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A model is proposed for a quantitative description of the dependence of the anomalous shape of
the NMR line in modulated structures on the crystal orientation in a magnetic field, and a method
is proposed for determining the electric field gradient (EFG) near the maximum amplitudes of the
displacement waves. It is proposed to describe the EFG distribution in terms of position color
symmetry. It is observed that resonance experiments demonstrate the conservation of the gener-
alized symmetry in the commensurate—incommensurate phase transition.

PACS numbers: 76.60. — k, 76.20. + q

I. INTRODUCTION

The first radiospectroscopy investigations of spatially
modulated structures revealed a number of anomalous phe-
nomena in the NQR ' and NMR3* spectra.

The anomalous line shape of the resonance spectrum
and the temperature dependence of the frequencies of the
spectral distribution peaks were explained from the view-
point of modulation of the electric field gradient (EFG), at
the location of the nucleus, by an incommensurate displace-
ment wave.'™ A quantitative description, assuming modula-
tion of the EFG by a single Fourier harmonic of the displace-
ment field (modulation by a plane wave)*® and in the
phase-soliton approximation’® has yielded very important
information on the structure of incommensurate phases of a
number of ferroelectrics. For example, NQR spectra, and
later NMR and EPR spectra, provided direct experimental
confirmation of the existence of a lattice of phase solitons
near the “lock-in” transition (7). With rise in temperature,
this state was observed to turn into purely sinusoidal modu-
lation near the high-temperature transition 7,.">"-!!

Even the first NMR experiments have shown that the
shape of the anomalous line depends on the crystal orienta-
tion in the magnetic field. It was shown in Ref. 12 that the
orientation in the magnetic field. It was shown in Ref. 12
that the orientation dependences of the peaks of the anoma-
lous spectral distribution can be used to determine the EFG
tensor near the maximum amplitudes of the displacement
wave. Regular investigations of the EFG in different tem-
perature regions of the incommensurate phase can yield con-
siderably more complete information on its structure than
the temperature dependence. Of greater interest, however, is
apparently the possibility of investigating the symmetry
properties of the incommensurate structure.

The method of determining the EFG in a three-dimen-
sionally periodic lattice’* cannot be applied directly to an
incommensurably modulated structure. Just as in the de-
scription of the temperature dependence of the anomalous
line shape, it is necessary here to develop a new quantitative
description. The EFG tensor at the ®’Rb nucleus in
Rb,ZnCl, was determined in Ref. 12 in the immediate vicini-
ty of the high-temperature phase-transition point T, where
the incommensurate displacements are very small and the
modulation effect can be easily deduced from the experimen-
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tal curves and from certain general considerations.

We formulate in this paper the selection rules for the
nonzero components of the modulation-correction tensor.
This permits, in each concrete case, to write down the gen-
eral form of the EFG tensor for the incommensurate phase
and interpret the experimentally observed orientation de-
pendences of the line shape at any temperature, except in the
vicinity of the lock-in transition. The quantiative model is
compared with the experimental data, the spectra are inter-
preted, and the EFG tensor of ’Rb in the incommensurate
phases of Rb,ZnCl, and Rb,ZnBr, is determined at several
temperatures.

It is known that incommensurate modulation of lattice
displacements leads to loss of three-dimensional periodicity
of the crystal.'*'> We show in this paper that in resonance
experiments the generalized symmetry is conserved in the
phase transition from the initial to the incommensurably
modulated phase. It is proposed to describe the local proper-
ties of the incommensurate phase (the FEG at the point of
localization of the nucleus) in term of positional color sym-
metry.

Il. THE MODEL

The EFG tensor component in the lattice position {S }
below the phase transition point can be represented by a se-
ries in powers of the displacements in the “frozen” soft
mode'®:

N N
Vi (S} =V {S}+ ZA,Wr ZB,,,,: UUv+.... (1)
1 1

The expansion is carried out near the equilibrium posi-
tions of the initial phase,

aV,{S)

ox,

A,= E——
* 0xy 0y

’ Bkh' =
the displacements are observed along the x direction, and the
summation is over all the N nuclei that contribute to the
EFG at the nucleus S.

