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Order parameter in incommensurate Rb,ZnCl, studied by Mn?* electron paramagnetic resonance
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The incommensurate modulation in Rb,ZnCl,, which involves rotations of slightly distorted
ZnCl, tetrahedra, is examined below the normal-to-incommensurate transition at T, =30.4210.04
°C via the associated distribution of resonance fields in the EPR of Mn?* ions dilutely substituted
for Zn**+. The analysis is based on the spin Hamiltonian appropriate to Mn?* in a rhombic crystal-
line field. Excellent reproduction of the experimental spectra is obtained by summing over the cal-
culated spectra of the individual Mn?* on the assumptions of a sinusoidal modulation wave, a fine-
structure tensor rotating with the tetrahedra, and a linewidth independent of the phase of the modu-
lation. Further, allowance is made for small additional deformations of the tetrahedra induced by
the modulation. The order parameter Q, i.e., the amplitude of the modulation wave, increases to 8°
of arc at 8 K below T,. Its temperature dependence is in conformity with classical Landau theory
provided the free energy is expanded up to the sixth power in Q. Further, data on the linewidth are
presented around T;. Above T, D =480t5G and E = —271+5G.

I. INTRODUCTION

This paper is concerned with the order parameter asso-
ciated with the modulation wave in Rb,ZnCl, as deter-
mined with electron paramagnetic resonance (EPR) in
the regime just below the normal-to-incommensurate
transition, and with an interpretation of the results in
terms of the classical Landau theory. Rb,ZnCl, belongs
to the family of compounds with the B-K,SO, structure,
many members of which exhibit a transition to an incom-
mensurate phase."? In the high-temperature normal
phase, Rb,ZnCl, is orthorhombic with space group D}$
(Pmcn; choice of axes such that b >c¢ >a).>* The unit
cell contains 4 formula units, and the Zn ions reside
within slightly deformed ZnCl, tetrahedra located on
(b,c) mirror planes. Below T, =303.6 K an incommensu-
rate displacive modulation with wave vector
q;=(4—38)c* develops, with §=0.029 just below the
transition.>® The modulation involves reorientations of
the tetrahedra as well as displacements of the Rb ions.*
Towards lower temperatures § decreases, until at the
lock-in transition at T,=192 K it drops to zero. The
modulation is sinusoidal not too far below T, (plane-
wave limit), whereas closer to the lock-in transition
higher harmonics develop and the modulation is better
described by an array of phase solitons.”~!° The average
structure in the incommensurate phase has the space
group of the high-temperature normal phase.!!

The method used to probe the incommensurate wave is
to observe modifications of the fine-structure splittings of
the EPR of Mn?* ijons randomly substituted for Zn>* to
dilute concentrations. The present analysis relies on the
well-established spin Hamiltonian of individual Mn?*
ions in a crystalline field of rhombic symmetry. The
shifts of the EPR transitions of these ions are calculated
on the basis of a microscopic model of the incommensu-
rate modulation with the amplitude of the rotations of
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the tetrahedra as order parameter. The crystalline field is
primarily generated by the immediate surroundings of
the resonant ion, and in the present case is caused by the
deformed tetrahedra. EPR thus senses the tetrahedral
rotations associated with the incommensurate wave
through a reorientation of the fine-structure tensor
reflecting the rhombic symmetry. A distribution of reso-
nance fields results, the width of which reflects the order
parameter. Excellent fits are obtained by summing over
the various local contributions of the individual Mn?*
with the linewidth taken constant, provided small defor-
mations additional to those already present in the high-
temperature normal phase are taken into account.

EPR of Mn?* in Rb,ZnCl, has earlier been examined
in some detail, chiefly by Fayet and co-workers.!>~!* The
analysis adopted in Ref. 13, which is the most relevant in
connection with the present study, is distinct from the
approach below in that the EPR line shapes below T, are
analyzed in terms of a phenomenological expansion of the
resonance field in powers of the local displacements,
while the linewidth is let to vary with the local phase of
the modulation wave to arrive at satisfactory simulations
of the experimental profiles. It is further noted that the
temperature dependence of the order parameter has ear-
lier been examined via the spread the associated quadru-
polar shifts cause in the NMR of the Rb nuclei.>!* The
results appeared to be reconcilable with a rise of the or-
der parameter according to a simple power law with criti-
cal exponent f=~0.35.

