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Mn + EPR study of the phase transition in an ammonium sulfate single crystal:
Existence of two inequivalent sublattices
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Angular variations of X-band EPR spectra, for the magnetic field orientations in three mutually
perpendicular planes, of a single crystal of Mn +-doped (NH4)2SO4, have been recorded from 113 to
398 K. Two Mn + centers, the principal axes of whose zero-field splitting tensors (b2 ) are found to
be oriented very close to each other, exhibit ferroelectric phase transitions of entirely difterent na-

tures, although occurring at the same transition temperature (T, =223 K). At T„ the EPR lines
corresponding to one center exhibit a jump (first-order transition), while those for the other a con-
tinuity (second-order transition). For both the centers each EPR hyperfine line splits into two
below T, . The Mn + spin-Hamiltonian parameters in (NH4)&SO4 are evaluated at room tempera-
ture, using a rigorous least-squares-fitting procedure, combined with numerical diagonalization of
the spin-Hamiltonian matrix. The present EPR data confirm the existence of two inequivalent sub-

lattices in the (NH4)2SO4 crystal. The unusual crossing of the EPR line positions, below T„for the
Mn + center which undergoes a first-order phase transition at T„has been related to the reversal of
the spontaneous polarization. The dynamic behavior of the two Mn + centers, in this ferroelastic
crystal, has here been interpreted to be due to the deformation of the SO& groups and the spon-
taneous strain produced by the acoustic mode. The critical exponent P has been determined, for
both the centers, to be 0.49+0.03, from the line splitting below T, . It has been verified that the
scaling law and Rushbrooke inequality are well satisfied in (NH4)2SO4.

I. INTRODUCTION

Ammonium sulfate [(NH4)2SO4] (AS, hereafter) has
been found to undergo a phase transition, becoming fer-
roelectric below 223 K, by Matthias and Remeika. '

Unusual ferroelectric properties, e.g., a low value of the
Curie-gneiss constant, a large spontaneous strain, ' pro-
vided a great deal of interest in AS. In order to under-
stand the transition mechanism responsible for the phase
transition, many experimental techniques, e.g., dielectric
measurement, neutron diffraction, NMR, EPR, in-
frared, ' and Raman spectroscopy, have been used to
study AS. Theoretically, different mechanisms, e.g.,
order-disorder, displacive, improper-ferroelectric,
"coupled-oscillator-relaxator" model, two-inequivalent
ferroelectric sublattices, and, more recently, the
molecular-distortion model and weakly erst-order
Landau-type-transition model, have been invoked to ex-
plain the mechanism of the phase transition in AS.
Despite so many studies, the phase-transition mechanism
in AS still remains controversial. Even the transition
temperature T„ the spontaneous polarization P„and its
temperature dependence, have been reported to have
different values; as well, the various explanations provid-
ed are at variance from each other. Hoshino et al. re-
ported that P, was almost temperature independent in
the neighborhood of the ferroelectric "Curie" tempera-
ture T, (223 K), while Ikada et al. found the same result
at a lower temperature (153 K). They explained it by the
use of a phenomenological theory. Later, Unruh et al.
reported that P, was strongly temperature dependent,

changing the sign below 85 K; this was explained by
Sawada et al. to be due to the existence of two-
inequivalent sublattices in AS. In the two-inequivalent-
sublattices model, also referred to as the ferroelectric
model, Sawada et aI. proposed that the two NH4+ ions
in the unit cell of AS are crystallographically ine-
quivalent, possessing different dipole moments, which are
likely to be antiparallel along the c axis. Sawada et al.
further proposed that all the SO4 ions in AS are
equivalent.

The AS crystal is ferroelastic, both in the paraelectric
( T )T, ) and ferroelectric ( T (T, ) phases. Makita
et al. reported that, at room temperature, AS crystals
consisted of three domains, separated by {011 J and
t 031 I twin planes. These domains can be switched
amongst themselves by an external stress. Group-
theoretical analysis of AS crystal symmetry suggests
that the pseudohexagonal orthorhombic symmetry P„,
(Z =4) in the paraelectric phase may be derived by a hy-
pothetical phase transition of AS from a hexagonal (pro-
totype) structure of symmetry P63/mmc (Z =2), sup-
posed to exist ai high temperatures.

