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Abstract

The results of an EPR study of the inhomogeneous phases existing in the
temperatureinterval 7¢ = 311.0£0.3K < T < T;; = 403+£0.3 K in improper
ferroelastic crystals of MgGeFg-6H,0:Mn>* are presented. On the basis of
the analysis of the temperature and angle dependences of the experimental
parameters and numerical calculations, the conclusion has been drawn that at
T;1 the crystals considered undergo a transition to a structurally modulated phase
and the order parameter of this transition may be the angle of the Mg[H,O]2*
octahedra rotation around the crystal Cs-axis. From T;; to T¢ the modes
of the modulated phase follow according to a completely classical scenario
for incommensurate crystals: the origin of the incommensurate structure with
plane-wave modulation at 7;1, the appearance of structural phase solitons below
T;» = 380 £ 0.3 K and decrease of the soliton density to values of ~0.85 as the
temperature decreases to 7 & 360 K. Below that temperature the soliton density
is almost unchanged down to T¢ and, to successfully describe the experimental
spectra, the effect of variation of the spin-lattice relaxation rate over the
spectrum has also been taken into account within the temperature interval
considered. At T¢ the crystals investigated undergo a first-order improper
ferroelastic phase transition into a monoclinic phase with unit-cell doubling. A
comparison with results on MgSiFs-6H,O from a previous investigation and a
theoretical analysis of the structure evolution in these crystals are also presented.

1. Introduction

The crystals MgGeFs-6H,0:Mn?* belong to the family ABFs-6H,O (where A and B are
a divalent metal and a tetravalent element, respectively). They possess a wide variety of
physical properties and are traditional objects of investigation for EPR spectroscopy [1-25].

1" Author to whom any correspondence should be addressed.
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In these compounds, complex A[Hzo]é+ ions and [BF¢]?>~ octahedra form a rhombohedrally
distorted CsCl-type lattice and can be distributed between two orientations around the threefold
axis [26-38]. Many compounds of this family undergo an improper ferroelastic phase
transition from the high-temperature rhombohedral phase to the low-temperature monoclinic
phase [8, 9, 16, 28, 30-39]. Depending on the structure of the high-temperature phase,
ABFs-6H,0 crystals may be divided into two groups. The first one contains, for instance,
fluorosilicates of Co, Ni and Zn [29, 34], in which crystals of the room temperature disordered
structure with space group R3 form, and two different orientations of [BFg¢]?~ ions rotated
with respect to each other by some angle around the threefold crystal axis are present. The
fluorosilicates of Mg, Fe and Mn belong to the second group. The presence of superstructure
reflections at room temperature for these crystals, in contradiction to the structural model given
by Hamilton [27] and Syoyama and Osaki [28], was the reason for Chevrier et al [31, 32, 35—
38] introducing the space group P3 for the proper treatment. Chevrier er al [31, 32, 35-38]
also assumed two types of domain with different orientations of complex ions, connected by
a pseudomirror plane (11.0). The analysis of the superstructure reflections shows that in the
case of Mg and Mn compounds the sizes of the domains are nearly equal and quite large
(~300 A) [31, 36], whereas in Fe fluorosilicate their sizes are temperature dependent [32].
The structural model given by Chevrier and Jehanno [31] for the MgSiFs-6H,O crystals above
the temperature T¢ of the improper ferroelastic phase transition (space group P3) accounts for
the observed superstructure reflections with periodic antiphase structure, built from ordered
low-temperature monoclinic unit cells (space group P2, /c) with integer period.

At present the data on the structure of magnesium hexahydrate hexafluorogermanate
crystals are limited [40, 41]. According to x-ray single-crystal diffraction data given by
Kouznetsov et al [40] at room temperature, the crystals considered have been assigned to
space group R3 (Z = 1). However, on the basis of a more recent and detailed structural
investigation of single crystals, Stepien-Damm et al [41] reported that MgGeFg-6H,O crystals
belong to the space group P2;/c (Z = 2) at room temperature. These authors pointed out the
presence of a phase transition at ~315 K from the monoclinic phase to the trigonal one with
domain-like structure.