II. EXPERIMENTAL RESULTS

The spectra were recorded with a superheterodyne
EPR spectrometer operating at a fixed frequency of
23.900 GHz, and equipped with phase-sensitive detection
of the 60-MHz intermediate frequency to minimize noise.
The frequency of the primary klystron, phase locked to a
harmonic of a quartz reference oscillator, was set to reso-
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nance with the cylindrical microwave cavity, resonating
in the TEy; mode, in which the sample was mounted.
Field modulation at about 30 Hz was applied so that the
derivative spectrum was observed. The latter was digi-
tized and accumulated in a multichannel analyzer. The
temperature of the sample cavity was servostabilized to
within 0.04 K. The sample, having a volume of about 2
mm?, was cut from a boule grown with the Stockbarger
method. The Mn2?* content, determined with atomic ab-
sorption, is 0.2 at. %.

The spin Hamiltonian appropriate to Mn?* (S =3,
I'=3) in a crystalline field of rhombic symmetry may,
with reference to the principal axes, denoted by x, y, and
z, be written

H=gugH-S+D[S?—1S(S +1)]+E(S}—-S})+ AS'I.

(1)

Here, D and E are the fine-structure constants
(|E/D | <1), while A4 is the *Mn hyperfine constant.
This Hamiltonian generally gives rise to an EPR spec-
trum consisting of 25 groups of 21 + 1 hyperfine lines.
When expressed in resonance fields, the latter are at a
mutual distance of approximately | 4 | /gup. The
hyperfine groups are in first order separated by

| D(3cos?0’ —1)—3E (cos’0' —1)cos2¢’ | /gup , (2)

where 6’ and ¢’ are the polar and azimuthal angles of the
external field with reference to x, y, and z.

In the present case, Mn?* is within a deformed
tetrahedron of C1~. In the high-temperature phase, there

b axis

a axis

FIG. 1. Orientation of the D-tensor principal axes of Mn?*
in Rb,ZnCl, relative to the crystal axes for one of the two
classes of inequivalent sites; the orientation pertaining to the
other class is the mirror image about the (a,c) plane. Also
shown are two directions of the magnetic field, labeled (1) and
(2).
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are, for the sake of EPR, two inequivalent classes of sites,
which differ in the orientations of the principal axes of
their D tensors. For reasons of symmetry, each D tensor
has two of its principal axes within the (b,c¢) mirror
plane, however in such a way that the D tensors of the
two classes are tilted away from the ¢ axis by equal
amounts to either side. An appropriate choice of the x, y,
and z axes is displayed in Fig. 1. Rotational diagrams of
the EPR at 313 K, well above T, are displayed in Fig. 2
after removal of the hyperfine structure. By fitting the
fine-structure part of Eq. (1) to the diagrams, we derive
D/gup=+480+t5 G and E /gug=—27%5 G, while the
tilt angle of the z axis, 6y, is found to amount to 4.6°+0.5°

of arc. From the hyperfine structure we find
T T T I 1 T T T T
- < pl 4
o ac plane
10+ 4
9l _
8 -~

(kG)
~
T T
/
\O\u
b\o
o /
~N
1 e

RESONANCE FIELD

FIG. 2. Rotational diagrams of the fine structure of the EPR
of Mn?* in Rb,ZnCl, in the high-temperature phase at 313 K
for H oriented in the (a,c) plane (upper frame) and in the (b,c)
plane (lower frame). Solid lines are fits with D /guz= + 480 G
and E/gug=—27G.