EPR has been used in the study of the phase-transition
mechanisms, in AS because of its high sensitivity to the
local changes in the environment around the paramagnet-
ic ions doped as microscopic probes. Many different
paramagnetic ions, such as Mn +, ' Cu +,"

14, 15 @~2+ 16, 17 C 0 3— 18 (C ~ )2
— 19

NH3+ ' ' have been used to this end. However, some of
these studies have been confined to either temperatures
above T„or both above and below T„but not systemati-
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cally as a function of temperature in the range including
T, ."' ' ' Similar to the findings of the other tech-
niques, a lot of controversy exists in the EPR results on
AS as well.

Mn + is an important EPR probe of the environment
around it since its spin (S =5/2), being greater than 1/2,
experiences the crystalline field directly via the spin-
Hamiltonian (SH) parameters b2, b„A.s for the EPR
studies of Mn +-doped AS single crystal, Abdulsabirov
et al. found four physically equivalent Mn + centers,
(i.e., only one type of Mn + center); the magnitudes of
the angles between the Z axes, defined to be the principal
axis of the zero-field splitting tensor b 2, of the four Mn +

centers and the crystallographic axes (a, b, c) were found
to be about the same. The respective Z axes, were de-
duced to be along the NH4 (I)-NH4+(II) directions, de-

pending on which NH4+ ion is replaced by the Mn + ion,
with a type-1 charge-compensation mechanism being
effective. The temperature variation of the value of the
zero-field splitting parameter (b2 ) was found by Abdulsa-

birov et al. to be discontinuous at 215 K; thus implying
the occurrence of a first-order .phase transition at 215 K.
This temperature was assumed to be T„8K lower than
the well-accepted value (223 K). Shrivastava also found
the existence of only one type of Mn + center, corre-
sponding to four physically equivalent Mn + complexes
in the AS crystal, associated with a transition tempera-
ture of 217.5 K, 5.5 K lower than the accepted value of
T, . He observed that the EPR lines just split below 217.5
K without experiencing any jump in their positions; im-

plying that AS undergoes a second-order phase transition
at 217.5 K. Based on the data of Ref. 9, Misra and
Shrivastava' estimated the critical exponent P for this
second-order transition from the line splitting ( b,B)

below T, : b 8 cc ( T, —T)~, with P=o. 5 and T, =217.5
K. Both Abdulsabirov et al. and Shrivastava estimated
the Mn + spin-Hamiltonian parameters in AS at room
temperature, the differences between their values are
significant (Table I). Furthermore, the parameters were
evaluated, employing perturbation expressions, using the
line positions obtained for one direction of the external
magnetic field (B~~Z) by Shrivastava, while for three
directions (B~~Z,X,Y) by Abdulsabirov et al.

The present paper reports yet much more detailed and
systematic EPR experimental study on the Mn +-doped
AS single crystal. The purpose is to verify the existence
of two different Mn + centers, to determine T;, to study
the nature of the phase transition of AS at T, (first
and/or second order), to evaluate the room-temperature
spin-Hamiltonian parameters for Mn + in AS by the use
of a rigorous least-squares-fitting procedure employing
exact numerical diagonalization of the spin-Hamiltonian
matri, and to interpret the temperature dependences of
the EPR spectra for the two Mn + centers. A detailed
discussion of the dynamic behavior of the two different
Mn + centers is provided. In addition, the value of the
critical exponent P has been estimated from the line split-
tings of the two Mn centers below T, . As well, the va-
lidity of the scaling law and Rushbrooke inequality has
been examined.

II. EXPERIMENTAL ARRANGEMENT,
SAMPLE PREPARATION,

AND CRYSTAL STRUCTURE

The EPR spectra were recorded on a X-band Varian
V4506 spectrometer, consisting of a 12-in. Varian Associ-
ates electromagnet, a Varian power supply, and a Bruker

TABLE I. Room-temperature Mn + spin-Hamiltonian parameters in (NH4)2SO4 crystal, as evalu-
ated by the use of a rigorous least-squares-fitting procedure. The results of Abdulsabirov et al. and
Shrivastava are also included for comparison. The unit for b&, A and B vaues is GHz, while that for
y, CxHz [y —= (~EEJ~ —hv, ); here hE, is the calculated energy difference between the pair of levels
participating in resonance for the jth line position, v, is the corresponding klystron frequency, and h is
Planck's constant]. n is the number of lines fitted simultaneously. For the data of Abdulsabirov et al. '
and Shrivastava, y are as calculated using their reported parameters and the line positions observed
presently.