Approximating the displacement field in the incom-
mensurate phase by a single Fourier harmonic, we write in
accord with Ref. 17

U’=U, cos p=U, cos (gsz:+D,); (2)

here
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q°=(1_6) qs, 6«11 QS=T/P,

T is the reciprocal-lattice vector, p is an integer, and z,
numbers the lattice positions that are translationally equiva-
lent in the initial phase along the modulation direction z.

Using (2), we can rewrite (1) in terms of the real phase
and of the amplitude of the order-parameter:

®,=const,

N
Vi (Sy=Vi" (S} + ) AU cos (gezi+00)
1

N
+ ZBh,‘rUOka,,r cost(gezi+®@,).  (3)

It can be seen from (3) that in the incommensurate phase
the EFG varies quasi-continuously along the displacement
profile, between maximum-amplitude values corresponding
tocos@, = + land — 1.

We assume next that the main changes of the EFG be-
low T are due to incommensurate displacements of the nu-
clei under observation. Then

Vi {S}=V.*{S}+AU, cos ¢ +BU? cos* @, + . . . . 4)

We note that this rather crude approximation holds well for
a description of the temperature dependences of the shapes
of resonance lines.>"~°

The EFG in the incommensurate phase can thus be rep-
resented as a sum of the EFG tensor in the lattice position
{S } of the initial structure (of the basic lattice) and the tensor
A4V,;{S} of the modulation corrections:

VijJ=V{jo {S} +AV1;{S}~ (5)

The representation in the form (5) is convenient for a transi-
tion to a description of the symmetry properties in terms of
positional color symmetry, where 4V {S ] plays the role of
the color details with cosinusoidal distribution, and ¥ rep-
resents the properties of the basic lattice.

Because of the irrational ratio of the period of the basic
lattice to the period of the modulating wave, the displace-
ment function is not periodic in the running coordinate z,.
From the viewpoint of classical symmetry, the three-dimen-
sional spatial periodicity of such a crystal is disturbed. It is
impossible to find points with like “‘color” on a finite seg-
ment of the displacement profile. If, however, /— w0, “‘quasi-
single-color” points not connected by a constant translation
can be observed. On each finite displacement-profile seg-
ment there is a loss of the symmetry plane 7 of the initial
structure. It is easy to show that one-dimensional modula-
tion destroys also other elements of the Fedorov symmetry
group of the initial three-dimensional cell.

If all the states encountered on a profile of infinite
length are transfered to the cosinusoid segment correspond-
ing to the period of the modulating wave, the lattice states fill
continuously this segment, which can be called the ‘““modula-
tion cell.”'® This operation recalls the referral of all the reci-
procal-lattice vectors the first Brillouin zone. The modula-
tion cell includes the entire possible set of lattice states of the
given profile, the ‘“color” in it varies continuously, and a
translation appears, namely, points of like color are connect-
ed by the modulation period, and in each half of this period
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are encountered states connected by the mirror-reflection
plane and by a glide through half the period along z.

Let us consider the EFG at nuclei corresponding to the
positive and negative maximum amplitudes of the displace-
ments in the modulation cell. The EFG tensors of these lat-
tice positions differ only in the signs of two off-diagonal com-
ponents in accord with the mirror-reflection
transformation. This imposes stringent restrictions on the
form of the modulation-correction tensor, and determines
the selection rule for its nonzero components: linear correc-
tions AV; = a;( + U,) with alternating signs of U, can be
introduced only for off-diagonal components and only if the
corresponding components of the EFG tensor of the basic
lattice are equal to zero. This takes place if the “working”
nucleus in the initial structure is located in a particular posi-
tion. Corrections to diagonal components are always qua-
dratic in UyAV,; =, U3.

