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Electron paramagnetic resonance (EPR) spectra of M n 2 + centers in 11 langbeinites, 
A2

+B2 + ( S 0 4 ) 2 ~ , with A + = N H ; , K + , R b + or T l + and B 2 + - Mg 2 + , C a 2 + , Z n 2 + or C d 2 + , are 
measured over relatively large temperature ranges chosen to cover phase transitions, if any. For 7 
langbeinites which do not contain Mg 2 + , phase transitions are observed, but no more than one low 
temperature phase is distinguishable by EPR. Except for the K - Z n langbeinite, only one defect 
center is noticeable in that phase. The low temperature EPR parameters are reported, and their 
temperature dependence is discussed with respect to correlations between structure and phase 
transition characteristics and to the trigger mechanism. 

Introduction 

Sulfates of the A ^ B ^ S O J ^ - type, commonly 
termed langbeinites, are known with A + = N H 4 , K + , 
Rb + , C s + or Tl + , and B 2 + = M g 2 + , Ca 2 + , M n 2 + , 
Fe2 + , C o 2 + , N i 2 + , Z n 2 + or C d 2 + [1-3]. At suffi-
ciently high temperature, they crystallize iso-
morphously in the cubic space group P2X3, the unit 
cell containing two non-equivalent sites for both the 
monovalent A and the divalent B cations along the 
threefold [111] axis [1, 2, 4-7] , 
On decreasing temperature, phase transitions have 
been observed for several langbeinites by various ex-
perimental methods. It was inferred that they lead to 
space groups of lower symmetry, namely monoclinic 
(P2J , triclinic (Pl) or orthorhombic (P2 12 12 1) [2, 6, 
8-12] , Structure determinations which substantiate 
those assignments are available for langbeinites in the 
orthorhombic phase P2 1 2 1 2 1 [2,6,13 — 15]. They show 
that the phase transition is connected with a minor 
displacement of atoms from the sites occupied in the 
high temperature phase P2i3. Also the structural dif-
ferences between P2X3 and P 2 : as well as P l appear 
to be small [16]. 

The available data were combined by Hikita et al. 
[17] to a tentative classification of langbeinites accord-
ing to the succession of phases on decreasing temper-
ature. The first class shows transitions P2X3 P2X 

Pl P2 1 2 1 2 1 , the second one P2 j3 P2 1 2 1 2 1 . The 
third class shows no phase transitions at all. 

Reprint requests to Prof. M. Stockhausen. 

While the cubic high temperature phase is parelec-
tric [8, 11, 18], low temperature phases were found to 
be ferroelectric (P2 t , P l ) [8, 18-20] and ferroelastic 
(P212121) [8,13,18,21]. The term "improper ferroelec-
tricity" is used since the phase transition is not trig-
gered by spontaneous polarization [22], The trigger 
mechanism is not yet well understood. 

A suitable method to gather information on the 
different phases and on the transition mechanisms is 
electron paramagnetic resonance (EPR) of lang-
beinites which are doped with paramagnetic ions, 
since EPR probes the local structure and the point 
symmetry of the ion's immediate environment. In par-
ticular M n 2 + has been employed for that purpose 
[23-29]. EPR studies of the high temperature phase of 
langbeinites have shown that Mn 2 + is subst i tut ional^ 
incorporated into both B 2 + sites, prefering the more 
spacious one. The temperature dependence of EPR 
parameters has been studied with langbeinites of type 
N H 4 - C d [25, 26], R b - C d [27, 29] and T l - C d [28], 
Approaching the phase transition from the high tem-
perature side, a decrease of the zero field splitting 
(ZFS) parameter | \ and an increae of linewidths was 
observed. Furthermore, an increase of hyperfine split-
ting was found in case of the N H 4 - C d langbeinite. 

In continuation of our previous EPR work on the 
high temperature phase of M n 2 + doped langbeinites 
[23], the present communication deals with the tem-
perature dependence of the EPR parameters, looking 
at structural information about low temperature 
phases and, eventually, about precursor effects. Even 
qualitative EPR data are hoped to aid the interpreta-
tion of phase transition mechanisms. A re-examina-
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Table 1. Manganese doped langbeinites as studied in this work, and literature data on their phase transitions. 

