase (in backcu: calculated bequcncis m em-'). Ihe s y " C U y  
cf L e  librational m o d s  iF refemd to the &eaive symmcuy d rhc ammonium ion 
m each esse. Ihc solidi mdirate possible maging of band% I h c  @us sgns mdicatc 
mmbinalion mala. 

Asignment Corrrlatiow m lhc 
(curl) Polarizarion fD5 cubic flllast (0:) 

384 
354 
342 

306 
299 
285 
265 
256 
246 
2 3  
222 
212 

m 
201 
153 

141 
121 
111 
99 
96 

A2 
E 
E 

a Ambiguous assignment. 

BZ edge at R, M and X points. Since the 15 modes at r in Pm3m are ungerade 
and ungerade modes in the cubic phase remain ungerade in the orthorhombic phase, 
all the allowed Raman modes (gerade) must come from the zone edge, namely, 
7% + 5B,, + 7BZg + SB,, (24 modes, the rest up to 45 being ungerade). 

4.3. Lattice modes assignment 

4.3.1. Mefhod. By standard group theory, the phonon modes of the cubic phase 
Pm3m have been related to those of the orthorhombic phase using the g r o u p  
subgroup relationship. Though there are no calculations of the dispersion relations at  
low temperature, we can, as an approximate step, consider the frequencies calculated 
for the cubic phase at M, X and R points (Bartolomi ef ai 1985) and, in view of the 
Raman results, propose the origin of each mode. 

The calculations are based on the shell model which considers a Coulombic 
interaction and short-range force wnstans along the interatomic distances, Ai, and 
perpendicular to them, Bi. Using for the model parameters the values determined 
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t h m  the fit to the KMF3 compounds (Lehner et a1 1982) and allowing the NHt- 
F and Mn-F force constants as fit parameterst, the TO bands were fitted at room 
temperature. With the final set of parameters, the phonon frequencies at the BZ 
were calculated (Bartolomc? et d 1985). The results for the zone boundary modes are 
explicitly written in table 2 

The attribution of the experimental peaks to particular modes is given in table 2 
and discussed in the following paragraphs. We assume that there are no drastic 
changes in the force constants which describe the phonon dynamics, due to the 
temperature or the phase transition. Some disagreements are expeaed mainly due to 
the following causes. 

(i) The values for the frequencies of the M, X and R modes were derived from the 
phonon dispersion curves fitted at k = 0 to just four high temperature IR To modes. 
Consequently the extrapolation will become increasingly imprecise. for k departing 
from zero, and most imprecise at the zone boundary. 

(ii) The calculated modes in cubic symmetry will split at the structural phase 
‘transition. One may expect a shift to lower energy of those modes inwiving mostly 
translations in the ‘4’ direction, which ir elongated, while motion in the a,, ct plane 
will probably result in shifts to higher bequencies. 

In order to discuss the translational modes we reproduce here the Raman tensors 
for D, symmetry, referred to the cubic reference system: 

4 
The structural domain structure of the sample complicates the discussion of the 

experimental results. There is no way of explaining our Raman results considering 
a single domain in either of the three possible orientations, so the assumption is 
taken that a homogeneous distribution of domains is present and that the local axes 
{x! yI z l )  of a particular domain are a pennutation of the {z y z )  cube axes. Then 
three kinds of domains are formed, having zI parallel to z, y or z. In order to know 
the expected intensity of a mode in a given experimental geometry one must average 
the intensity arising bom the three types of domains. ?he activities for each mode 
averaged for the three domains are then, in ‘zz’ or by’, the following: 

Ap 
zz b ’ + ( ~ + c ) ~ / 2  - 2eZ - 
xy (c-a)2/4 dZ - f2. 

Then, &, modes will be Seen only in zz; B,, and &, only in xy, and 4 in xx 
andlor xy, depending on the relative values of a, b, c 

t A1 = 7.3.29 N m-l, B1 = -0.32 N m-l, A2 = 163 N m-’, B, = -23.61 N m-l. 
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4.3.2 Assignment. The symmetry of the lattice modes can be found by means of 
table 2 where the data at 6 K are listed. So, the modes at 430, 299, 285, 256 and 
96 an-', appearing in zy polarization, may have Bl, or %s character, while those at 
265, 229, 222,201, 141 and 111 an-', zz polarized, have % character. 