The relations between the frequency of the resonance
line and the EFG at the nucleus are different for NQR,
NMR, and EPR spectroscopy. In all cases, however, as a
consequence of (4), the resonance frequency can be repre-
sented as a series in powers of the order parameter, with the
coefficients determined from the EFG tensor components.
In studies involving the description of the line shape in a
modulated structure, these coefficients were empirical con-
stants and were determined from the experimental tempera-
ture dependences of the frequencies of the spectral maxima.

In ordinary structures, the NMR spectrum consists of a
relatively small number of singlet lines, each of which corre-
sponds to one of the lattice positions of the working nucleus.
In an incommensurate structure the infinite number of states
filling the cosinusoid of the displacement profile contributes
to the frequency spectrum, and the spectral density function
is defined as®~

f(v) =const/(dv/dz). (6)

In the plane-wave-modulation approximation the line
shape is a wide frequency continuum bounded by the maxi-
ma of the spectral density at the zeros of the function dv/dz;.
The terminal peaks correspond to the displacement-profile
points with ¢, , =0 and 7, i.e., to the positive and negative
maximum amplitudes of the displacements. When (4) is ap-
proximated by only even powers of U, one of the edge peaks
corresponds as before to the maximum amplitude of the dis-
placements, while the second peak corresponds to ¢, = 7/2,
i.e., U7 = 0. A third singularity can appear in the spectrum if
A<2B>7

The frequency of the edge peaks at constant tempera-
ture depends on the crystal orientation in the magnetic field.
To write down in explicit form the connection between the
frequency and the EFT-tensor components it is necessary to
specify the form of the tensor V{j as applied to the investigat-
ed crystal. The working 8’Rb nuclei in the structure of the
initial phases of Rb,ZnCl, and Rb,ZnBr, are located in a
mirror-symmetry plane in two structurally nonequivalent
positions (Rb1 and Rb2).!%!° Therefore in a fixed coordinate
frameal|x, b ||y, c||z, where a < ¢ < b are the axes of the rhom-
bohedral cell P, , the EFG tensor has only one nonzero off-
diagonal component ¥ §,. In accord with the selection rules
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formulated above, the tensor of the modulation corrections
takes the form
anlUe? oy (i_— Uo) 13 (i Uo)
geU o 0 . (7)
assUo?

AV’U =

We have observed in our measurements only the central
lines of the spectrum of ®*’Rb (1,2) (4 — — } transition),
whose positions are determined by the second-order quadru-
pole shift Av from the Larmor frequency v, . Introducing (5)
and (7) in the known relations for the three mutually orthog-
onal rotations of a crystal'® and discarding all U, powers
higher than the second, we obtain equations that describe
the orientational dependences of the frequencies of the ter-
minal peaks of the continua in the coordinate frameal||x, b ||y,
c|z.

For alH, we have

Av.’ =n,+q. cos 20, . sin 20,+w- c0s:40,+v, sin 46,
n.=L[18c,(Vto, Us?) 2+ (ci—be, X Viyy—Verto Ul —as:Us’) 2
+4(c;—4ey) V,.*+16 (Cﬁ—ci) (‘alzz—‘anz) Us],
==L [12¢,(VixtanUs®) (Vyy— V.ot Us?
— 33 Uo?) 16 (cptc,) (s —aue?) Uil
ri=L[—24c;(Vasta U?) V., +32(catcy) a0 U] ,8
a
we=L(c;t4c,) [ (V= Vot anUl—assUd?) z~4V,,,’](, )
Ve=—4L[ (coF4c,) (Vyy— Vit Ul —as:Ul) Vi,
ci(m)=4[(J+%/;) (J—1/;)—6(m—*/;)%,
co(m)=2[(J+%/2) (J—"/:) =3 (m—"/4)?],