Langbeinite Range LT b Samples Transition temp. TP /K d to Ref.e 

A B of r a SC P P2I PI P? P212121 

NH4 Mg I X _ 221 [33] Mg 
— — 241 220 [3] 

K Mg I X 63.8 54.9 — 51.0 [34, 35], [2] 
Rb Mg I X — — — — [35] 
Tl Mg I X — — 230.8 227.8 [3] 
K Ca II X X — — — 457 * [2] 
Rb Ca I, II X X 183 * — — — [33] 
K Zn I X X X 138(*> — — — [2], [35] 

137 — 87 — [17], [36] 
NH4 Cd I X X 95 * — — — [37], [38] 

94.5 — — — [26] 
93 — — — [3] 
92 — — — [32], [39] 

K Cd II X X — — — 432* [2], [5, 13, 21, 24] 
— — — 431 [40], [35, 38] 
— — — 430 [41], [31, 35, 42] 

Rb Cd I X X X 129<*> 103 — 68 [9, 19], [17, 20, 30] 
129 102 — — [29], [27] 
129 97 — 64.5 [3], [16] 

Tl Cd I X X 130.5 121.0 — 94.5 * [28], [18] 
130 127 — 98 [8] 
129 121 — 96.7 [30], [17] 
128 120 — 92 [32], [18] 
127.5 121 107 95.5 [3] 

a Temperature range studied: I « 50 • • • 300 K; II « 300 • • • 600 K. - b Low temperature phase found and measured. -
c SC: Single crystal measurements; P : Powder measurements. - d TP denotes the temperature of transition to the symmetry 
quoted as occuring on decreasing temperature. If there is uncertainty concerning the symmetries involved, the assignment 
of space groups is only tentatively concluded from the Hikita classification [17]. - e The reference from which Tp is taken is 
quoted separately in the first place. - * TP value evidenced in the present work as phase transition. 

tion of transition temperatures already known from 
the literature is not intended. 

Experimental 

The M n 2 + doped langbeinites recorded in Table 1 
were synthesized from the melt or f rom aqueous solu-
tion as described elsewhere [23]. The table gives also 
their phase transition temperatures as found in the 
literature. 

EPR spectra at different temperatures were mea-
sured with either single crystals or powders (Tab. 1). In 
the case of single crystals of langbeinites which at 
room temperature belong to the cubic space group, 
the threefold axis was oriented parallel to the external 
magnetic field. 

Spectra were obtained at X-band by use of Bruker 
ESP 300 and (sometimes) BER 414 spectrometers. 
Temperatures ranging between about 50 K and 600 K 
were controlled by either a closed cycle system (low 
temperatures) or a gas flux system (high tempera-

tures). Although temperatures were well reproducible, 
their absolute values were uncertain in the order of 
+ 10 K. A langbeinite with well known transition 
temperature was used as reference, namely N H 4 - C d 
(Table 1), the phase transition of which is clearly dis-
cernible by EPR [26]. This material responded imme-
diately and reversibly to small changes of temperature 
(a hysteresis as reported elsewhere [3] was not ob-
served). Crystals containing different amounts of do-
pant < 3 mole percent did not show any significant 
influence on the phase transition temperature up to 
that concentration. The M n 2 + concentrat ion of all the 
other substances studied was < 1 mole percent. 

Analysis of EPR Spectra 

EPR parameters were obtained according to the 
spin-Hamiltonian J t = + j f Z F S + j f H F S with 

j ^ z = ßB0gs, j f Z F S = x £ B:&:, 
^ n — 2, even m = — n 

^HFS = S AI, 
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viz. using the spherical operator representation for the 
zero field splitting term Fitting and simulation 
techniques for parameter determination, in particular 
from powder spectra, have been described previously 
[23]. Within experimental uncertainty the ^-factor 
could be assigned an isotropic value g = 2.0023 in all 
cases. It was sufficient to take into account only the 
sextet centers, viz. to include only the second order 
ZFS parameters and B\ in the fitting procedure, 
while the hyperfine structure (HFS) parameters At 

(:i = x, y, z) could be taken directly from the spectra by 
averaging over all transitions assigned to the respec-
tive direction. It is difficult to obtain Ax and Ay from 
powder spectra, so these values are more uncertain 
than A, and have been even inaccessible in some cases. 