After the structurally inhomogeneous phase in MgBF4-6H,0 (B = Si, Ge, Ti) crystals,
existing between their rhombohedral paraelastic phase and their monoclinic ferroelastic
one, had been discovered by Ziatdinov et al [12—15], most of the attention of interested
researchers [12-15, 17-25] was attracted to the nature of this phase (hereafter in this paper
called the ‘intermediate’ phase). For the interpretation of experimental data, various different
models of the ‘intermediate’ phase in these crystals have been suggested: some modifications of
the incommensurate structure model [12—-15, 17-22], a model of static and dynamic disordered
structure fragments [23, 24] and the domain model [25]. All of these models have been analysed
by us previously, with application to MgSiFs-6H,O [42]. In this paper, on the basis of the
analysis of MgGeFs-6H,0:Mn>* single-crystal EPR experiments, we suggest a model of their
structural organization in the ‘intermediate’ phase which relies on our previous ideas on the
incommensurate structure of this phase [14, 21], but is free of some disadvantages of models
formerly proposed assuming incommensurate modulation of lattice displacements in these
crystals. The model presented allows a successful description of the experimental Mn?* EPR
spectra in their ‘intermediate’ phase.

2. Experimental details

The EPR measurements were carried out using an X-band spectrometer ESR-231 (produced
in Germany) and a Q-band spectrometer RE-1308 (produced in Russia) in three mutually
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Figure 1. The temperature evolution of the Mn>* EPR low-field HFS line for MgGeFg-6H, O:Mn>*
crystals at X-band and Hj || C3. Dots and solid curves correspond to experimental and theoretical
spectra, respectively.

perpendicular crystal planes. The orientation of the single crystal with respect to the direction
of the external magnetic field H, was varied with a two-axis goniometer system.

Single crystals of MgGeFs-6H,0 doped with ~0.1% Mn?* ions have been grown from
aqueous solution at room temperature according to the method which was used in [43]. The
fluorogermanate powder was purchased commercially. The trigonal C3-axis in most of the
samples in these experiments was readily identified by inspection and then it was identified as
the [111] direction in cubic coordinates.

The temperature range of the experiments was 77—430 K. The crystal temperature variation
was carried out by changing the temperature of a gaseous nitrogen flow passing through the
quartz Dewar tube containing the crystal investigated. To monitor the temperature, copper—
constantan thermocouples with base point at the ice melting temperature were used. The
accuracy of the monitoring and the stability of the temperature were ~0.3 K and ~0.1 K h~!,
respectively.

3. Results

At temperature above 7;; = 403.0 £ 0.3 K and for Hy | C5 the EPR spectrum of
MgGeFg-6H,0:Mn?* crystals consists of 5 x 6 hyperfine-structure (HFS) lines. Analysis
of the angular dependence of the spectrum in different planes demonstrates that it is of axial
character with the z-axis parallel to the Cs-axis and corresponds to one type of Mn** centre.
The Mn?* (3d°, S = 5/2, I = 5/2) EPR spectrum is described by a conventional axial spin
Hamiltonian with parameters as follows (7 = 415 K):

g1 = g = 2.0009 £ 0.0003, D=(-265+1)x10"*cm™,

a=8=+1)x10*em™!, AL ZA =(=89+1) x 10 em™".
This Mn?* spectrum is typical for the rhombohedral (R3) phase of the crystals of the family
considered [2, 7, 9, 16].

With temperature decrease below 7;1, all HES spectral lines at first smoothly broaden and
then, excluding the central set of lines corresponding to the |1/2, m) <> |—1/2, m) transitions,
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Figure 2. The temperature evolution of the Ni’** fine-structure lineshape in the Q-band
experiment (1) and, for comparison, the Mn?* HFS low-field lineshape in the X-band experiment (2)
on MgGeFs-6H,O crystals (Hy || C3). The low-field line of small intensity in the Ni2* spectrum
corresponds to a ‘forbidden’ transition.

gradually transform into two-peak ones. In figure 1 such lineshape evolution is demonstrated
for the low-field HFS line which was chosen for detailed analysis?.