L =} v,. For bLH, we have

Av,’=n,+q, cos 20,11, sin 20,+w, cos 40,+v, sin 46,,

ny=L[18¢:(VyytotoUo?) *+ (c2—4cy) (Vo= VaxttssUy®
—a1Us?) 4 (c;—4c,) 0,2 U +16 (c,—c,) (V2 + U],

q,=L [1202( Vw+a::2Uoz) ( sz+‘aaanz— Vn_aquz)

- 1-6 (Cz,'*'cx) ( Vyzz—alzzUoz) ] 9 (Sb)

r,,=L [—"2462 (Vw_i"azzUoz) a13U0+32 (Cz+cs) VuﬂizUo] ’
wy=L(cat4c,) [ (Vo= Vartogs Ul —ay, U?) 2—4o,2 U,
U,,=—4L [ (cz+4c,) (V“— Vxx+a33l7oz—aﬂU02) asto] .

Analogous relations for cLH,, are obtained by cyclic
permutation of the indices xyz in (8a). Here 6 is the angle
between the direction of the magnetic field and the axis of a
fixed system of coordinates in a plane perpendicular to the
rotation axis.

The coefficients 7 and v in (8b) are positive for + U, and
reverse sign for — U,; the result are two frequencies Av
and Av_ for each orientation, corresponding to the two ter-
minal peaks. In periodic structures the signs of these coeffi-
cients are reversed if the structure contains nuclei that are
related by Fedorov symmetry-group elements. When the ro-
tation axis is parallel to the direction of the displacements in
the modulation wave (aLH), the relation for Av’, contains
only corrections quadratic in U,. At certain orientations of
in rotations with b1H,, and cLH, the coefficients of the cor-
rections linear in U, are small and a third singularity that
complicates the interpretation of the orientation depen-
dences can appear in the spectrum. The orientation depen-
dence of the frequency of this peak is defined for the time
being on the basis of (6) and (7) as
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AV’ =vo(0) + (Arsin 20+Av sin 40)*/4(An+Aq cos 20
+Aw cos 48), (9)

where

cos ;= (Ar sin 20+Av sin 40) /2 (An+Aq cos 26—Aw cos 48),
An, Aq, Aw~U?, Ar, Av~U,.

It can be seen from (9) that the phase @, near which the
third minimum of the function dv/dg is observed depends
on the crystal orientation in the external field. The third
singularity is not “tied” to some definite point of the dis-
placement profile, but is “displaced” in the modulation di-
rection when the crystal is rotated. From the condition cos
@5 < 1 we can determine the range of  in which third solu-
tions can exist.

Relations (8) and (9) permit the spectral peaks to be tied
in with points on the displacement profile.

Il. EXPERIMENTAL RESULTS AND DISCUSSION

In Sec. II we obtained a quantitative relation between
the orientation dependence of the positions of the peaks of
the anomalous spectral distribution, on the one hand, and
the EFG tensor components in a modulated structure, on
the other. The EFG tensor is determined by following the
following most efficient measurement procedure:

1. Determine the EFG tensor at a given structure in the
basic structure from measurements of the second-order qua-
drupole shift of the central component of the spectrum, us-
ing the method of Ref. 13.

2. Plot the orientation dependences of the line shape at a
certain fixed temperature in the incommensurate phase as
the crystal is rotated in a magnetic field about the three mu-
tually perpendicular axes of the laboratory frame. After
plotting the orientational dependences of the frequencies of
the terminal maxima of the spectral distribution, determine
the quantities (T, — T,)° and a,(T, — T,)* from rela-
tions (8). These quantities are indicative of the modulation
corrections at the maximum positive and negative displace-
ment points in the modulation wave. They vary cosinusoi-
dally along the displacement profile and can thus be easily
determined at any point z,.

3. Obtain, at a fixed crystal orientation in the magnetic
field, the temperature dependences of the line shape in the
entire region of existence of the incommensurate phase, and
determine from them the exponent B. Since ¢; and a;; are
constants, this will also determine the EFG tensor at any
temperature in the region where the plane-wave-modulation
approximation is applicable. It was established in Refs. 1, 2,
6, and 7 that in Rb,ZnCl, and Rb,ZnBr, this approximation
describes well enough the entire incommensurate-phase re-
gion, except the immediate vicinity of 7.