Depolarized modes are found at 246, 212, 153, 121 and 99 an-'. Some of them 
are, perhaps by coincidence, among the most intense. They cannot have exclusiveIy 
B,,, By or & character since these modes are fully polarized. Instead, they should 
be identified as 4, which contributes both to zz and xy polarizations. The band at 
206 cm-I is predominantly of zz polarization; however, a shoulder is Visible at that 
frequency on the tail of the 212 an-' peak for zy polarization. 

'Wing into account the above considerations, the mignment of the peaks is now 
performed with the aid of table 2 The mode at 430 an-' appears in zy polarization 
and is thus assigned to the % coming from R, at 453 an-'. The modes at 384,354 
and 342 an-', identified as ammonium librations, can mask other modes expected 
in this region, namely B,, + B,, from RI, (342 an-,). The peak at 306 an-' is 
tentatively assigned to the only $ phonon mode predicted at high frequencies, M3 

Modes at 299 an-' and 285 an-' are assigned to the two B,, coming from X, at 
326 and 285 cm-I, respectively. Since these modes are near an anti-crossing point in 
the dispersion relations partolomt er ai 1985) their values can change signi6cantly in 
the phase transition. The same can be said of the R& pair of modes We identify the 
peaks at 265 and 229 an-' as 4 coming either from M4 (254 cm-') and/or from 
R; (U3 an-'). The weak peak at 256 cm-I in zy can only be the B3p from R;, 
(253 an-'). Then, the high peak at 246 cm-' contains the 4 from R;, (253 an-'). 
The %g at 2.22 cm-' and an 4 at 212 an-' may be correlated to the split doublet 

The two peaks at 206 and 201 cm-' are assigned to the $ and qs components 
of the R& (181 cm-') triplet, respectively. The thud one, of BO character, together 
with B,, and bg coming from M5 (178 an-') remain unobserved; they are perhaps 
masked by the intense peaks at 212 an-' and/or at 153 cm-'; most probably by the 
former, due to frequency proximity. 

The strong, depolarized peak at 153 an-' and the small feature at 141 an-' are 
attributed tentatively to the 4 and B,, components of X, (149 an-'). respectively. 
However, the strength and depolarization of the 153 an-' peak may be reflecting 
another effect that we shall discuss later on: the ammonium sublattice disorder. This 
may cause, on the one hand, selection rule breaking and depolarization, and, on the 
other hand, activation of formally forbidden modes. The same reason holds for other 
depolarized modes, such as those at 246 and 212 an-,. 

We arrive finally to the 100-130 an-' region where the MnF, rotational modes 
appear. Erst, we assign the modes at 111 and 96 cm-I to B,, and BIZ from R;, 
(126 an-') (anti-phase rotation). The Ag component of this mplet, which corresponds 
to a combination of anti-phase rotations around a, and q, couples with the A, coming 
from M2 (127 an-', in-phase rotation around b,) to give another pair of 4 modes, 
which are identified at 121 and 93 cm-'. Since no softening has been observed, we 
caMOt assign one of these two $s to the mode driving the phase transition. 

It is important to remark that some modes with different symmetry in the cubic 

(343 cm-'). 

x, (183 an-'). 
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phase split into modes with similar symmetry in the orthorhombic phase, which can 
mix to give new modes with different atomic displacements. Thic can explain why, in 
the 140 to 260 an-' region, we have some difficulty in identifying the origin of the 
peab. 

4.4. Libtuhm 

With respect to the librational modes, in the low temperature phase the ammonium 
site symmetry is C, and the etfective symmetry b also C,. The U. plane b coincident 
with the ah plane of the orthorhombic lattice. Thus the allowed librational modes 
are % + 2B,, + By + 2B,, + 2A,, + B,, + 23," + B,, when the four ammonia of the 
unit cell are taken ulto account. However, as the ammonium-ammonium coupling iF 
expected to be very weak, many of the former librational modes will be degenerate. 
In fact, one may consider just the three rotational degrees of freedom of a single 
ammonium ion in C, symmetry and obtain the librational modes as 2A" + A', which 
are both Raman and IR active. Rotations around axes in the vs plane transform as 
A" and are seen in m s e d  polarization (384 and 354 cm-I). The rotation around 
the axis perpendicular to this plane (6 axis) uansforms as A', and is seen in crossed 
and parallel configurations (342 cm-I). 