A /gpg=—177.210.5 G, where we have adopted the neg-
ative sign pertinent to Mn2*. Given the sign of 4, the
second-order hyperfine structure, which invokes shifts of
order A%/gupH,' allows to assign unequivocally the
quantum numbers Mg to each hyperfine sextuplet, and
thus to determine the absolute sign of the fine-structure
splittings. As a case in point, the outermost hyperfine
separations of the Mg=+ 3« + 2 transitions amount to
| A+4A4%/gugH| and | A |, while those of
Mg=—3c—Sare |A| and | A —4A4%/guzH |. We
thus deduce D >0, which we have anticipated in the re-
sults for D and E derived from Fig. 2 above.

In the incommensurate phase, the directional spread of
the D-tensor principal axes due to the reorientation of the
tetrahedra gives rise to a distribution of resonance fields
of the outer four fine-structure transitions. (The central
Mg =+ J<>—] transition is affected much more weakly,
its shift containing an additional factor of order
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FIG. 3. Experimental spectra (left) and simulated spectra
(right) near the lowest-resonance-field Ms=—3e—3,
m;= ——52’— transition for H directed along direction (2) as in Fig.
1. Number entries represent temperatures in degrees cen-
tigrade. Below T, =30.42°C, the spectra reflect the distribution
of resonance fields associated with the incommensurate modula-
tion. The experimental spectra have been accumulated with
different numbers of scans.
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D /gugH.) In order to simplify the analysis of the EPR
spectra, it is expedient to make the distributions associat-
ed with the two inequivalent classes of Mn2* sites coin-
cide by taking H in the (a,c) or (a,b) planes. Of these,
the (a,c) plane is the most practical because it also is a
cleavage plane, facilitating alignment of the crystal. As
for the further selection of H, it is, on the one hand,
desirable that its orientation be close to one of the princi-
pal axes of the D tensor so as to avoid overlap of the adja-
cent hyperfine sextuplets (cf. Fig. 2). On the other hand,
the orientation of H should be sufficiently out of the (b,c)
plane, as well as away from the a axis, for the EPR dis-
placements to become of sizable magnitude and to be-
come in lowest-order linear with the rotation. Experi-
mentally convenient compromises for the directions of H,
used in the present study, are indicated in Fig. 1. As an
example of the measured development of the EPR spec-
tra with temperature, spectra containing the lowest-
resonance-field transition (Mg= —3«<—3%, m;=—3) are
collected in Fig. 3 from 31.5 down to 23.4°C for H in the
(a,c) plane at 5° off the a axis [0=85°, $ =0; orientation
(2)]. In the analysis, emphasis is laid on the outermost
lines of the various hyperfine groups to minimize overlap
of neighboring lines.

III. ANALYSIS OF THE SPECTRA

In order to describe the incommensurate orientational
distribution of the tetrahedra, or, more precisely, of the
D-tensor principal axes, we introduce a vector o,
representing the rotation of the principal axes relative to
the crystal axes as a function of the phase q;'r of the
modulation wave. The components of this vector, here
taken with reference to the crystal axes, can be written as
a Fourier series in q;-r. Some restrictions on the Fourier
coefficients are imposed by symmetry. Although the
modulation destroys the (b,c) mirror symmetry locally,
the average structure of the incommensurate phase still
has the space group of the high-temperature normal
phase. The (b,c) plane, therefore, remains a mirror plane
as far as the distribution of the orientations of the princi-
pal axes is concerned. The Fourier series for w, and o,
contain only terms of odd order, whereas in the Fourier
series for @, only terms of even order are allowed. In the
plane-wave limit, i.e., retaining the lowest-order terms
only, the rotation of the principal axes is then given by

o=Q(a,sin(q;r), ysin(q;'r+8)), (3)