In spite of the substantial changes in Mn?%* HFS lineshapes below T;;, the EPR spectrum
symmetry and its principal axis direction remain the same. With temperature increase the
reverse evolution of the Mn>* EPR spectrum is observed. The temperature of transition
from one spectrum type to another does not depend on the direction of temperature variation,
the microwave field frequency, the orientation of H( with respect to the crystal axes or the
choice of HFS line for detecting the temperature changes in the sample. These features
unambiguously demonstrate that 7;; is the second-order phase transition temperature, rather
than the temperature of dynamic averaging on the EPR timescale of structurally inequivalent
positions of complex ions. The temperature evolution of the EPR fine-structure lineshapes
of Ni** admixture ions (figure 2) is qualitatively similar to that for Mn>* spectral lines and
the temperature of merging of the components of the fine-structure lines has been found to
coincide with that obtained in EPR experiments with Mn?* admixture ions.

At T = 380.0 £ 0.3 K, small stepwise changes with temperature hysteresis ~1 K
in the EPR spectra lineshape parameters (figure 3) are observed. It is worth noting that
with temperature decreasing below Tj, the spectral lines transform into two components
with different linewidths, preserving the spectral continuum between them; one component
broadens with temperature decrease whereas the other is almost unchanged. However, despite
substantial HFS lineshape changes below T;,, the EPR spectrum symmetry and its principal
axis direction remain invariant.

The temperature decrease below T;, leads to a sequence of stepwise changes in slope of
the temperature dependences of the lineshape parameters (figure 4). The temperature values
of the slope discontinuities 7}, (n = 2-5) depend on the direction of temperature change and

2 A specially conducted investigation has proved that Mn?* EPR signals from dehydrated regions of the crystal do
not overlap with the chosen HFS line and, therefore, do not distort it over the entire temperature range of the study.



Incommensurate phases in MgGeFg-6H>O:Mn>* 11675

12.0 ] AH, AR,
10.0 - . LA —

= 80- A

= 1 Tin

; 6.0 T \L

< i
4.0 ua - 02 ., T;
207 L 3 %"'-.i

il - M*n

0.0 I I I I I

300 320 340 360 380 400 420
Temperature (K)

Figure 3. The temperature dependence of the Mn?* EPR low-field HFS lineshape parameters
for MgGeF(,-6H20:Mn2+ crystals at X-band and for Hy || C3. 1: AHp; 1: linewidth in the
ferroelastic phase; 2: AH;; 3: AH2. The black and white dots refer to parameters for heating
and cooling of the crystals, respectively. The definitions of the lineshape parameters studied are
presented too.
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Figure 4. The temperature dependence of the Mn>* EPR low-field HFS lineshape parameters
(defined in figure 3, inset) for MgGeF6~6H20:Mn2Jr crystals at X-band and Hy || C3. 1: AHp;
2: H;. The black (1 and 2) and white (1" and 2’) dots refer to parameters for heating and cooling
of the crystals, respectively.

vary from sample to sample within ~4 K, but they occur at practically the same values of
the lineshape parameters. The temperature dependence of the lineshape parameter H; (see
figure 4) is of special importance for clearly detecting the T;4- and T;5-values, since significant
changes in slope have been observed instead of small discontinuities. Additional experiments
have been carried out to investigate hysteresis phenomena, observed from 7} to T¢, in multiple
heating/cooling cycles (figure 5) and at different depths in these cycles (figure 6). It was found
that multiple cycling results in nearly the same temperature dependences, whereas different
depths of temperature cycles cause apparent changes in these dependences, although the 7},
were clearly detected in all cases.
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Figure 5. The temperature dependence of the Mn>* EPR low-field HFS lineshape parameter A H1,
for MgGeFg-6H,0:Mn?* crystals (X-band, Hy || C3) in multiple heating/cooling cycles. The
black and white dots refer to values for heating and cooling of the crystals, respectively (triangles
and circles correspond to different cycles).
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Figure 6. The temperature dependence of the Mn>* EPR low-field HFS lineshape parameter A H1,
for MgGeFg-6H,O:Mn** crystals (X-band, Hy || C5) at different depths of the heating/cooling
cycle. The black (1, 2 and 3) and white (1’, 2" and 3’) dots refer to values for heating and cooling
of the crystals, respectively.