A point charge model can be used to calculate the elecvostatic potential energy 
of the hirating NH: ion caused by the nearest-neighbour atoms. In the harmonic 
approximation, the diagonalization of the SchrOdinger equation for rotations around 
the pseudocubic axes zcr y. and z, (see figure 3) demonstrates that yc is indeed a 
principal axis of libration (transforming as A'), while the two other principal axes are 
in the a, plane but rotated by 22.80 With respect to the zc and y, axes. In terms of an 
electrostatic model With interatomic distances, given in section 3, and an H effective 
charge of f = 0.42e+ (Wagner and Hornig 1950). the calculated natural frequencies 
are 246 cm-' for the A' mode, and 284 and 351 cm-I for the two A". So, the 
sequence of the splittings agrees with observation but, although the calculation helps 
us to assign the modes, it is far from quantitative agreement. 

5. Discussion 

5.1. Structures 

In table 4 the available crystallographic data for the members of the AMnF, series, 
in the sequence of increasing unit cell size, are given for comparison purposes. From 
it some conclusions relevant to the NH.,MnF, compound may be derived. 

(i) The Goldsmidt tolerance factor t = (RF + RA)/&(RF + R,) has been 
calculated for all the members of the series. One observes that if it differs from 
t = 1 by more than 4-5%, there exists a stable non-cubic phase. In the Mn fluoride 
series, for the Na compound i < 1, and the space left for the alkali ion is larger than 
its size. As a consequence, structural pacldng instability sets in, being orthorhombic 
at all temperatures (Ratuszna and Glazer 1988). For the K compound the instability 
sets in upon cooling, suffering several phase transitions (Beckman and Knox 1961, 
Minckiewin et ai 1970, Hidaka et ai 1986). On the other hand, for the Rb and TI 
compounds t rz 1, remaining cubic at all temperatures (Windsor and Stevenson 1966, 
Eastman and Shafer 1967). For t > 1 the instability sets in for the opposite reason, 
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Tabk 4 Compariwn of stmctural vansition data for the series of hin fluomperwskiIe% 
a, cubic e l l  parameter; T., vansition temperature; t, Goldsmidt parameter; -+, indicates 
the suuctml Mnsition f" the high temperalure lo the low temperalure phase. The 
last mlumn indicates the tilting of the cclahedn in term? of mndensed modes. For 
W M n F 3  the t-parameter is calculalcd with de " n e  v ' d . 1 ~ ~ ~  far the ClTeclNe radius 
of the ammonium ion 0.675 and 1.714 AF. 

Compound Ref. a (d) T, (K) t g  Phases condensed mods 

NaMnF3 a p.9961t 0.894 Prima R;I, + MiM + R j ,  
KMnFJ 4189 186 a978 P m B m - + I 4 / m c m  R&= 

88 I41mcm -+ dirordu 
83 disorder - Pmmn M b  + Mzu + R;Iz 

RbMnF3 4.2396 lXxK P m 3 m  
NH4MOFi 4242 183 0.990 P m 3 m  -+ Pnma R& -k Mz, + RL, 
llhinF3 42.507 0.998 Pm3m 
C s M d  43308 1.058 P m 3 m  

1.003 

t a deduced from a, b and c Orthorhombic parameters 

a Ratuxzoa and Glazer (1988). 
t High p m r c  phase. 

& e h n  and b o x  (1%1), M i n ~ k i ~ u i ~  U d 0970). 
Hidaka U d (1986). 
Wmdsor and Stevenson (1966). 
Eastman and Shafer 0967). 
Nowotny U ol(l970). 

g Knop U al (1979). 