Results 

EPR spectra were measured for the langbeinites 
listed in Table 1 in about 10 K steps over the temper-
ature ranges given in the table, which include the 
phase transition, if any. N o EPR detectable phase 
transition was found with the four Mg langbeinites, 
except perhaps for K - M g where a transition around 
64 K [34] cannot be excluded from our spectra. 

For the other seven langbeinites studied, phase 
transitions could be observed as alteration of EPR 
spectral features (in comparison to those of the cubic 
phase) which occured in some cases within a rather 
small temperature range ( K - C a , N H 4 - C d , K - C d , 
T l -Cd) , in others as continuous variation over a 
larger temperature range ( R b - C a , K - Z n , Rb-Cd) . 
An example is illustrated in Fig. 1 which shows peak 
positions as function of temperature. Phase transi-
tions are also recognizable as discontinuity of the 

EPR parameters B™ (magnitude and sign) and A{. It 
should be mentioned as a noteworthy feature that the 
parameter B2 is negligible for the cubic phase but is 
necessary for the low-temperature phases. The transi-
tion temperatures TP detected by EPR are, within ex-
perimental uncertainty, in accordance with the litera-
ture values marked by an asterisk in Table 1. 

No more than one phase transition could unam-
biguously be gathered from the EPR spectra. In cases 
where several transitions have been observed by other 
experimental methods ( R b - C d , T l -Cd) , the different 
low temperature phases are obviously indistinguish-
able by EPR. 

In the following we report first the EPR parameters 
of the low temperature phases for appropriately cho-
sen fixed temperatures and describe subsequently 
their variation with temperature. 

EPR Parameters of Low Temperature Phases 

The results regarded in this section were obtained at 
temperatures sufficiently below both the phase transi-
tion detectable by EPR and the lowest transition tem-
perature known from the literature. As an example, 
Fig. 2 shows the experimental and simulated powder 
spectrum of K - C a langbeinite in its low temperature 
phase, which in that case is known from X-ray struc-
ture determination to obey P2 1 2 1 2 1 symmetry. The 
spectrum reveals the characteristics of triclinic M n 2 + 

centers. Zero field splitting exceeds markedly that of 
axial centers, and the large number of peaks in the low 
and high field range which are due to x, y transitions 
is indicative of a significant rhombic splitting parame-
ter B\. 

The EPR parameters of all langbeinites studied in 
their low temperature phases are collected in Table 2. 

Table 2. EPR parameters of the low temperature phase of langbeinites. 

Langbeinite T Phase B\ -Ax ~ A y Az (low) 

A B (K) (GHz) (GHz) (MHz) Az (high) 

K Ca R T P2 1 2 1 2 1 + 0.313(3) + 0.127(6) 267(5) 273(5) 273(5) 0.84(2) 
Rb Ca 159 P2i - 0 . 3 1 7 ( 8 ) - 0 . 0 2 3 ( 2 ) 285(8) 295(8) 283(8) 1.11(3) 
K Z n ( l ) a 52 P2i + 0.44(1) + 0.035(5) 283(8) 285(8) 273(8) 
K Zn(2) a 52 P2i - 0 . 2 9 ( 1 ) - 0 . 0 5 7 ( 5 ) 275(8) 283(5) 1.16(9) 
N H 4 Cd 48 P21 ( — )0.289(3) ( — )0.036(7) ' 285(8) 287(8) 1.01(2) 
K Cd R T P2 1 2 1 2 1 + 0.374(1) + 0.056(5) 275(5) 275(8) 270(5) 0.90(2) 
R b Cd 52 P2 1 2 1 2 1 ? + 0.47(1) + 0.07(2) 275(8) 290(8) 
TI Cd 52 P2 1 2 1 2 1 ( + )0.313(5) ( + )0.009(8) 280(8) 293(8) 0.93(4) 

a For K-Zn langbeinite, the fit suggested two centers. 



(a) 

(b) (d) 

Fig. 1. K - C d langbeinite. Diagram of peak positions of the M n 2 + EPR spec-
trum (single crystal, X band) as dependent on temperature T, indicating a phase 
transition around 410 K. 