Parameters Present work Abdulsabirov et al. (Ref. 8) Shrivastava (Ref. 9)

g!1

gx

b0

b

b,'
b2

b4

B
C

y /n

2.0014+0.0004
2.0176+0.0079

2.153 +0.003
—0.714 +0.027

0.001 +0.001
0.699 +0.045

—0.281 +0.180
—0.258 +0.003
—0.281 +0.003

0.003
140

g, =2.0009

g =2.0009

gy =2.0014
—2.183

1.108

0.008
0.000
0.039
0.259
0.263
0.263
0.096

140

g =1.9959

1.454
—0.717
—0.006

—0.256
—0.250

3.064
140
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field controller (B-NM-2). The crystal was placed inside
a TEi02 Varian cavity. Temperatures, above and below
room temperature, were maintained at the sample by
gently blowing nitrogen gas, passing respectively through
the heater coils and coils immersed in liquid nitrogen, of
a Varian temperature-controller unit (model E4540) T. he
temperature stability was better than 0.5 K, as measured
by an Omega Engineering Inc. micro-
processor-based thermocouple meter (model 680), with a
temperature resolution of 0.1 K.

The AS crystals, used for measurements, were grown
by slow evaporation at room temperature of an aqueous
solution of (NH„) 2SO4 to which a small amount of
MnSO4 (0.5 at. %) was added. Good-quality crystals
with dimensions suitable for measurements (about
3 X2X 8 mm ) were obtained after about eight weeks. It
was found that Mn + does not enter the crystal lattice of
AS in large amounts. Thus the actual amount of Mn +

in AS crystals is much less than that present in the moth-
er liquor. The crystals so obtained were colorless, had ex-
cellent cleavage in the (100) plane, and were almost fer-
roelastically monodomain, as verified under a polarizing
microscope.

The growth habit of AS crystals is shown in Fig. 1.
The crystal structure of AS has been determined by
Schlemper and Hamilton, by neutron difFraction; it is the
same as that of K2SO4. At room temperature, the crystal
possesses orthorhombic symmetry (space group P„, ),
with the unit-cell parameters being a =7.782, b =10.64,
and c =5.993 A. (Some AS crystals show a superstruc-
ture at room temperature, i.e., characterized by the b and
c dimensions doubled. ') Below T„ the reflection planes
of the AS crystal disappear, changing the space group to
I'„,2, while the crystal still possesses orthorhombic sym-
metry; the c axis becomes the axis of electric polarization.
The unit-cell parameters of AS below T, are a =7.837,
b = 10.61, and c = 5.967 A.

,

i

C

FICi. 1. The growth habit and crystallographic axes a, b, and
c of (NH4)2804 single crystal The I 100I. plane, which exhibits
a perfect cleavage, is shaded by oblique lines.

At room temperature, the unit cell of AS contains four
formula units (Z =4). There are present two crystallo-
graphically different NH4 (I) and NH4+ (II) ions.
NH4 (I) ions, with five SO4 ions surrounding them, are
designated as a ammonium ions, while NH~ (II) ions, lo-
cated in the middle of a distorted octahedra of SO4
ions, are designated as P ammonium ions. The directions
of the two NH4+(I)-NH4+(II) (or cz-P) pairs make the fol-
lowing angles, relative to the crystallographic axes:
(a, Z) =+71.2, (1,Z) =+55.5', and (c,Z) =+40.5 .
These directions are found to be abnost coincident with
the magnetic Z axes corresponding to the two Mn +

centers, as seen in Sec. III below.

III. ROOM-TEMPERATURE KPR SPECTRA

EPR spectra were recorded for the orientations of the
external magnetic field (B) in the ab, ac, and bc planes.
Figure 2 exhibits the high-field EPR spectrum for the
orientation of B in the ab plane, at 23' from the a axis;
six strong hyperfine lines of almost equal intensity, corre-
sponding to the highest-field fine-structure sextets
M =5/2~3/2 for the two Mn + centers, designated as I
and II, are clearly visible. [For Mn +, S=I=5/2,
where 5 and I are the electronic and nuclear spins, re-
spectively. Therefore, for each Mn + center, the EPR
spectrum consists of five allowed sextets (M, m)
~((M —1),m ), where M and m are, respectively, the
electronic and nuclear magnetic quantum numbers. ]. The
small di8'erence in EPR line heights for Mn + centers I
and II, as seen in Fig. 2, results from a slightly larger
linewidth of center II, as compared with that for center I
(17 G for center II and 14 G for center I). This suggests a
somewhat bigger distortion of the surrounding of Mn +