in which the amplitude of the rotation about the b axis is
identified with the order parameter Q. The components
o, and o, thus describe the incommensurate orientation-
al distribution, while Qa allows to account for a
temperature-dependent change of the tilt angle. Equa-
tion (3) refers to the tetrahedra with tilt angle 6,. For the
sites with opposite tilt angle, a and y have to be reversed
in sign. It is noted that for the isostructural compound
K,SeO, a rotation vector of the form expressed by Eq. (3)
has been found adequate in an x-ray structural study of
the incommensurate phase.!’
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Prior to simulating the effects of the incommensurate
modulation on the EPR spectra, we observe that rota-
tions of the D tensor about the ¢ axis produce appreciably
more narrow distributions of resonance frequencies than
do b-axis rotations. From considerations relying on Eq.
(2) and Fig. 1 it may be estimated that the difference is by
a factor of order |2E/D | ~0.1. Simulations such as the
ones described below, which account more precisely for
the misalignment of the D tensor relative to the crystal-
line axes, yield a factor of 0.08 for the effects of c-axis
over b-axis rotations in the case the field is along direc-
tion (1), and 0.07 in the case it is along direction (2). In
effect, the sensitivity of the EPR for c-axis rotations alone
is so small that the observed distributions cannot be
spanned, not even for rotations over 90°. Further, the
analysis indicates that the temperature dependence of the
average positions of the experimental fine-structure
groups is entirely accounted for by a simulation with «
set to zero, inferring a to be small. We, therefore, re-
strict the rotations of the tetrahedra to rotations about
the b axis, i.e., =0 and y =0, noting that what effects of
c-axis rotations are left may be absorbed in those of the
b-axis rotations. The procedure is to some extent heuris-
tic, but is lent justification in the excellent resemblance of
the theoretical and experimental spectra for all directions
of H considered with a unique set of fitted parameters.

The straightforward method to evaluate the theoretical
spectra then is (i) to let the orientation of the principal
axes of the D tensor be distributed according to the rota-
tion Qsin(q; r)e,, while adopting a uniform distribution
of the Mn?" ions over the modulation wave, (ii) to calcu-
late the corresponding distribution of resonance fields
from Eq. (1) given the spin-Hamiltonian parameters and
the orientation of the field, and (iii) to convolute the re-
sult with a Lorentzian accounting for the finite linewidth.
As it turns out, however, spectra calculated in this way
do not reproduce the measured spectra in all details. The
range of the resonance positions produced by the incom-
mensurate modulation appears to be consistent with ex-
periment, but the intensity distribution is at fault for H
pointing in directions near the a axis and, to a lesser ex-
tent, directions near the c axis. In addition to rotations of
the D tensor, we have therefore considered variations of
the magnitudes of the parameters D and E with the in-
commensurate wave. That is, we have allowed for an ad-
ditional distortion of the tetrahedra, which, in a local ap-
proximation, may be expanded in a power series of the
departure of the tetrahedra from the high-temperature
orientation. By virtue of the symmetry, terms odd in the
deviation angle are absent, so that, to lowest order, D and
E may be written

D =Dy+D,Q%in%q; 1),

4)
E =E,+E,Q%in%q;r) .

Here, Dy and E equal the values of D and E above T;.
The calculation of the theoretical spectra has been im-
plemented on computer in the following way. First,
given Q and the orientation of H with reference to the
crystalline axes, the angles 6 and ¢ are computed for 16
values of q;-r equally spaced over the interval 0-27.
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Next, for each of these geometries the fine-structure part
of the spin Hamiltonian, Eq. (1), is diagonalized exactly,
and the energy separations associated with the five fine-
structure transitions are calculated. Since in the actual
experiments one measures resonance fields at a fixed fre-
quency rather than energy separations, this is done for
five suitably chosen values of H. The resonance fields,
i.e., the fields for which the energy separations equal the
microwave quantum, are then derived by Lagrange inter-
polation. Analytical expressions for the resonance fields
as a function of q;-r are subsequently constructed in the
form of Fourier series based on the 16 values of q;-r
selected. The simulated shape of the resonance line as
broadened by the incommensurate modulation with am-
plitude Q is finally found by making up a histogram of
the resonance fields corresponding with at least 50
equidistant q; -r covering a full period of the modulation,
introducing the hyperfine structure by adding six of the
resultant line shapes shifted to mutual distance A4, and
convoluting the hyperfine sextuplets with the derivative
of a Lorentzian of specified width. In the last step, the
Lorentzian is in part replaced by its dispersive counter-
part to the extent necessary.