Flpporr 6 Variation of T. in d e  fluom-kites 
500 with de tolerance famr t. me pints  are 

labelled wiul the alkali and metal-ion spbols for 
each AMF3 compound. References [or Ule data 
are given in table 4 and him. Guides are 
given for the eye, connecting mmmon metallic-ion 
mmpounds (broken cum), and alkali mmpounds 
(chain ma). C, cubiC; H, hexagonal: 0, 
Orthorhombic phases. 
KCd Dadington (1984) 
ncd, RbCd Roweau and Nouel 0976) 
KCd, (scd Cousseins and Pih-Perez 0968) 
Rbca Bulou U d 0980) 
oca Rousseau U d (1981) 
Kzn Goldsmidt and Zachariaxn 0927) 

K M g  Swanson n d (1968) 
RbMg Shafer and McGuire 0969) 

300 

RbZn ~ ~ 1 ( 1 % 7 )  
0.9 0.95 i 1.05 1.1 

t 

i.e. the alltali ion becomes too large for the space available. In the CF case it is 
hexagonal; however, applying high pressure (P 26 bar )  it is possible to force the 
appearance of a cubic phase (Nowotny d d 1970). 

The NH$ compounds follow the same trend as the alkali-metal compounds, 
though some differences appear. m e  plot of the transition temperature, T,, versus t 
(see figure 6) shows that, for a fixed divalent metal ion, as the alkali-ion radius 
decreases (t decreases), T, increases. The trend is also followed by NH,CdF, and 
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NH4h4nF3 as members of these series. Conversely, for the same alkali ion and 
increasing metal-ion radius, t also decreases and T, increases. The ammonium 
compounds only diverge from the trend in that there is a phase tramition in all 
cases, irrespective of the d u e  of t. Moreover, for a similar 1 its T, is always higher 
than in the corresponding non-ammoniacal compound. Besides, the dependence of 
T, with respect to t is less pronounced than for the other Buorides. The relative 
indetermination of the effective ionic radius for the ion (see table 4) p o p  et 
a2 1979) does not modify these conclusions. 

(i) The low temperature phase, Pnma, is not specisc to the ammonium 
perovskites since it coincides with that of NaMnF,, an extreme for the distorted 
t < 1 case. The Na-F distances in this compound range between 223 to X67 & 
while in NH,MnF3 the N-F distances just range between 279 and 3.2 A The larger 
difference between the extreme values for the Na compound imply that the lattice 
instability produces deformations much larger than the presence of the ammonium 
ion may induce. 

(iii) For metal substitution other than Mn, the structure that appears at the 
same 2 < 1 extreme of the Cd series is the KCdF, compound, though in this case 
the K-F distances were similar to those in the ammonium counterpan On the 
other hand, both NH4MnF3 and NH4CdF3 compounds distort directly to the Pnma 
structure, in contrast with other members of the series which undergo intemediate 
phase mnsitions. 

From all this evidence, together with the similar analysis performed previously 
for Cd compounds (Le Bail et al 1990), one may conclude that the presence of the 

ion in the structure does not impose a peculiar low temperature symmetry or 
show a significant degree of distortion. However, it enhances the stability of the low 
temperature phase, giving rise to a relatively higher transition temperature. 

In reference to the site symmetry of the NH: ion, the observation of the E 
librational mode in the cubic phase excludes the model previously proposed for the 
ammonium orientation (Fayos 1990) in which the N-H bonds are oriented along 
the cube diagonals. That model would give a Td effective symmetry that has no 
Raman active librational modes, contrary to observation. Conversely, our model is 
in agreement with the previous determination (Knop er ul 1981) that the effective 
symmetry is Dzd, taking into amount that the H atoms point toward the F ones for 
all daerent orientations. 

Wth respect to the low temperature phase, it had been proposed for NH.,CdF3 
that the NH$ ions would prefer the orientation such that the four protons point 
towards four F ions (Le Bail et al 1990). The same model is applicable to the Mn 
compound. In fact, the four N-F shorter distances in NH,MnF3 are nearly the same 
as in the Cd case. From the relative distances and librational energies determined and 
interpreted in terms of those distances, one may propose a model in which the two 
N-H.. .F4,6 bonds, which are U, reflection related, are the strongest, the N-H., .F, 
bond is intermediate, and the N-H.. .F,, bond is weakest. The NH2 site is definitely 
of C, symmetry. 