center II as compared to that of center I. The equality of
the intensities of the EPR lines corresponding to centers I
and II imply that the occupation probabilities of the sites
available to centers I and II are about the same. (It is
noted that there were observed, in addition, two other
centers of very weak intensity designated as III and IV;
these are, most likely, due to additional ferroelastic
domains of AS crystal, which were, however, not detect-
ed under a polarizing microscope, because of their negli-
gible volume. Centers III and IV have not at all been
studied in the present paper because of their extremely
weak intensities. )

Figure 3 shows the angular variation of the highest-
field resonant lines for centers I and II for the orientation
of 8 in the ab plane. The lines corresponding to the two
magnetically inequivalent Mn + centers (I and II) are
clearly visible in Fig. 3. This is possible because the prin-
cipal axes and magnitudes of the zero-field splitting ten-
sors b 2, corresponding to the two centers, are at
definitive variance, albeit small, from. each other.

Figures 4 and 5 exhibit the angular variation of EPR
spectra for the orientation of 8 in the bc and ac planes,
respectively; they are found to be symmetric about the b
and c axes, respectively, for the two centers, in accor-
dance with the crystal symmetry. Figures 4 and 5
confirm that there indeed exist two physically ine-
quivalent Mn + centers with almost the same intensity
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the overall separations of the allowed lines exhibit extre-
ma; of these three, the overall separations occur in de-
creasing order for 8 along the Z, X, and F axes, respec-
tively. ) The results are as follows. Center I:
(Z, a)=75.6+0.5, (Z, b)=57.9'+0.5', and (Z, c)=35.9'
+0.5 . Center II: (Z, a) =74.5'+0. 5', (Z, b) =62.8'
+0.5, and (Z, c)=32.2'+0. 5'. Furthermore, using the
crystallographic data, it is found that the Z axis for
center I is almost coincident with the direction of one of
the two NH4 (I)-NH„+(II) pairs (within 5'); while that
for center II deviates slightly from this direction (about
9'). The angle between the Z axes corresponding to
Mn + centers I and II is about 6'.

Unlike the previous findings ' of the presence of only
one type of Mn + center in AS, two diA'erent types of
Mn + centers have, indeed, been detected to exist simul-
taneously in the present studies; each of these two Mn +

I

centers are characterized by EPR spectra which are
symmetrical about c, b, and a axes, for B in the ab, ac,
and bc planes, respectively (Figs. 3, 4, and 5). (The term,
"Mn + center" here refers to a complex consisting of a
Mn + ion with surrounding SO4 groups and a nearest
vacancy; see Sec. V for more details. )

IV. ROOM- TEMPERATURE SPIN-HAMII. TONIAN
PARAMETERS

In order to evaluate the spin Hamiltonian (SH) param-
eters, the EPR spectra were, specifically, recorded, at
room temperature, for various orientations of the exter-
nal magnetic field in the magnetic ZX plane, correspond-
ing to the Mn + center I. The following spin Hamiltoni-
an, appropriate to orthorhombic symmetry, is applicable
to Mn + in AS

&=Pji[glB,S, +gi(B S +B S )]+—,'(b202+b202)+ ,', (b404—+b404+b~04)+AS,I, +B(S„I+S I )

+Q'[I, ,'I (I +—1 ) —j+Q "(I„I) . — (4.1)

55 00

V

O
C
C7l

X

52 50

bc pl a ne

In Eq. (4.1), pz is the Bohr magneton, and the OP are
spin operators, as defined by Abragam and Bleaney. A
rigorous least-squares-fitting (LSF) procedure, utilizing
numerical diagonalization of the SH matrix on a digital
computer, in which all clearly-resolved allowed Mn +

line positions, observed for several orientations of B in its
ZX plane, were simultaneously fitted to evaluate the nine
SH parameters