The EFG tensor in an incommensurate structure can
undoubtedly be determined also when the basic-structure
EFG tensor cannot be determined for some reason. In that
case, to obtain information equivalent to that indicated
above, one must plot the experimental orientation depen-
dences of the line shape for three orthogonal rotations at
several fixed temperatures. Such an experiment is very cum-
bersome, since the shape of the spectral distribution in the
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FIG. 1. Temperature dependences of the frequencies of the terminal peaks
of the anomalous line shape of *’Rb(1) in Rb,ZnCl,: a—for crystal orienta-
tion cLH|, in the magnetic field, with the angle 6 = 25° measured from the
a axis; b—at crystal orientation alH,, @ = 3° from the b axis.

incommensurate phase can usually be reliably recorded after
prolonged accumulation of the signal.

We note that if weak spectrum satellites can be record-
ed, the use of relations (5) and (7) for the description of the
first-order quadrupole effects permits also the EFG tensor to
be determined in a modulated structure.

The NMR spectra of ’Rb in Rb,ZnCl, and Rb,ZnBr,
were recorded with a Brooker spectrometer in single-pulse
sequence mode followed by Fourier transformation of the
free-induction falloff at v, = 23.5 MHz.

For crystal rotation about the axes b and ¢, Eq. (8) pre-
dicts a predominant contribution of the Av corrections lin-

Ay, kHz

ear in U,, and quadratic corrections to Av should predomi-
nate for rotation about the a axis. The temperature
dependences of the frequencies of the terminal peaks for the
(3— — 1) transition of *’Rb were obtained at the correspond-
ing crystal orientations in the magnetic field (Fig. 1). For the
first case (Fig. 2a) the positions of the terminal peaks should
be defined as v, =v,+ 4 + B, where A~(T — T,)’; for
the second case v + = v, + B, where B~ (T — T,;)*. It can
be seen from the figures that the experimental data corre-
spond to the experimental geometry predicted by relations
(8).

The parameter S determined from the temperature de-
pendences (Fig. 1) changes from 0.36 to 0.34 with decreasing
temperature everywhere in the incommensurate phase, ex-
cept in the immediate vicinity of the phase-transition tem-
perature T,.

In the initial phase, the orientation dependences of the
shift of the central component of the spectrum were obtained
by rotating the crystals in a magnetic field about mutually
perpendicular axes x, y, and z parallel to the axes of the
rhombic cell of the paraelectric phase.

Thedatafor 7> T, are shown in Figs. 2a, 3a, 4a, and 5a.
The data were reduced by the method of Ref. 13, and the
EFG tensors at the 3’Rb nuclei in the paraelectric phases of
Rb,ZnCl, and Rb,ZnBr, are listed in Tables I-IV. The data
for Rb,ZnCl, agree well with experimental curves obtained
earlier near 7, with another sample.'?

According to the structure data'® on Rb,ZnBr, one of
the principal axes of the EFG tensors in this crystal and in