At Te = 311.0£0.3 K the MgGeFs-6H, 0 crystals undergo a first-order structural phase
transition with the temperature hysteresis ~3 K. Below 7¢ the EPR spectrum corresponds
to six spatially inequivalent rhombic centres. It is worth noticing that analysis of the angular
dependences and variation of the relative intensities of Mn?* EPR lines (from sample to sample
and from experiment to experiment for the sample) and investigation of the MgGeF4-6H,O
crystal with a polarization microscope demonstrate that the crystal under study, below T,
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Figure 7. Angle dependences of the value of the Mn** EPR low-field HFS line splitting A Hy, for
MgGeF(,-6HzO:Mn2+ crystals for rotation of the sample around the C3-axis (around the ¢-angle
axis), which makes the angle 6 ~ 50° with H), at different temperatures (curve 1 corresponds to
320 K, curve 2 to 380 K, curve 3 to 410 K). (For the X-band.)

consists of orientational domains of three kinds connected with each other by 120° rotation
around C3 and each domain contains two inequivalent rhombic Mn?* sites. Therefore,
MgGeFg-6H, O crystal undergoes an improper ferroelastic phase transition at 7¢. At Hy || C;
the linewidths of the Mn?* HFS lines immediately after the phase transition are approximately
the same as those immediately before the transition from the paraelastic to the ‘intermediate’
phase (figure 3).

Below T, the z-axis of each Mn?* centre deviates by an angle of (8  2)° with respect to
the C;-axis above T¢. The EPR spectra of all spatially inequivalent Mn?* centres are in good
agreement with the conventional rhombic spin Hamiltonian with the following parameters
(T =250K):

g1 = g = 2.0009 + 0.0005,
D= (-253+2)x 10 ecm™, |E|
a=8+2)x10*em™!, AL

(36+£5) x 104 em™!,
Ap=(=924+1) x 1074 em™",

e 1l

The number of Mn?* sites and the symmetry of individual magnetic ion EPR spectra in
the single structural domain of MgGeFg-6H,O:Mn?* below T¢ agree with the data from the
single-crystal x-ray structural investigation [41], with the reported space group P2;/c below
~315K.

Within the temperature range from 7¢ to 7;;, upon rotation of the single crystal around
C; (varying the azimuthal angle ¢) which makes a certain angle 6 # 0°, 90° with the H-
direction, a 120° angular dependence of the Mn?* EPR lineshape has been observed (figure 7).
The amplitude for such variations in lineshape parameters increases with temperature decrease
(figure 7).

At T < T;, the low-field broad component of the HFS line narrows when the polar angle
0 tends to the ‘magic’ angle value (figure 8). Simultaneously, the high-field component of the
HEFS line broadens (figure 8). The components merge as 6 tends to the ‘magic’ angle.
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Figure 8. Angle dependences of the Mn?* EPR low-field HES lineshape for MgGeFg-6H, O:Mn?*
crystal for rotation around the #-angle axis in the planes containing the C3-axis. Columns 1 and 2
correspond to rotating the crystal in the planes in which A H|, takes maximal and minimal values,
respectively. (For the X-band.)

