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Hlectron paramagnietic resonance of Cr3* in CHyNH3Ga(SQ)2 ' 12H,0 and CHaNH3 AKSe04); - 12H,0 (which are
known to be fexroelectric) as a function of tomperature and orientation has been studied. As one approaches T, an
anomalous increase of resonance linewidth, which is vety pronounced for the satellite transitions has been observed.
It is observed experimentally that AH, ~ (T - T,)™", where n ~ 0.4 for temporatures near to T and # ~ 2.0 for
tomperatuses further from 7. The EPR specttum has also been observed in the ferroelecttic phase. It is inferred
that the water molecules in the immediate environment of the trivalent metal ion may be playing an important role

in the mechanism of ferroslectricity in alums.

I INTRODUCTION

Magnetic resonance and relaxation techniques are
important in the investigations of ferroelectric crystais.
These studies enable one to gsin valuable information
about (i) the displacement of atoms and/or the rotation
of molecular complexes which occur during the crystal-
lographic phase tarnsition and the resulting change in
the symmetry of the crystal and (ii) the dynamical
processes that ase respongible for the ferroelectric
behaviour of the crystal. Rigamonti et al ' * observed
a critical increase in the nuclear spin-lattice relaxation
rate of Na® in ferroelectric NaNO, ss one approaches
the phase transition temperature. A similar observa.
tion was made by Blinc and Zumer in ferroelectric

KH, PO,>. EPR studies have been of particular interest
in the case of S1Ti0,. Oxygen displacements of the
order of 4 x 10°2 A have been detected in this
materisl.* In a series of papers,5~” Muller ef al have
described their investigations of EPR linewidth
anomalies caused by critical fluctuations near the
structural phase transition in this material. They have
also obtained the static critical exponents associated
with the phase transition. A similar effect was also
found in the EPR spectra of Mn?* doped in BaTiO,.%
Windsch and his coworkers®*' have carried out
investigations of the dynamic processes near the
ferroelectric phase trangition in a number of systems
by the electron spin~echo method. EPR linewidth
anomaly of V3* near T, in K;Fe(CN), - 3H,0 has also
been reported by O'Reilly ef gk !* Thus, EPR linewidth
anomalies of dopant impurity near the ferroelectric

phase transition are of current interest. In this paper,
we wish to report the results of our EPR studies of
Cr®* in two ferroelectric alums; (i) methyl ammonium
gallium sulfate (CHyNH3Ga(50,); - 12H,0, T, = 1 71
K, MGSD) and (ii) methyl ammonium aluminium
selenate (CHyNH3 Al(SeQ4); * 12H,0, T, = 216 K,
MASeD) in which we have observed an anomglous
increass of linewidth.

I EXPERIMENTAL

Cr®* doped alums have been grown by the method of
slow evaporation of saturated solution containing the
constituent sulfates or selenates in stoichiometric
ratio. About 0.1% by weight of

CH3NH;Cr(804), - 12H; 0

was added to the growth solution. Single crystals of
the two alums are hexagonal plates with prominent
(111) faces. Cr** doped crystals showed a slight violet
colour.

EPR experiments were carried out on a 100 KHz
field modulated x-band spectrometer. Crystals of
4 x 3 x 2 mm size were cliosen far these experiments.

'In order to study the rotation pattern of the EPR
~ spectra, the crystals were mounted on a single circle

goniometer. The axis of rotation was perpendicular (v
the direction of the magnelic field. Varlan V-4540-
variable temperature accessory was used for variable
temperature experiments. The temperature could be
maintained 1o 21° and was measured using copper-
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constantan thermocouple. A proton probe has been
used for magnetic fleld calibration.

fll CRYSTAL STRUCTURE

Alums have the general formula M*M3*(RO, ); * 12H,0
(M* = K, Rb, Cs, Ny, CHyNH,: M}* = Al, Cr, Fe,
Ga, V., Inand R = §, Se, Te). Some of these, in
particular those with NH¢ or CH;NHj as monovalent
jon M * exhibit ferroelectricity.'? At room tempera-
ture the alums possess cubic symmetry and the space

_group in the parseicctric phase is Pa 3. The unit cell
“contalns Tour formula units. "The Immediate environ-
ment of the trivalent metal ion M, consists of a trigon-
ally distorted octahedron of water molecules, the
trigonul axis being along {111] axis.