FIG. 2. Orientation dependences of the frequencies: a—of singlet lines (}— — 1) in the paraelectric phase of Rb,ZnCl, (T'= 307 K> T,); b—in the
incommensurate phase in the immediate vicinity of T, = 289 K; c—of the edge peaks of the spectral distribution in the central region of the incommensu-
rate phase (T = 243 K). The crystal is rotated in the magnetic field about the a axis. Points—experimental values of the second-order shift 4v of the
central line relative to the Larmor frequency, solid lines; (a)—calculation by the method of Ref. 13, (b) and (c}—calculation from relation (8). The shaded
areas show the continuum of the frequencies between the terminal peaks of the anomalous line of the modulated structure.
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e B FIG. 3. Orientational dependences of the NMR
| b frequencies ®’Rb in Rb,ZnCl, as the crystal is
i rotated about the b axis. The notation and the
~80 - temperature measurements are the same as for
B Fig. 2.
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the isomorphous Rb,ZnCl, is directed along the a axis for  suring the orientation dependences of the spectra at one
both lattice sites Rb(1) and Rb(2). The two other axes are  fixed temperature in the incommensurate phase. We have
rotated through a certain angle (see the Tables) in the m  nevertheless performed the corresponding measurements
symmetry plane, where all the Rb ions are localized. The  both in the immediate vicinity of 7, and in the middle region
effects observed below T, are of the same type in both inves-  of the incommensurate phase, to check whether relations
tigated crystals. Only the numerical values of the EFG pa-  (5)—(8) hold.
rameters, listed in Tables I-IV, differ somewhat. The experimental data near 7 in the incommensurate
It was noted above (see Item 2 of the present section)  phase are well described by relations (8) if we discard in them
that if the tensor V') and the exponent 3 are established, the  all the terms proportional to U 2. The curves in Figs. 2b, 3b,
modulation corrections can be determined by merely mea-  4b, and 5b correspond to this approximation. If the crystal is

FIG. 4. Orientation dependences of the NMR frequencies of *’Rb in Rb,ZnCl, as the crystal is rotated about the b axis. The notation and temperatures
are the same as in Fig. 2.
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FIG. 5. Orientation dependences of NMR of *’Rb
in Rb,ZnBr, for rotation about the ¢ axis: a—par-
aelectric phase ("= 370 K); b—splitting of the fre-
quency-continuum peaks in the incommensurate
phase (T'= 333 K). The notation is the same as in
Fig. 2. The orientation dependences of the NMR
frequencies as the Rb,ZnBr, crystal is rotated
about the @ and b axes are given in Ref. 18.

rotated about the axis along which the displacements take
place in the soft mode, there are no modulation effects and
the curve observed is almost identical with the one for the
initial phase (Figs. 2b and 5b). Rotation of the crystal about
the two other axes introduces in (8) modulation corrections
linear in U,,. Figures 3b, c and 4b, ¢ show the appearance of
continuous distributions and agreement between the calcu-
lated curves and experiment. The values of a,, Uyand a,; U,
are determined from (8).

With decrease in temperature, the modulation correc-
tions increase in accord with the temperature dependence of
the order parameter, as is clearly seen from Figs. 2c, 3c, and
4c. If it is assumed that the splitting of the continuum peaks
in Fig. 2cis due only to combinations, quadratic in U, of the
corrections a; to the off-diagonal components V', the edge-
peak splittings shown dashed will be obtained. Agreement
between the calculation and the experimental data (solid
curves) at 243 K was obtained for all three rotations by in-
cluding in (8) corrections of the type a; U} to the diagonal

tensor components V.. In Tables I-IV are given the EFG
tensors at the points of the maximum positive and negative
lattice displacements of the 8’Rb in the modulation waves.
As expected, the components ¥V, and V,,, which are con-
nected with the modulation corrections, increase with de-
creasing temperature, while the component ¥V, varies with-
in the limits of the usual ‘“noncritical” temperature
dependence.

The modulation effect consists mainly of rotation of the
principal axes of the EFG tensors about the cell axes (see
Tables II and IV). The angles that indicate the directions of
the principal axes of the EFG tensors in the amplitudes of
the displacement profile can be easily determined from the
data of Tables II and IV. Along the displacement profiles
there exists a continuous distribution of the rotation angles
(of the ““color” corrections), of cosinusoidal form, between
the positive and negative maximum amplitudes, with pas-
sage through the orientation typical of the initial basic lat-
tice.

TABLE EFG tensors (in MHZ) at the ®’Br nuclei in Rb,ZnBr, in a fixed coordinate system (a,
b, ¢) in the paraelectric and incommensurate phases, determined from the orientation depen-
dences of the NMR frequencies. The tensors determined in the incommensurate phase corre-
spond to the positions of the maximum values of the positive and negative displacements in the

modulation wave.