g~~~, gi, bz, b2, b4, b~, b~, A, and B. (The

l

parameters Q' and Q" could not be determined since the
allowed line positions do not depend upon them to first-
order in approximation. ) The errors of the parameters
were determined by the use of a statistical method. Fi-
nally, a total of 140 line positions were used to evaluate
the nine SH parameters. This included, generally, all the
six lines of each of the first, second, fourth, and fifth
hyperfine (hf) sextets for each of the orientations of B
close to, and including, the Z axis (at 0', 2', 4', 6', 8, and
10' from the Z axis), and all the six lines of each of the
first and fifth hf sextets for each of the orientations of 8
close to, and including, the X axis (at 0', 2, 4', 6', and 8'
from the X axis). (Here, the sextets are referred to in in-
creasing values of the Zeeman field, i.e., the first hf sextet
lies at the lowest values of 8, while the fifth hf sextet lies
at the highest values of B. ) The values of the SH param-
eters, so evaluated, are listed in Table I, which also in-
clude the SH parameters reported by Abdulsabirov
et al. and by Shrivastava. As for the absolute signs of
the parameters, they could not be determined from the
present data since no relative-intensity data were avail-
able at liquid-helium temperature. The sign of b2 was,
then, assumed to be positive. The signs of the other fine-
structure parameters, relative to that of b 2, as yielded by
the LSF procedure, are correct. The signs of the
hyperfine parameters 3, 8 were chosen to be negative, in
accordance with the hyperfine-interaction data.

Although the values of the SH parameters as evaluated
presently are for Mn + center I, those for center II are
expected not to be much di6'erent from these because of
the very close proximity of the environments of the two
centers, as discussed in Sec. V below.

-60 -50 "40 -30 -20 -1 0 C 10 20 30 40 50

Angle (deg)

FIG. 5. Angular variation of the highest-field line of the
highest-field hyperfine sextet for Mn + centers I and II in
Mn +-doped (NH4)2SO4 crystal at room temperature for the
orientation of 8 in the bc plane. The continuous lines are
smooth curves that connect data points.

V. INTERPRETATION OF Mn CENTERS I AND II

A. Two Mn centers

According to Abdulsabirov et a/. , when the Mn +

ion replaces a NH4 ion in AS, a neighbor NH4+ is dis-
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placed to create a vacancy for charge compensation; this
is referred to as a type-1 charge-compensation mecha-
nism. The same charge-compensation mechanism was
suggested by Chaddha, " for the case when Cu + replaces
NH4+ in AS. Abdulsabirov et al. did not specify which
of the NH4+ ions, in the a or /3 position, was replaced by
Mn, reporting the observation of only one Mn +

center, with four physically equivalent orientations.
However, in the present work, two physically ine-
quivalent Mn + centers were, indeed, observed (Figs. 3,
4, and 5). This can be understood as follows. There exist
two inequivalent, NH4+(I) and NH&+(II), ions in AS as
verified by neutron-diffraction measurement;. %'hen a
NH4 (I) ion is replaced by Mn +, a different Mn~+

center is created from that when the Mn + ion replaces a
NH~+(II) ion. This is due to the smaller space available
around the NH~+(I) ion (a position); the substitution of
Mn + for NH4+(I) causes greater distortion of the coor-
dinations with the surrounding ligands than that caused
when Mn + substitutes for the NH~+(II) ion. Assuming
that the larger EPR linewidth of Mn + center II is due to
the more distorted coordination, it appears from the
present experimental results that the Mn + ion, in center
II, is in the a position, which is surrounded by five SO4
ions with the P position left as a vacancy. The Mn + ion
in center I replaces a NH4 (I) ion, which is in the P posi-
tion surrounded by six SO& ions forming a distorted oc-
tahedron with the a position left as a vacancy. The a po-
sition can also be considered, equivalently, to be sur-
rounded by six SO4 ions, one of them lying a little far-
ther from the NH„+ ion as compared with the remaining
five SO4 ions. Therefore, the environments of the a
and P positions appear to be very close to each other.

Using the geometrical orientations of the SO4 ions,
and the assumption that the SO4 ions, being heavier
than the NH4+ ions, are responsible for the occurrence of
the spontaneous strain (acoustic mode) in the AS crystal,
it is presently concluded that there also exist two-
inequivalent SO4 groups. This inequivalence may be
caused by the hypothetica/ ferroelastic phase transition
from hexagonal to orthorhombic symmetry which is ex-
pected to take place at a temperature higher than 630 K
in the AS crystal. [Although, actually, (NH&)2SO&
changes into (NH~)HSO4 above 630 K, it is known that
the other two isomorphous crystals, K2SO4 and K2Se04,
do, in fact, undergo such transitions at 860 and 745 K. 9]
The NH4+ ions also respond to this hypothetical transi-
tion, resulting in the creation of two-inequivalent a and P
cations. It is, therefore, likely that the two-inequivalent
SO4 groups, which ligand to Mn + ions, are responsi-
ble for the creation of two different Mn + centers in AS.