The theoretical spectra have been least-squares adjust-
ed to the measured spectra. In each case, the fitting pa-
rameters are Q, D,, E,, and the linewidth, besides the
trivial ones, such as scaling factors and a parameter ex-
pressing that the spectra appear to contain a small disper-
sive component in addition to the absorptive one. Exam-
ples of the fitted line shapes in the case of orientation (2)
in Fig. 1 are presented and compared with experiment in
Fig. 3. For orientation (1) fits of similar quality (not
shown here) have been achieved. The most prominent re-
sult is that for both orientations of H considered the
above model of rotating tetrahedra is able to provide a
perfect description of the experimental spectra. The out-
put values for Q, the quantity of primary interest in this
paper, are displayed in Fig. 4. It is noteworthy that the
development of Q with the temperature as derived from
the spectra with H near the ¢ axis [orientation (1)] coin-
cides with the results for Q from near-g-axis spectra
[orientation (2)]. As concerns the magnitude of the
effects, at 3°C below the transition, for instance, Q is
found to amount to 6°, corresponding with displacements
of the Cl ions of 0.1-0.2 A. As noted above, rotations of
the D tensor about the ¢ axis would contribute to Q, yet
10-15 times less effectively than comparable b-axis rota-
tions. A neutron structural study of the present system
in the lock-in phase,* as well as an x-ray analysis of the
modulated phase of the isostructural compound
Rb,ZnBr,,’ indicate c-axis rotations to be about twice as
large as b-axis rotations. Accordingly, the true rotation
angle about the b axis possibly deviates from Q by 15% at
most. The quantities D, and E,, which are determined
most significantly from the spectra with orientations (1)
and (2), respectively, are given in Fig. 5 as a function of
Q. These results suggest constancy of the parameters D,
and E, up to Q =6°, beyond which point both D, and E,
increase. These departures of D, and E,, which sup-
posedly result from the omission of higher-order terms in
Egs. (4), do however not markedly deteriorate the fits at
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FIG. 4. Squared amplitude of the b-axis rotation of the
tetrahedra, Q2 vs the temperature, as derived from the reso-
nance profiles at the low-field side of hyperfine sextuplets; (O)
Mg=— %(—)——% and H pointing along direction (1) as in Fig. 1;
(A) Mg=—3<—3 and H along direction (1); (O)
Mg=—3«<—2 and H along direction (2). Solid and dotted
lines are adjustments of the Landau theory, Eq. (6), and a power
law to the data above 24.5 °C, respectively.

the higher Q (cf. Fig. 3). Some results for the linewidth
are given in Fig. 6.

We have further analyzed some spectra with H point-
ing along the a and b axes. These spectra are of interest
in that they provide additional evidence for the
modification of the quantities D and E with the orienta-
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FIG. 5. Parameters D, and E,, representing modification of
D and E with the rotation according to Eq. (4), vs Q.
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FIG. 6. Temperature dependence of the full width at half
maximum of the Lorentzians convoluted with the calculated
resonance-field distributions. The points are the results from
the fits yielding Q2 in Fig. 4. Above T, Q has been set to zero.
Symbols are as in Fig. 4. Lines are guides to the eye.