This result solves the ambiguity of the low temperature NH; site symmetry 
derived from IR spectroscopy on the NH,Dt ion as a probe on the Mn, Zn and 
CO compounds m o p  et a1 1981). It was found that the site symmetry for the NH$ 
ion could be Gh or C,; now we know it is C,. For the four N-H.. .F bonds involved 
in the tetrahedral cage the sequence of decreasing strength, as determined from the 
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shift to lower frequencies of zq, is in agreement with the N-H.. .F distance sequence 
of the four bonds involved in the preferential orientation. 

( b )  

t 
D 

~gurr 7. (a) view from atove (6 axis) at the timt (0 < z < $1 of the MF' 
octahedra and NH: ions in the Pnmo phase. lbin lines. orthorhombic unit oell bast; 
thick lines, projection of four perovslritc pseudosubs; h ! e n  lines tetrahedral cages 
within each pseudocube. lhe NH: ions M shown pmjsted onto the orthorilombic 
a c  plane in the pro@ minimum energy orientations. (b) Four adjoint pseudosubic 
E ~ U S  showing the four different orientations of the tetrahedral cages, along the b ax& 

In summary, the static structure below Tc consists of an ordered ammonium 
sublattice with 4% layers of NHZ ions, such that the four nearest ones are coherently 
rotated by 900 around the b axis (see figure 7(4)). In adjacent layers dong the b a& 
the NH: ions are rotated IW with respect to that axis (see figure 7(b)). 

5.2. The qFect of wnmonium librarian and disorder 

We can divide the phonon s p e c "  into low (< 140 an-'), intermediate (140 
to 300 an-') and high (> 300 an-') frequency regions, corresponding to 
MnF, rotations, ammonium translations together with Mn-F bendings, and Mn-F 
stretchings, respectively. As the ammonium nearest neighbours are fluorine ions, 
ammonium translation or libration, implying N-H.. .F bendings, will couple strongly 
with F-Mn bendings. Then the modes in the intermediate frequency region will be 
specially sensitive to a possible disorder in the ammonium sublattice. 

The space group Pnmo describes the symmetry of the low temperature phase 
only if all ions are oriented in the same way with respect to their local 
environment; that is, if there is only one possible orientation. This is a consequence 
of the assumption that the orientation of the NHZ ion is essentially established by 
the two N-H bonds which are directed towards the two nearest F ions. Since the 
orthorhombic distortion is such that this position is unique within each pseudo-cubic 
unit, no disorder can exist. 

However, above T, the ammonium ion has six equivalent orientations, and 
evidence of hindered rotation has been found by several techniques (Bartolomt et ol 
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1977a, Palacios er a1 1989). An anomalous entropic contribution to the heat capacity 
close to Rln3 is observed, which does not correspond to the six-to-one reduction 
in the number of orientations. This suggests that there may be a certain degree of 
disorder in the ammonium orientations. 

Such disorder would break both the translation periodicity of the lattice and 
the inversion symmetry at the Mn site. This can produce two effects: first, some 
degree of depolarization of allowed modes and, second, activation of modes formally 
forbidden in the perfect lattice, i.e. ungerade modes. Both effects will probably be 
most important in modes involving ammonium translation, which appear precisely in 
the 140-250 cm-I region where the intense, depolarized modes are seen. Let IS 
consider, for instance, the 153 an-' peak. Its energy is dose to the TO component of 
the rls mode at 155 an-', which splits as B,, +bU + B,, (IR active) below T,, and 
to M; (155 a-') which folds as B,, + B,, (IR active). "bee peaks are observed in 
the low temperature IR specmun at 155, 163 and 168 an-' (Kaal 1981), just in the 
region of this anomalous Raman mode. In the same manner, the peak at 212 cm-' 
may originate from (or be affected by) IR modes observed at 210 and 220 an-', 
or from I€? inactive modes with similar frequency folded from the BZ edge. There 
are also ungerade modes (To-rfi, for instance, at 250 an-') which could affect the 
246 an-' Raman peak Distinguishing between either forbidden-mode activation or 
just miXing with odd modes, resulting in mode depolarization as the origin of the 
strong non-polarized peak, is difficult and out of the smpe of this work 

There is another aspect which supports the model of ammonium-disorder-induced 
activity: the temperature evolution of the spectra. In figure 5(c) we show the zy 
spectrum at 160 K It can be seen that the depoIarized modes at 153, 212 and 
246 an-' have decreased proportionally much less than the remaining peaks. This 
agrees with the fact that ammonium disorder will be thermally activated. The similar 
evolution of the peaks at 153, 212 and 246 cm-' suggests that all of them reflect the 
disorder effect, as we have proposed. 