B. Two inequivalent sublattices

It is likely that the Mn + centers I and II belong to
two-inequivalent sublattices. Different EPR linewidths,
and different temperature dependences of the EPR spec-
tra for the two Mn + centers (Sec. VI), imply different
distortions and different dynamic behaviors of these two
sublattices. This conclusion is a logical consequence of

the presence of two crystallographically inequivalent
NH4 ions in the unit cell, which implies that there also
exist two sets of inequivalent SO4 ions in the lattices of
AS, since the two a- and P-NH~+ groups are surrounded
by different SO4 groups. The existence of two-
inequivalent sublattices in AS has also been proposed
from the temperature dependence of the reported spon-
taneous polarization, and the softening of a coupled-
lattice vibration mode by Fujimoto et al. ' As for the
EPR studies on AS, the two-sublattices model was pro-
posed only from the EPR of Se03 ions in AS, namely,
from the observation of two-inequivalent Se03 ions,
which substitute for the SO4 ions by Fujimoto and Jer-
zak. ".

VI. FERROELECTRIC PHASE TRANSITION AT 223 I
A. EPR spectra

Figure 6 exhibits the variation of the highest-field line
position of the highest-field hyperfine sextet correspond-
ing to center I, as well as that of the lowest-field line posi-
tion of the highest-field hyperfine sextet corresponding to
center II, for the orientation of the external magnetic
field B in the ab plane, 25 away from the a axis, in the
temperature range 113—398 K. (These hyperfine lines are
particularly chosen, because they are not Banked by other
lines, and are easy to identify. ) It is clearly seen from Fig.
6 that, as the temperature is decreased, the line positions
corresponding to center I show an abrupt jump to higher
magnetic fields at T, =223 K, thereafter, each line split-
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FIG. 6. Variation of the highest-field and the lowest-field
hyperfine EPR line positions for the highest-Aeld hyperfine sex-
tets for Mn + centers I and II, respectively, as functions of tem-
perature, from 113 K to 398 K, for B in the ab plane, 25 from
the a axis. At T, =223 K, dN'erent natures of the phase transi-
tions, i.e., a jump of the line position for center I and a continu-
ous change of line position for center II, are clearly exhibited.
As well, unusual crossing of split lines for Mn + center I at 147
K is distinctly visible.
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ting into two lines below T„characterizing a first-order
phase transition of the sublattice of AS crystal to which it
belongs. On the other hand, the line positions corre-
sponding to center II do not at all undergo any jumps at
T„as the temperature is decreased, each of them experi-
ences only a splitting into two lines below T, ; this indi-
cates a second-order phase transition of the sublattice of
AS, to which center II belongs. Furthermore, as seen
from Fig. 6, the splittings of the lines corresponding to
center I exhibit a unique feature never reported previous-
ly; the line splitting first increases with decreasing tem-

erature below T„ then it starts to diminish, finally
becoming zero at about 147 K. It splits again below
K in the opposite direction. This feature is not exhibited
by the splitting of the EPR lines, which correspond to
center II.

Figure 7 exhibits detailed EPR spectra for 8 in the ab
plane, 25 from the a axis, over a temperature region, in-
cluding T„confirmin the conclusions drawn from Fig.
6. Another feature that is apparent from Fig. 7 for center
I, is that at 223.5 K (just above T, ), some weak lines of
the ferroelectric phase that exists below T, are also ob-
served, although the EPR lines of the paraelectric phase

that exist above T„are dominant. This indicates a coex-
istence of the paraelectric and ferroelectric phases just
above T, . Figure 8 displays a detailed temperature
dependence of the EPR spectra, for 8 in the ab plane, 25
from the a axis, over a temperature region including 147
K; the EPR lines corresponding to center I show crossing
of split lines, in accordance with that exhibited by Fig. 6.
On the other hand, the lines corresponding to center II
continue to remain split, without reversing their splitting,
or crossing, at all temperatures below T, .