Fig. 2. K - C a langbeinite, P2 1 2 1 2 1 phase. Powder spectrum of M n 2 + at room 
temperature (X-band, 9.389 GHz). Left, overview: (a) Experimental, (b) simula-
tion. Right, details: (c) Central region with reduced amplification, (d) low field 
region with enhanced amplification. 

Fig. 3. ZFS parameter B^ of M n 2 + centers in the cubic (high temperature) 
phase of some langbeinites vs. ratio of cationic radii, Q = rB/rA (data from [23]). 
Open symbols: Center (1), full symbols: Center (2). Regression lines are plotted 
for both centers. The symbols refer to the divalent B cation: • Mg, O Zn, A Cd, 
o Ca. For the Q regions I • • • IV see text. 
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The assumption of only one distinct defect center is 
sufficient in all cases except for K - Z n langbeinite. 
The sign of BQ is estimated from the ratio of HFS 
parameters A, of the low and high field sextet [43] 
(A, (low)//lz (high) in Table 2), presupposing a negative 
sign of hyperfine splitting constants At [23]. For the 
samples which are known to exist in the orthorhombic 
P2 1 2 1 2 1 phase (Table 1), the ZFS parameters are 
found to be positive. Therefore langbeinites with neg-
ative B™ a r e likely to represent one of the low temper-
ature phases other than P2 1 2 1 2 1 . A negative sign of 
B\ is also found for the cubic phase Vl^i [23], which 
points to a relatively close structural similarity of 
P 2 j 3 and the phase in question. Such a similarity to 
P 2 j 3 is known for the monoclinic ( P 2 J as well as the 
triclinic (Pl) phase [16]. We have tentatively assumed 
that the phase in question be the monoclinic P2 j one, 
which is not inconsistent with the Hikita classification 
scheme [17], 

This assignment, together with other examples 
where the phase subsequent to the cubic one if 
any is well characterized, suggests a rough classifica-
tion with respect to transition temperatures: The 
transition P2 i3 ->• P 2 : is observed for cases where 
TP < 190 K (first class of the Hikita scheme [17]), while 
P 2 t 3 -* P2 1 2 1 2 1 is found for T P > 1 9 0 K (second 
Hikita class). 

To summarize, the EPR parameters of M n 2 + cen-
ters in the low temperature phases of langbeinites are 
in accordance with an irregularly distorted octahedral 
coordination by 6 oxygens. This is either elongated 
along the magnetic z-axis (B™ < 0, assumed phase 
P2 J or compressed and, on the average, more dis-
torted (B1 > 0, phase P212121) . 

Temperature Dependence of EPR Parameters 

The temperature dependence of EPR parameters may 
reflect different effects which cannot be resolved with-
out information from other methods [44]. These may 
be (i) implicit effects, i.e. the temperature dependence 
of the crystal volume, (ii) explicit effects, i.e. an influ-
ence of temperature on the EPR parameters due to a 
coupling of the 3d5 ground state with excited 3d44s* 
states [45,46] as mediated by lattice vibrations [46,47], 
and (iii) other, e.g. precursory, effects. Since, moreover, 
experimental uncertainties will not allow in any case 
for an assessment, we summarize the temperature de-
pendence of ZFS parameter B°, H F S parameter A, 
and linewidth AHP P in an only qualitative manner. 

In the high temperature phase, Iß®I depends little 
on temperature T There is a best a slight decrease with 
decreasing T (except for R b - M g langbeinite). In the 
low temperature phases (monoclinic as well as or-
thorhombic), on the other hand, Iß®I is sometimes 
found to decrease remarkably with increasing temper-
ature (e.g. K - C a , R b - C a , N H 4 - C d , K - C d lang-
beinite, Fig. 1), changing in non-linear manner when 
approaching TP. This may be considered a hint at a 
precursory effect in the low temperature phase. The 
degree of that variation is seemingly not correlated 
with the phase transition temperature. 