4. Discussion

The shape of the Mn?>* HFS lines for MgGeFs-6H,0:Mn?* (the presence of two edge
singularities with a spectral continuum between them) and their evolution with temperature
decrease from 7;; to T¢ (increase in difference between the magnetic field values,
corresponding to edge singularities with continuum conservation) are characteristic of
magnetic resonance spectra of incommensurate structures with one-dimensional modulation
of the lattice displacements [44, 45]. Note that the ‘global’ hysteresis phenomena observed
over the entire temperature range from 7;, to T¢ (figure 4) is also indirect evidence for the
incommensurate nature of the ‘intermediate’ phase [46, 47].

Bearing in mind that the symmetry and principal axis direction of the Mn** EPR spectrum
for MgGe:Fﬁ~6H20:Mn2+ do not change from 7;; to T¢, the f-angle dependence of the
lineshapes (decrease in difference between the resonance magnetic field values corresponding
to components of HFS lines as 6 tends to the ‘magic’ angle) and that the spread of the
inhomogeneous HFS lines observed below 7;; occurs only when there is variation of the axial
fine-structure parameter D, one may conclude that in the crystals investigated, at T < T;j, the
modulated lattice displacement is the trigonal distortion of [Mn(H,0)¢]** octahedra. Taking
into account these facts and considerations, the analysis of the experimental data on the
temperature and angular dependences of the EPR Mn?>* admixture ion spectra has been carried
out within the framework of the model of incommensurate modulation.

In the general case, the incommensurate one-dimensional spatial modulation of the lattice
displacements is determined by the following equation [48]:

u(x) = A(x) cos[p(x)], (1)

where A(x) = Ag+5A(x) is the amplitude and ¢ (x) = P (x)+Dg (P is the initial phase shift)
is the phase of the lattice displacements. In the plane-wave regime of modulation, A = 0
and ¢(x) is a linear function of the spatial variable x (along the modulation direction). As a
rule, with temperature decrease a transition from the plane-wave regime to the multisoliton one
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(distortion of the phase and amplitude of the modulation wave) occurs [44, 45], resulting in
the appearance of phase solitons and, further, amplitude solitons [48]. For the phase solitons,
A = Ay and the phase function ¢(x) becomes a non-linear function expressed using the
solution of the one-dimensional sine—-Gordon equation:

92D (x)

0x2

where n = 2p [45], p is the superstructure multiplicity, « is a constant determined by the
soliton density ns. According to Blinc et al [45], ng = 27 /(ndg,,,,), with d being equal to
the distance between the solitons and ¢, , - the maximum value of the phase function derivative.
With further decrease of temperature the amplitude variations § A (x) may become significant,
resulting in amplitude solitons appearing. At §A < Ay, the function A(x) is determined by
the approximate expression [45]

IAX) _ 3D(x)

= —a?sin[n®(x)], ()

—C , C>0. 3
ox dx? )
It is worth noting that, in many experimental cases, amplitude solitons are not observed
and the multisoliton lattice may be well described in the framework of the A(x) = Ay

approximation, i.e. within the phase soliton approximation. The soliton density decreases
with temperature decrease down to the temperature of transition to the commensurate state
(the ‘lock-in’ transition). However, within some temperature range below T¢, the soliton
density may remain at a non-zero value [45].

In the incommensurate phase the resonance magnetic field H, for a certain paramagnetic
centre is a function of the small-lattice-displacement parameter u (x). It may be expanded into
a power series:

H, = Hyo + i (x) cos[p(x)] + ha (x) cos’[@(x)] +- - -, )

where the /; are the constant values for the plane-wave and phase soliton regimes. The resulting
spectrum shape may be calculated by integration over possible H,-values using some single
lineshape (Lorentzian in most cases) for a certain H,.

In the crystals under investigation, every paramagnetic ion is situated on the symmetry
axis and at an inversion centre simultaneously.  Therefore, according to symmetry
consideration [45], for Hj || C3, only even terms in equation (4) should be retained. This
conclusion may be drawn from microscopical considerations as well. Because of the special
importance of the correct choice of expansion (4) for the subsequent experimental data analysis,
this consideration is presented below in detail.