Variable-temperature EPR measurements were made
f th orientation of B in the bc and ac planes also; simi-

fBinlar results to those observed for the orientation o in
the ab plane were found, except for the fact that no cross-
ing of split lines was observed below T, for any Mn +

center.
B. Critical exponents

For both the centers I and II, the critical exponent P is
presently found to be 0.49+0.03 from the line splitting
(AB), in the region [0&(T,—T) &10 K]. This is clear
from Fig. 9, exhibiting log-log straight-line plots of hB
versus (T, —T), the slopes being P. The result for center
II is in agreement with that reported by Misra and
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FICx. 7. EPR spectra (first derivative), for the highest-field

Mn + sextet in (NH4)2SO4 single crystal, in the temperature
range, covering ethe ferroelectric transition temperature T,
{=223 K), for 8 in the ab plane, 25' from the a axis. As the
temperature is lowered, the lines corresponding to Mn + center
I show a pump ah t T then each splits into two lines; the lines
corresponding to Mn + center II, on the other hand, show only
a s litting of each line into two at T„without undergoing pumps
in line positions. (Some weak lines, indicated by arrows, belong-
ing o e ert th f roelectric phase are also observed gust a ove T, .

ter I be-I& and Iz indicate the two subsublattices to which center e-

longs below T„' the same applies to II& and II& for center II.
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FIG. 8. EPR spectra (first derivative) for the highest-field

Mn + hyperfine sextet in (NH4)zSO4 single crystal in the tem-
perature range covering 147 K, for B in the ab plane, 25 from
the a axis. It is clearly seen that Mn + center I exhibits an
unusual crossing of split lines at 147 K, as indicated by the rela-
tive positions of the solid circles identifying the lines corre-
sponding to center I on the highest-field side, as functions of
temperature. I„and I~ indicate the two subsublattices to
which center I belongs below T, ; the same applies to II& and
II& for center II.
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FICx. 9. Log-log plot of the temperature dependence of the
line splitting, 68, for Mn + centers I and II, below the fer-
roelectric phase transition temperature, T, . The straight lines
show that 68 cc i T, —T)e, with p=0.49+0.03 and T, =223 K,
for, both the centers in the range 0 K & (T, —T) & 10 K, con-
sistent with Landau theory (Ref. 36).

Shrivastava, ' where a second-order transition was con-
sidered, while that for center I is in agreement with that
reported by Bhat et al. ' for Cr04 -doped AS crystal
for the Cr04 center, which undergoes a first-order
phase transition.

C. Scaling law and Rushbrooke inequality

There exists a relation, (a+213+y)=2, involving the
critical exponents a and y for T & T, and P for T (T„
known as a scaling law. It is interesting to examine the
fulfillment of this law for AS. The cri.tical exponent
P=O. S, as determined presently. The critical exponents
a and y are defined, for T & T„ from the relations
C (T —T, ) and

yacc(T

—T, ) r, where C and y are
specific heat and susceptibility, respectively. For AS
crystal, y has been reported to be —1.0. As for n, it
has been determined by Hoshino et al. to be almost 0.0,
for T & T, . Thus, for AS, a+2f3+y—=2. This is in
agreement with the scaling law. For T (T„ there exists
only an inequality: a'+2P+y'&2, known as the Rush-
brooke inequality. Here the exponents e' and y' are
defined from the relations C ~ ( T, —T) and
o: ( T, —T) r . For the AS crystal, y' and a' have been
reported to be —1.0, and -0.2, respectively. Thus
for AS, a'+2P+y'=2. 2. This is in good agreement with
the Rushbrooke inequality.

D. Mechanism for phase transition

Unruh et al. concluded from their measurement of
the spontaneous polarization, P„ofAS, that P, could not
be treated as the order parameter of the phase transition
and thus called the transition ferrie1ectric, implying that
the two sublattices contribute differently to the resultant
spontaneous polarization. Since P„which is related to
the optic mode of lattice vibration, is not the order pa-
rameter, some other mode must be responsible for the oc-
currence of the phase transition. This other mode is

presently suggested to be the acoustic mode, related to
the existence of ferroelasticity in the paraelectric phase of
the AS crystal above T, . The high value of the spontane-
ous strain may cause additional crystal distortion leading
to ferroelastic domains. This creates additional weak
lines in the Mn + spectra at room temperature in AS
over and above those already mentioned. It is likely that
the coupling to the spontaneous strain (acoustic mode) is
different for the two sublattices. It is suggested presently
that the sublattice to which Mn + center I belongs,
which undergoes first-order transition, is strongly cou-
pled to the acoustic mode while the sublattice to which
center II belongs, which undergoes second-order transi-
tion, is only weakly coupled to the acoustic mode. This
explains qualitatively why Mn + ions belonging to
different sublattices behave differently at T, . Bhat
et al. ' also noticed the coexistence of discontinuous (the
same as that of center I) and continuous (the same as that
of center II), behavior of the EPR lines in Cr04 -doped
AS crystal at T, . However, they did not invoke the two-
inequivalent-sublattices model, which would have provid-
ed the correct explanation of their spectra.