IV RESULTS

A. Room Teniperature Studies 3 da) is + F-‘/L
The ground state of a free Cr** lon aumeing sheasbam

wilh  seven-foid orbital degeneracy snd a four-fold spin

degeneracy. The cubic crystalline field removes the
otbitsl degeneracy leaving an orbital singlet as the.
ground state.'® The next higher state is approximately
18,000 cm™' above the ground state. Additional
trigonal distortion in the crystal field in conjunction
with spin-orbit coupling removes past of the spin
degenency of the ground state, giving rise to (wo
Kramens's doublets with quantum numbers M, = £}
and M, = 13. In the presence of an extemal magnetic
fleld remaining spin degeneracy is lifted and three
allowed (AM, » £1) EPR fine-structure transitions are
observed for each Cr** complex. The transitions
(My=+ M, 1), 1§ = } are known as satellite tran-
sitions while the transition § ~» —4 is the so called
central transition. Naturally occurring chromium
comprises mainly of two fsotopes *2Ci (isutopic
abundanceg = 84%, nucleas spin 1 » 0) and ¥*Cr
(isotopic abundance = 9.5%, nuclear spin 1 = ). The
nuclesr magnetic moment causes a further spitting of
the energy levels of the odd isotope producing three
proups of fous hyperfine transitions. However, because
of the feebic intensity (low abundance) and small
splitting ('.w nuclear magnetic moment) one observes
these hypcifine transitions (of **Cr) only at very low
temperatures.'*

From the considerations of ionic radius and valence
state, Cr**.is a very suitable paramegnetic ion for EPR
studies in alums. (lonic radii; Cr’* = 0.64 A,

Al =0.50 A, Ga** = 0.62 A). Cr** replaces substitu-
tionaily the trivalent (M1*) in both the alums. Due to
the trigonal distortion of the octahedron around Cr**
ion, the four sites become physically non-equivalent.
However, all of them are equivalent chemically. As
discussed earlier, three allowed EPR fine structure
transitions are observed for each of the four magnetic-
ally non-equivalent Cr®* ions. Thus along sny arbitrary
orientation of the crystal with reapect to the external
magnetic field, twelve lines corresponding to four Cr**
jons have been observed. Figure [(A) shows the EPR
spectrum of Cr®* ion In inethyl ainmonium gallium -
sulfate alum for such a direction. The spectrum becons
simple with a magnetic field along [111] axis.

Figure 1(B) shows the spectrum for this orientation.
In this orientation, the trigonal axis (principal z axis)
of one of the four sites becomes parallel to the dirce-
tion of the applied magnetic field. The lines a, b and
¢, shown in Figure 1(B) correspond to the three fine
structure transitions of this particular Cr** complex.
The other three sites become magnetically equivalent
among themselves and give rise to an identical spec-
trum marked by d, b and e. EPR of Cr** in the other
alum (CH; NH; Al(SeOy4); - 1211, 0) shows siinilar
features, Figure 1(C) shows the spectrum of Cr**in
this alum for magnetic field along [111] direction.
Figure 2 shows the rotation pattern of Cr** in
CH;NH; AKSeOq)a12H;0 in (111) plane. h con be
seen from the figure that the entire spectrum repeats
after an interval of 60°. It should be noted that the
three solid lines do not show any angular dependence
in this plane. These lines arise due to Cr** complex
whose principal axis coincides with the rotation axis.
Thus it follows that the D tensor is axially symmetric
about {111] axis.

The data were analysed using the following spin

Hamiltonian.'*

Hy = fH- g 5+ DIS,* ~ A5(S +1)] : (1)
Expressions evaluated up to second order in D have

" been used to obtain the spin Hamiltoniun parsmeters

and these have been given in Table 1.

8. Variable Temperature Studics

In order to study the temperature dependence of the
EPR spectrum, the experiments were carried out as

a function of temperature. In one of the experiments,
the crystal was kept with [111] axis parallel to external

. magnetic fleld. The linewidth of both satellite and

central transitions (shown in Figures ((B) and 1{C))
was measured as a function of tempersture. The EPR
linewidth was observed to exhibit an anomaly as T,

| |
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FIGURE I{(A) FPR spectrum of Cr¥* In CHyNH3Ga(504)1 - 12H; O ef room temperature with magnotic fieks
direction making an angle of 45° with [110] direction in (111} plane. The transitions marked L 1§, 1 and iV

titspoad ta the four Cr¥* conplexes,
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FIGURE 1(B} EPR spectrum of Cr¥* in CHyNH3;Ga(504)3 - 12H;0 #t toom tempersture with msgnetic field alony
{111} direction, the principal Z axis of compiex marked I in Figure 1{A}. Lines marked ¢, & and ¢ belung to this
complex. The other three complexes becomes equivalent along this direction and the Jines d, b and ¢ correspond to
these. d and ¢ contain thiee lines and & hat fonr Hons The oricin nf the Hine murked i3 pot clear.
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FIGURE 1(C)  EPR spoctrum of Cz3* in CHaNH» AVS. 4 <1940 fing magnetic field along {111} direction.
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FIGURE 1 Rotation pattern of Cr3* In CHyNH 3 AlSeO4); - 12H30 in (111) plane st room temperatuze, The
horizontal solid linesdalgng to the complex, whose principal axis coincides with the rotation axis.