The appearance of the ¢-angle dependence of the EPR lineshape in MgGeFg-6H,O:Mn**
crystals below T;; (figure 7) is evidence for the appearance of misorientation of cubic crystal
field axes on different Mn>* ions, i.e. rotation of the complex ions Mg[HZO]? around the
trigonal axis in the incommensurate phase. The amplitude of this misorientation increases
with temperature decrease. Also, in the ferroelastic phase, within each orientational domain,
two spatially inequivalent complexes Mg[HgO]?, rotated with respect to each other around the
Cs-axis by acertain angle, are present [ 14, 21]. The facts stated above allow us to conclude that
the angle §¢ of the rotation of the octahedra Mg[HZO]? around the trigonal axis with respect
to their position in the paraelastic phase can be a primary order parameter of the paraelastic—
incommensurate phase transition in MgGeFgs-6H,O. (Obviously, the trigonal distortion of
the octahedra Mg[Hgo]é+ with respect to their distortion in the paraelastic phase cannot be
a primary order parameter of this transition, because such an assumption leads to at least
two Mg[HZO]? configurations with different values of the trigonal distortion (and D-values)
in the ferroelastic phase, which does not agree with the EPR [14, 21] and x-ray [41] data.)
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Figure 9. The dependence of the Mn>* EPR lineshape parameter AHjs on the ¢-angle for
MgGeF6~6H20:Mn2Jr crystals. Dots (labelled 1) correspond to experiment (the X-band; Hy || C3).
Solid curves correspond to calculated dependences (2: the model of quadratic modulation of the
D-parameter § D = dap?, ¢ (x) = 8¢ cos(x), 8¢ =T7°,dy = 0.121 x 10~% cm~" deg™2; 3: the
model of two discrete octahedra orientations: 8¢ = 5°; 4: the model of linear modulation of the
D-parameter 8D = dy¢, ¢ (x) = 8¢y cos(x), 8¢y = 1.2°, d; = 2.470 x 107* cm™" deg™").

Taking that into consideration, we may suppose that the stepwise peculiarities in the slope of
the dependences of the EPR lineshape parameters versus temperature are associated with the
discontinuities in the slope of the temperature dependence of the rotations of the Mg[HZO]gJ’
octahedra around the C5-axis.

Further, one may suppose that the rotation of octahedra around the trigonal axis, as a
consequence of the change in lengths and orientations of the hydrogen bonds, is accompanied
by a change in the trigonal distortion of the complexes and, therefore, by variation of the fine-
structure parameter, i.e. D = Dy(T)+ AD(5¢), where Dy(T) is the value of the fine-structure
parameter for a complex not distorted by a modulation wave and AD(8¢) is a contribution
to the fine-structure parameter caused by modulated distortion. For reasons of symmetry (the
presence of a symmetry axis and inversion centres), one can draw the conclusion that A D(§¢)
is an even function. Hence, neglecting modulation of other spin Hamiltonian parameters,
series (4) for Hy || C5 should contain only even terms (in this orientation, H, does not directly
depend on the crystalline cubic axis orientation). The conclusion reached is consistent with the
data on the ¢-dependence of the Mn?* HFS lineshape analysis also. Below 7 this dependence
may be qualitatively described only within the framework of the model of quadratic modulation
of the D-parameter connected with trigonal lattice distortions (figure 9 demonstrates that the
model of linear modulation of the D-parameter, like the model of two discrete octahedra
orientations, results in clear qualitative differences from the experimental dependence).
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Figure 10. The temperature dependence of the incommensurate modulation parameters of second
(hy) and fourth (h4) order calculated from the experimental Mn>* EPR low-field HFS line for
MgGeF(,-6HzO:Mn2Jr crystals at the X-band and for Hy || C3. Solid curves connecting dots are
present for convenience only.