The H F S parameters are, in most cases, indepen-
dent of temperature within experimental uncertainty; 
a discontinuous change is found on the transition 
from the cubic to the or thorhombic phase. However, 
for the high temperature (cubic) phase of some exam-
ples ( R b - M g , T l - M g , R b - C a , R b - C d and T l - C d 
langbeinite) the experimental uncertainty is small 
enough to reveal a significant increase of the mean 
values A with decreasing temperature. This is rather 
unexpected since the decrease of crystal volume, as an 
implicite effect, would result in an opposite tendency 
[48,49]. Thus this finding is probably related to explic-
ite effects. 

Linewidths AHP P could be determined with suffi-
cient accuracy only for the high temperature phase. If 
no phase transition takes place, AHP P increases in 
approximately linear manner on decreasing tempera-
ture. On the other hand, in case that a phase transition 
occurs, AHP P is not only generally larger but is the 
more increased the closer T approaches the EPR de-
tectable transition temperature TP. One may speculate 
as to whether that curvature results from passing over 
unnoticed phase transitions, since for the respective 
langbeinite (Cd-Tl ) transitions are reported to occur 
between about 1 1 0 - 1 3 0 K (Table 1). However, a 
correspondingly curved AHPP — T dependence is 
found e.g. with N H 4 - C d langbeinite for which there is 
only one phase transition known. Therefore that be-
haviour provides evidence of a precursory effect, pos-
sibly caused by a "softening" of the lattice which al-
lows for an increasing variety of defect centers and 
thus for an increasingly broader distribution of ZFS 
parameters. 
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Discussion 

Static and Dynamic Effects 

Effects which influence the phase transition merely 
via crystallographic fine structure are termed "static" 
ones, in contrast to "dynamic" effects which relate to 
the temperature dependence of lattice parameters. It 
should be reminded that a relaxed region of the crystal 
is probed by EPR, the limiting relaxation state being 
determined by the size of the M n 2 + ion. 

There is no significant correlation between the Z F S 
parameters of low temperature phases and the lang-
beinite composition. For the high temperature (cubic) 
phase, on the other hand, a systematic variation of the 
ZFS parameter BQ with the ratio of cationic radii, 
<2 = r J r A has been found [23]. This shall be reconsid-
ered since there seems to be a certain correlation with 
the phase transition characteristics. In Fig. 3 the plot 
of B°2 for the cubic phase vs. Q is reproduced; the two 
centers found in that phase are marked (1), (2). More-
over four Q regions (I) to (IV) are tentatively distin-
guished. 

(I) The region (Q < 0.53) corresponds to great dis-
tortions; here the Mg containing langbeinites are 
found which do not show a phase transition (down to 
« 50 K). 

(II) In that region of medium distortion, comprising 
K - Z n and R b - C d langbeinite, there is at least one 
EPR detectable phase transition below room temper-
ature. 

(III) This region (0.63 < Q < 0.68) corresponds to 
fairly small distortions. The respective langbeinites 
again show at least one phase transition below room 
temperature, the quality of their low temperature 
spectra, however, is much better than in region (II). 

(IV) With still smaller distortions (Q > 0.68) there 
ocurs one EPR detectable phase transition above 
room temperature. 

That rough correlation between distortion of M n 2 + 

centers and the very occurence of phase transitions 
may be understood as a static effect. 

In Fig. 3, the open symbols (1) denote the more 
spacious of the two M n 2 + sites, which is preferably 
occupied [23]. One may cautiously conclude that it is 
particularly that site which is related in some manner 
to the occurence of phase transitions. Such an infer-
ence is in accord with results by Speer and Salje who 
also noticed a better correlation between phase transi-
tion and structural distortion parameters of just that 
site [2], 

Dynamic effects in the above mentioned sense have 
not been noticed. 