TABLE 1

.Spin Hamiltonian pasameten of Cr3* in the two aluma
st room temperature,

Alum oy 81 Diem-1

CIHNH GS(S0g);-12H;0 197 196  0.082
CHyNH)AKS®Og)z 12H,0 1975 196 0072

was approached. Figure 3.1 shows the linewidth
behaviout of low field sateTlite Uransition and the
central trangition in MGSD. Stmilar behaviour is also
vherved for the high field satellite transition. Figure
1.2 shuws the behaviour of the low Reld satellite
trensition linewidth in two slums MGSD and MASeD.
EPR experiments have been carried oul in the
lerroelectric phase also. In this phase, each of the
twelve lines shown in Figure L{A) split inio three com-
ponents. This splitting is consistent with the fact that
the sPontmenus polarization appesrs along the cubic
axis.”® The interior of the crysts] thus divides into

three different reglons with the ferroelectsic axis
parallel to any of the three cube axes of the paraclectric
phase. Figure 4 shows, how the four central (§ —+ --4)
components corresponding to the four Cr’* complexes
split into twelve resonance lines as a result of the
ferroelectric phase transition. However, the spectrum
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FIGURE 3.1 Linewidth behaviour of both Jow field
satoliite transition and contral transition in
CH3NH yGa(803)5 - 12H,0.
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MASel).

in the ferroekectric phase is quite complex because of

three-fold increase in the number of lUnes. Detaifed

investigations of the rotation pattern of the entire
specirum thesefore in the ferroelectric phase have not
been carried out. '

VvV DISCUSSION

The linewidth anomaly in the vicinity of T, may be
explained qualitatively as follows. Welt above 7, the
fast fluctuations cause & motional narrowing of the
EPR lines. Approaching the phase transition point 7.,
the fluctuations are crifically slowed down and this
leads to the broadening of the EPR lines.” We can
estimate the correlation time associated with the
fluctustions near T, in the following way.'” The
Hamiltonian of the system can be written as the sum
of two terms."®

HegHS, + 3 FOg,9)4 ¢4]
q=12t1.0
“whete the second term represents the time dependent

fluctuating part. The tesms K90, ¢) and 4@ are

1he upper figure correspond to the centrat transitions of the
four complexes in the paraetectric phase. The lower figure
shows the splitting of these {out into 12 lines in the ferro-
electric phase.

defined as in rafezence (18). The linewidth (Aff) s
inversally propostional to the transverse relaxation
time T, and is given by the expression.'®

—~d{m +{|S - imdt = - 7 {m+ 148, |m (3)
I i

2 (m + 11AC D, (4D S, 1]im) S Hyw)
g=i3,124,0 (4)

PA7 -

We obtain,

1
£

" WO NG e (-4 -]
43
and =1 )

and

1
YA (%) M (- I B B (6
7 (w) -4 +14) ) 1
For & Markoviun process with correlation time 7,
IO = 2 F Oy, )
and

Yeoy= ey e
FHw)y= HFW )1 oS (8)

o
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Near the phase transition temperature T, one
vbserves experimentally that (Figure 3.1) the
sutcllite iansitions are much brosder than the central
teansition. This indicstes that

1270wy € 27 %)

From equation (9), it follows that

1. 2w

whete w= 2ny = 5.7 x 1'% s0¢" ', v is the microwave
frequency. At temperatures well abowe T, the abserved
line is Lorentzian and the correlation time 1, assocl-
ated with the flustuation must be much shorter than
GADY ' v~ 1.76 x 10" sec™! G- and 8D must be

of the order of satellite Bnewidth ~ 2006,

WD) ' ~ 3 x 107" sec.

S, we can put an upper and a lower limit on the value
of . associated with Nuctustion responsible for line-
width anomaly near the phase transition.

L8x 10" Ysec<r. <Ix 10710 sec (10

Muller e al. 7 have ubtalned static critical expon-
ents in SrTI0; for the linewidth behaviour very close
o TAT, = 105.6 K). Windsch ef al.*° have also
vbiatned results near T, by making precise meusure-
ments of T, by electron spin echo method tn

* See reference (20).

Mn**: TSCC. However, in our casea the experimental

limitations do not permit us to make such precise
measurements very near T Nevertheless, if one plots
fnAH, vs. en(T - T.) (sce Figure 5) one obtains some
interesting resvits. AH, is obtained by subtracting the
background linewidth from the total linewidth. The
plot shows that AH.~ (T - T}~ ", where n ~ 2 for
T-T.>40Kandn~04 for 4<(T'- T,)<30K.
Similar results have been obtained by Nishimura

et al '? in the case of their EPR investigations of Cr®
in triglycine sulfate.

Thus, we have seen that the critical fluctuations in

“the flne structure tensor lead to the linewidth anomaly

_of Cr** in the vicinity of T, in the two ferroelectric
alums considered. The major contribution 1o the fine
structuse term comes from the dipole moments of the
six water moleculet of the octahedron surrounding the
trivalent ion.'” So, it seeins water molecules play sn
important role in the mechanism of ferroelectricity in
alumns,

VI CONCLUSION

Electron paramagnetic resonance studies of Cr** in
two ferroclectric alums show that there are four
chemically equivalent and physically related sites per
unit cell with axially symmetric D teasor 1t room
temperature. EPR Hnewidth shows anomaly in the
vicinity of 7 due to critical fluctuations. As & result
of ferroelectric phase tragsition, EPR spectrum shows
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a three-fold increase indicating the presence of three
kinds of domains in the ferroelectric phase.
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