The reversal of the sign of polarization, P„at low tem-
peratures, as observed by Unruh, can be explained as fol-
lows. As the temperature is lowered below T„ the sub-
lattice, to which center I belongs, splits further into two
sublattices with opposite polarizations; these polariza-
tions exhibit different temperature dependences. The
crossing of split lines for center I occurs when these two
polarizations are equal and opposite, i.e., at 147 K (Fig.
8).

The two-inequivalent-sublattices model, as proposed
presently, is not the same as that postulated by Sawada,
in which no further splittings of the sublattices below T,
was predicted, contrary to the present finding for AS,
wherein each of the two sublattices above T, splits into
two sub-sublattices below T, . Otherwise, the observed
polarization behavior below T, could not be correctly ex-
plained, as discussed above. In the model proposed
presently, the SO4 ions are also considered to be ine-
quivalent, contrary to the assumption of Sawada et al.
The SO4 ions play an important role in the splitting of
each of two sublattices, which exist above T„ into two
sublattices below T, . The effectiveness of SO4 ions in
the ferroelectric phase transition has also been suggested
by Sawada et al. and by Bhat et al. '

The present results and interpretation are similar to
those drawn by Fujimoto and Jerzak' from the EPR of
Se03 ions in the AS crystal. According to them, two
inequivalent centers of the Se03 radical in AS belong to
two coupled sublattices; the EPR lines above T, of one
center are very strongly temperature dependent, while
those of the other are almost temperature independent.

VII. I,INEWIDTH

The EPR linewidths for Mn + were estimated for the
two centers in the temperature range 113—398 K. Center
II is characterized by a slightly larger linewidth than that
of center I. The EPR linewidth for center I is 14+1 Cx

above T„while it is 16+1 G below T, . On the other



82 SUSHIL K. MISRA, JIANSHENG SUN, AND STANISLAW JERZAK 40

hand, the linewidth for center II remains 17+1 G at all
temperatures. The fact that only the linewidth corre-
sponding to center I experiences a change at T, supports
the contention that only one sublattice in AS, namely, the
one to which center I belongs, is responsible for the onset
of ferroelectric phase transition; the other sublattice, the
one to which center II belongs, just follows this transi-
tion.

VIII. CONCLUDING REMARKS

It has been possible here to identify the presence of the
two different Mn + centers only because of the high sen-
sitivity of the Mn + fine-structure EPR lines to even very
small changes in the configuration of the SO4 ligands
to Mn + ions; the configurations of the surroundings of
the a and P positions are quite close to each other.

The following are the salient features of the present
study.

(i) Two different Mn + centers, belonging to two ine-
quivalent sublattices undergoing first- and second-order
phase transitions, have been simultaneously observed in
AS. Previously, either center I, or center II, but not both
together, was observed.

(ii) Above T„ there exist two inequivalent sublattices
in AS for each of the NH4+ and SO4 ions which are
coupled to each other; each of these split further into two
subsublattices below T, .

(iii) The ferroelectric phase transitions of different na-

tures for the two sublattices are caused by couplings of
different strengths of the two sublattices to the acoustic
mode, effected by the spontaneous strain.

(iv) The unusual crossing of split lines, observed for
Mn + center I below T„has not been reported previous-
ly in AS crystals, whether doped by Mn + or by any oth-
er paramagnetic ion.

(v) Only one sublattice is responsible for the tempera-
ture variation of the spontaneous polarization, P„since
only one center exhibits a crossing of split EPR lines as
the temperature changes.

(vi) The ferroelectric phase transition temperature T„
presently determined to be 223 K, is in agreement with
the well-accepted value.

(vii) The room-temperature Mn spin-Hamiltonian
parameters, as reported presently, have been evaluated by
the use of a rigorous least-squares-fitting procedure.

(viii) The ferroelectric phase transition in AS is found
to satisfy both the scaling law and Rushbrooke inequali-
ty.
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