The origin of such disorder is subject to argument. The number of disordered 
ammonium ions does not need to be high, it may be of the order of a few per cent. 
The ions would indeed have their own different librational frequencies, but they prove 
to be beyond the detection limit in both optical and neutron spectroscopies. So, the 
disorder may arise from the orientational quenching, upon cooling, of some of the 
NH,+ ions at the transition temperature. 

However, another origin may be argued; perovskites are known to form twinned 
domains (e.g. a RbCaF, single crystal breaks down into 50 pm wide domains, which 
extend along the complete crystal) (Modme et al 1974). The domain boundaries 
create a number of sites in which the symmetry for the NH: ions is different and 
would, thus, a m u n t  for the disordered NH: subsystem. Whether disorder arises 
from quenching, at domain boundaries, or in some other way, cannot be established 
without more detailed experiments. 

6. Conclusions 

The structural phase transition which takes place at T, = 182 y due to coherent 
rotation of the MF6 octahedra, has the effect of creating a tetrahedral cage for the 
NH: ion. The two N-F1 distances are actually smaller than the two N-FZ. This 
crystallographic conclusion confirms the conjectures (Knop et al 1981) witb respect 
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to hydrogen bonding in this compound: The N-H.. .F bond is of the single, bent, 
hydrogen bond type. I3 is only bonded to me H atom while E? is shared by two H 
from two different NHi, so, the N-H-Fl bond is expected to be stronger than the 
N-H-IC? one. 

The tetrahedral bonding to four F a tom seem to be geometrically favourable, 
stabilizing the low temperature phase, Le. providing a higher Innsition temperature 
than its homologous non-ammoniacal perovskites, as evidenced in figure 5. A 
comparison of the N-F distances between the Cd and the Mn compounds confirms 
the general proposition for ammonium compounds (Knop et d 1985) that, as the 
Goldsmidt parameter t decreases in the series there is more room for the 12- 
coordinated ammonium ion and, as a consequence, four N-H.. .F bonds will become 
stronger since the repulsion forces, known to exist m the NH4h4F3 compounds (Knop 
et d 1981) will decrease. Our results show that the N-F bonds which form the 
tetrahedral site are shorter in the Cd compounds than in the Mn one. According to 
the above argument, the activation energy for NH: rotation should be higher in the 
Cd compound than in the Mn, as observed in QNS experiments (Rubin and Bartolomi 

As regards the phase m s i t i o n  type, we conclude that there is no softening of 
a phonon mode, i.e. all the phonon frequencies vary only slightly with temperature. 
However, the low temperature phase is well described in terms of the condensation of 
a combination of modes fmm the Brillouin zone boundary, a description fully justified 
by the observation of the Raman spectrum of zone boundary modes folded into the 
zone centre in the low temperature phase. All this allows us to classify the structural 
transition as first order, with the high synuneay phase stabilized by fhe increase in 
entropy generated by the disorder of the ammonium ions. 

Some of these characteristics are common to other ammonium compounds such 
as WCI, NH4Br p a n g  and Wright 1973) or NH4AlF4 (Couzi er of 1985) where 
no lattice soft phonon was detected, although the ammonium disorder depolarized 
phonon hard modes and a softening of the librational mode was observed. However, 
in the NH,X cases T, increased with decreasing cell size, proving that the coupling 
mechanism was NH4-NH4 octupole-~ctupole interaction. In contrast, the T, of 
NH4MF3 compounds decreases with decreasing cell size, an effect associated with 
the perovskite structure, not to the presence of the ammonium ion. However, the 
presence of ammonium enhances the stability of the low temperature structure with 
respect to the non-ammoniacal Auoroperovskites, as we have discussed in this paper, 
so it plays an effective role in the, transition. 

1992). 
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