Temperature Rb(1) Rb(2)
T=310K>T, 4.28 0,00 0.00 0.78  0.00 0.00
0.31 +047 =311 *042 |
—4.59 233 |
il
T=333K<T; 4.60 +049  +0.32 0.76  +0.48 +1.09
0.01  +0.29 -3.10 +0.09
—4.60 2.35
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TABLE II. Principal values of ¥, (in MHz) and direction cosines u, of the quadrupole interaction
tensors (eQV;/7) of *’Rb in Rb,ZnBr, relative to the rhombic cell axes a < ¢ < b in the paraelec-
tric and incommensurate phases. The tensors in the incommensurate phase correspond to the
positions of the maximum positive and negative displacements in the modulation wave.

Nucl, | Fara- T=30K> Ty T=38BK<T
meter
Yi Y1=4.28 | ¥,=0.32 Y3=-—4.60 | Y1=4.66 | Y2=-0.33 Y3=-4.63
Rb(1) Ba 1.0000 0.0000 0.0000 0.9935 +0,1089 +0.0315
( Wy 0.0000 0.9994 +0,0346 +0,1069 0.9925 +0.0591
Ke 0.0000 | +0.0346 0.9994 +0.0376 +0,0553 0.9978
Vi ¥1=2.33 | 1,=0,78 Ys=-3.41 | ¥1=2.921f ¥2=0.250 | y3=-3.16
Rb(2) Wa 0.0000 1.0000 0.0000 +0.4589 0.8798 +0.1238
Kb +0.0220 | 0.0000 0.9998 +0.0498 +0.1136 0.9923
He 0.9998 0.0000 -£0,0220 0.8870 +0.4615 +0,0083

Figure 3b shows near the values 0, 90, and 180° sets of
points with weak orientation dependences of the frequency.
The points do not fit the calculated curves corresponding to
the positions of the terminal peaks of the frequency contin-
uum. The spectrum extrema, which exist in limited range of
angles 6, correspond to satisfaction of the inequality cos
@3 < 1 and are described by relation (9) (“third solutions”) in
the approximation of the frequency by terms linear and qua-
dratic in U,

When the Rb,ZnCl, axis was rotated around the ¢ axis,
additional spectral peaks (marked by the filled circles in Fig.
4c) were recorded in the incommensurate-phase region
(T = 243 K). These peaks have an orientation dependence of
the same type as the terminal extrema observed at all 6, but
do not correspond to the maximum amplitudes of the incom-
mensurate displacements, nor are they described by Eq. (8).

It is most probable that their appearance is due to the
onset of intensity centers at the impurities, i.e., to order-
parameter phase pinning by crystal imperfections. This
question is of interest not only from the point of view of
complete interpretation of the NMR spectrum of the incom-
mensurate structure. The behavior of certain macroscopic
characteristics, such as the anomalous temperature hystere-
sis of the dielectric constant in incommensurate structures, '*
is treated from the viewpoint of different effects of the pin-
ning of the phase of the order parameter by impurities. The

possibility of observing these effects by microwave-spectros-
copy methods uncover interesting prospects.

In the description of the symmetry properties of the
modulation cell it was clearly shown how a symmetry ele-
ment of the basic structure (the m plane) is conserved in the
modulated phase at the color-symmetry level. The experi-
mental orientation dependences (Figs. 3b,c and 4b,c) illus-
trate this fact, and Figs. 2b,c demonstrate the preservation,
in the incommensurate phase, of planes perpendicular to the
plane m, namely the curves symmetric about the b and ¢ axes
in Figs. 2a and 5a pertain to Rb nuclei bound in the unit cell
of the initial phase by reflection planes perpendicular to m.
Below T, one can see four spectral continua (Figs. 2b,c and
Rb) that are pairwise connected by the same symmetry ele-
ment, but exist now only at the generalized-symmetry level.