Description of Phase Transition 

The EPR results indicate how the environment of 
the M n 2 + probe ion, which represents a B 2 + site of 
the unrelaxed langbeinite lattice, is altered on decreas-
ing temperature. Approaching the transition from the 
cubic P2X3 phase to any lower symmetric one, these 
alterations can be pictured in accordance with infer-
ences from other methods as follows. The difference of 
the areas of both axial faces of the trigonally distorted 
oxygen octahedron around B2 + increases, and B2 + is 
shifted towards the larger face (cf. structure refine-
ments [2]). That displacement results in decreasing 
differences of the B2 + - 0 bond lengths (cf. structure 
refinements [5], UV spectroscopy [50]). Consequently 
the trigonal distortion at the B 2 + site is reduced (cf. 
B°(T) parameter of EPR [25-29] and this work). At 
the same time the array of ligands becomes less rigid. 
This softening facilitates a distribution of locally dif-
ferent B 2 + sites (cf. EPR [25-29], in particular the 
AHpp(T) dependence mentioned above, Raman spec-
troscopy [51]). On the macroscopic scale this causes a 
decreasing modulus of elasticity [18, 52, 53]. A phase 
transition occurs if the energy vanishes which is re-
quired to shift the atoms to the sites they occupy in the 
subsequent phase. The phase transition is of first order 
([13, 21, 25 -29 , 30, 31, 54], our B°2{T) results), re-
versible and shows no hysteresis. 

Trigger Mechanism 

The EPR characteristics should allow for some in-
ferences concerning the trigger mechanism of the 
phase transitions. It seems therefore worthwhile to 
briefly regard the phase transition models proposed in 
the literature. 

The model of two non-equivalent sublattices [55] 
may be left out of consideration since EPR based 
conclusions are not all possible. The S O ^ - libration 
model [21] can be ruled out on grounds of Raman 
spectroscopic data [51]. 

From structure refinements a statistical distribution 
of oxygens amongst two positions has been con-
cluded. The S O ^ - order/disorder model [6] relates the 
phase transition to a confinement of the oxygens to 
one of these positions. The model, however, appears 
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i n a p p r o p r i a t e s ince E P R m e a s u r e m e n t s (as well as 
o t h e r m e t h o d s ) ind ica te first o r d e r p h a s e t r ans i t ions . 

D v o r a k [11, 12] sugges ted t h a t the lower s y m m e t r y 
p h a s e emerges f r o m the h ighe r s y m m e t r y one by add i -
t i on of a n i r reduc ib le r e p r e s e n t a t i o n of the la t ter . T h e 
p h a s e t r a n s i t i o n s h o u l d be t r iggered by p h o n o n s . Ac-
c o r d i n g to t h a t mode l , however , a m o r e p r o n o u n c e d 
d y n a m i c effect t h a n obse rved ( inf luencing E P R via the 
t e m p e r a t u r e d e p e n d e n c e of la t t ice p a r a m e t e r s ) w o u l d 
h a v e been expec ted . 

T h e B L V P ( b o n d leng th va r i a t i on p a r a m e t e r ) 
m o d e l [5] c la ims the t r igger m e c h a n i s m to be re la ted 
to the di f fer ing B 2 + - 0 b o n d lengths which p r o b a b l y 
b e c o m e e q u a l a t the p h a s e t r ans i t i on t e m p e r a t u r e . 
T h i s is n o t incons i s t en t wi th the E P R results. 

T h e m o d e l of o c t a h e d r a l d i s t o r t i o n [2] r ega rds a 
p h a s e t r a n s i t i o n as g o v e r n e d by the di f ference of ther -
m o d y n a m i c s tabi l i ty of the ca t i on i c sites in the cub ic 
a n d in the respec t ive lower s y m m e t r i c phase . T h e dis-
t o r t i o n p a r a m e t e r s of the t w o B 2 + sites a re co r r e l a t ed 
wi th the t e m p e r a t u r e of the first p h a s e t r ans i t ion . Th i s 
m o d e l is a d e q u a t e to a c c o u n t for a b r o a d var ie ty of 
e x p e r i m e n t a l o b s e r v a t i o n s a n d is a l so cons i s ten t wi th 
o u r E P R resul ts , p r o v i d e d o n e m a k e s a qua l i t a t ive 
ex tens ion by t a k i n g i n t o c o n s i d e r a t i o n a lat t ice "sof t -
en ing" , as sugges ted by the r e m a r k a b l e t e m p e r a t u r e 
d e p e n d e n c e of l i newid ths A H P P . T h u s p h a s e t rans i -
t ions a p p e a r to be essent ial ly t r iggered by t h e r m o d y -
n a m i c d i f ferences of ca t ion ic sites, viz. s ta t ic effects. 
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