tion, as expressed by Egs. (4). Unlike the cases treated
above, in these geometries the field does not break the
(b,c) mirror symmetry. Accordingly, the EPR fine-
structure shifts associated with the incommensurate rota-
tion are, as are the shifts due to D, and E,, to lowest-
order quadratic in the rotations.!® In the case of H paral-
lel to the a axis, calculations based on the fitted parame-
ters indicate that the spread of the resonance fields of the
highest-field Mg=+3<+3, m;=+3 transition due to
reorientation of the z principal axis alone would have
grown to 45 G at Q =6°, but further that this spread is
nearly nullified by the effects of D, and E,. This, indeed,
is in accord with what is observed. This finding to some
extent also corroborates the smallness of y relative to
| D/2E | ~10, as assumed in the analysis. Even firmer
support for D, and E, is lent by the spectra with H
pointing along the b axis. These spectra are, of course,
insensitive to any rotation about the b axis, and, as calcu-
lations confirm, are virtually independent of c-axis rota-
tions for realistic rotation angles. Yet a significant line
broadening, of order 20 G in width, is observed in going
from T, down to 27 °C, which again is consistent with the
calculated effects from D, and E,. The absence of a uni-
form shift in these spectra further indicates that a << 1.

IV. DISCUSSION

We have seen that the measured EPR spectra are ex-
cellently described on the basis of an incommensurate
modulation wave involving rotations of the ZnCl,
tetrahedra. We have further seen that these rotations are
accompanied by small modifications of D and E. In this
section, we discuss a few aspects of the results in relation
to the incommensurate phase transition.
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We first emphasize that in the fits the incommensurate
modulation was chosen according to a plane wave. It is,
of course, difficult to quantify any deviation from the
plane-wave limit, but it is clear from the quality of the fits
that such deviations as due to pinning of the incommens-
urate modulation to the Mn?* centers cannot be present
to an appreciable amount. The quantities D, and E, per-
mit some conclusions to be drawn about the variation of
the tetrahedral bond lengths and angles. Although the
elements of the D tensor of Mn?* in various surround-
ings are known to contain contributions nonlinear in the
axial field,'” i.e., the local deviations from cubic or
tetrahedral symmetry, they nevertheless are a reasonable
measure for these modifications. At Q =6°, for instance,
we thus find a modification of order 1%, amounting to
additional distortions of order 0.002 A in the bond
lengths, or 0.07° in the bond angles.

It is of interest to compare the measured temperature
dependence of the order parameter in the incommensu-
rate phase with theory. Since the true critical regime is
expected to be very narrow,?’ a classical Landau ap-
proach should be appropriate in the range of tempera-
tures considered. In the simplest form of the Landau
theory of second-order phase transitions, the free-energy
density is expanded up to fourth order in the order pa-
rameter, leading to a power law Q « (T —T;)® with
B=0.5, i.e., a linear dependence of Q2 on the tempera-
ture, at variance with experiment (Fig. 4). More ela-
borate Landau theories encompassing both the normal-
to-incommensurate and lock-in transitions have been
developed.?"?? Eliminating the spatial dependence of the
incommensurate wave, one arrives at an expression for
the free-energy density valid around the normal-to-
incommensurate transition, reading

_%0 2, b e €6
F=—(T-T)Q + 70"+ <0", (5)
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with a, b, and ¢> 0. Below T'|, minimizing F then yields

1/2 1172
] . (6

Close to the transition, this expression approaches a
power law with §=0.5. Further away from the transition
it resembles a power law with $=0.25. The best fit of

b
_2c+

b

LY
2c +c 1

Q(N)=

Eq. (6) to the results for Q, shown in Fig. 4,
yields T,=30.42+0.04°C, b/2c =11.842.6, and
(a@y/c)/*=27.7+1.4 K~'2 Evidently, the Landau

theory excellently accounts for the experiments, provided
an adequate form of the free-energy density is adopted.
A similar conclusion has been reached by Petersson and
Schneider,”” who considered the order parameter in
Rb,ZnCl, down to —80°C, yet exclusive of the regime so
close to T, that B approaches 0.5. As a final comment,
we note that the success of the Landau theory clearly de-
tracts from the more common approach of a description
of the increase of Q below T'; in terms of a critical ex-
ponent, although a simple power law such as the one with
exponent S=0.35 derived from the 3D XY model leads to
an adequate description®!® of the order parameter versus
the temperature with a T identical to the Landau value
(Fig. 4).5
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