Microwave-spectroscopy data demonstrate thus the
law of conservation of the abstract symmetry in incommen-
surate—-commensurate phase transitions. For crystals of the
K,SeO, family this law can be represented by the following
scheme:

(2) (2)

21 21 21 21 21

—_— __..__—=(I)_

m® n cmn

2

O = Pc(”+o(‘°)

The description of incommensurate structures in terms
of position color symmetry is certainly not an alternative to
description by n-dimensional space groups. The mutual rela-

TABLEIII. EFG tensors (in MHz) at the *’Rb nuclei in Rb,ZnCl, in a fixed coordinate frame (a,
b, c) in the paraelectric and incommensurate phases, determined from the orientation depen-
dences of the NMR frequencies. The tensors in the incommensurate phase correspond to the
positions of the maximum positive and negative displacements in the modulation wave.

Temperature Rb(1) Rb(2)

T=307K>T, =546 0,00 0,00 0.52 0.00 0.00
026  +0.82 -3.78 +0.15

5.20 3.26

=299 K<T; -548 065 030 0,48 +0.40 +0,70
024  +080 -3.75 +0.20

5.24 3,27

T=243 K<T, -547 =181 =+0.98 055  +0.83 +2,07
040  +093 -3.69 +0.08

478 313
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TABLE 1V. Principal values of ¥, (in MHz) and direction cosines of the quadrupole interaction tensor (eQ¥;,/7)of ’Rb in Rb,ZnCl, relative to the
paraelectric-phase axes g, b, and c. The tensors in the incommensurate phase correspond to the positions of positive and negative displacements in the
modulation field. Since the experimental results of the preceding work? and the present one practically coincide in the close vicinity of T,,the EFG

tensors were not recalculated.

Nucleus . Parameter ! T=37K>Ty T =209 K < Ty [12] T=23K<T]

1t Y4=5,33 Y2=0.13 Ys=—5.46 Y1=5.37 Y9=0,20 Y3=—5.57 Y1=5.45-] 72=0,61 Y3=-5,75

Rb (1) Ha 0.0000 0.0000 1,0000 +0,0182 +0.1202 0.9926 +0.1333 +(.2466 0.9599
193 +0.1596 0.9872 0.0000 +0.1519 0,9816 +0,1161 +0.2393 09319 +0.2726
e 0.9872 +1596 0.0000 0,9882 +0,1486 +0.0362 0.9618 +0.2660 +0,0652
Yi ¥1=3.26 ¥2=0,52 Ys=-3,78 Y1=3.44 ¥2=0,36 Ys=—-3.80 Y1=429 | 1.=-042 Ys=-3.88

Rb(2) Ha 0.0000 1,0000 0.0000 +0,2285 0,9685 +0,0992 +0.4904 0.8440 +0.2174
pe | %0,0213 0.0000 0.9998 +0.0144 +0,1052 0,9943 +0.0420 +0,2260 0.9732
e 0.9998 0.0000 +0,0213 0.9734 +0.02258 +0,0193 0.8705 +0.4864 +0.0754

tion between these approaches is known (see, e.g., Ref. 20).

The use of color position symmetry is convenient for the
description of the local properties of incommensurate phases
and, naturally, for microwave spectroscopy. On the other
hand, to describe x-ray diffraction or the selection rules in
optical spectra it is apparently more convenient to use four-
dimensional space groups.'?

In methods where the crystal is regarded as a contin-
uous medium, it suffices to use conservation of point symme-
try in commensurate-incommensurate phase transitions,?’
which certainly does not contradict the resonance experi-
ment.

The Av(T') temperature dependence (Fig. 1a) was ob-
tained by one of us in the laboratory of Professor R. Blinc in
Ljubljana. The authors are grateful for the opportunity to
perform the measurements and for help. The authors thank
L. I. Faleev and A. A. Sukhovskii for help with the calcula-
tions.
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