Therefore, both from general symmetry considerations and from microscopic ones, for
the crystal investigated for H || C5, equation (4) is reduced as follows:

H, = Hy + hy(x) cos’[p(x)] + ha(x) cos*[p(x)] + - - - Q)

Using (5) we were able to describe the Mn?* HFS lineshapes well, within the temperature
range from 7;; to ~370 K (figure 1). Moreover, close to T;; the HFS lineshape is similar to the
symmetric one and, as consequence, the /4-value is small and the spectra may be described
with good accuracy taking into account just the quadratic modulation term (figure 10).

Below ~370 K a good description of the experimental spectra is possible only on
introducing the phase solitons; i.e. upon cooling below T & 370 K, the plane-wave regime of
modulation transforms into the multisoliton one. In the absence of phase transitions between
T;1 and T¢, if the direction of one-dimensional modulation coincides with the direction of
multiple increase of the unit cell in the ferroelastic (ferroelectric) phase with respect to that of the
paraelastic (paraelectric) phase, the value of p is assumed to be equal to this multiplicity [44].
According to the EPR results presented (see section 3) and structural data [41] on the ferroelastic
phase of MgGeFg-6H,0, the unit-cell size is doubled in the direction of the monoclinic b,,-
axis (which is perpendicular to the trigonal axis in the para-phase) compared to the paraelastic
phase. Therefore, in this case the analysis should be carried out for the multisoliton regime
with n = 4. The corresponding calculation provides a good description of experimental
spectra below ~370 K (see figure 1). It is worth noticing that the character of the temperature
dependences of the EPR lineshape parameters (see figures 4 and 6) indicates the possibility of
structural phase transitions between 7;; and T¢. The phase transitions at 7}, may be connected
with the change in modulated phases, representing the ‘devil’s staircase’ phenomenon [49]. In
such a case the value of the n-parameter in equation (2) should change within the temperature
range from T;; to T¢. Unfortunately, this problem cannot be solved for the crystals considered
by analysis of EPR data only, due to large soliton density (ns > 0.85) down to T¢ (for this
reason, the experimental spectra are successfully described with values of n different from 4
(n = 6, for instance) as well).
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Figure 11. The temperature dependence of the soliton density n s calculated on introducing solitons
at 7 ~ 370 K (curve 1) and at 7 ~ 380 K (curve 2) for the model taking into account variation
of Tfl over the Mn?* EPR low-field HFS line for MgGeFg-6H,O:Mn>* crystals. For the X-band.
Solid curves connecting dots are present for convenience only.

We should note that in the related crystals MgSiFq-6H,0, at T;, qualitative changes in
the EPR spectra parameters occur and the soliton density shows a stepwise decrease. In
MgGeFq-6H,0, a small discontinuity in A Hi, has been observed at T;, also, but there are no
qualitative changes in the spectra at that temperature. In calculations for the latter crystals, a
value of ng different from unity may be used immediately below T;; &~ 380 K (see figure 11,
curve 2, for instance), with the same good agreement of calculated and experimental spectra
being obtained in the two cases (ng # 1 and ng = 1). Therefore, there is no confirmation of
the stepwise nature of the appearance of the soliton lattice at ~370 K, but it should be taken
into account below that temperature to describe the experimental spectra correctly.

Below 360 K a difference between the experimental spectra and theoretical curves
calculated within the framework of the above model of lattice displacement modulation appears
and it increases as temperature decreases (figure 12, curve 1). Hence, the model for the
calculation should be more comprehensive. According to the data from theoretical studies of
classical incommensurate systems at 7 — T, significant amplitude variations of the order
parameter may result in amplitude solitons appearing [48]. But below ~360 K for the crystals
investigated, calculations of spectral lineshapes taking into account the amplitude soliton effect
have not led to a successful description of the experimental spectra (figure 12, curve 2).

Another approach has been suggested by Zapart and Zapart [25] for describing EPR spectra
of MgSiFs-6H,0:Mn?*. According to that model, the periodic antiphase domain structure with
a temperature-dependent width of the antiphase domains is realized. However, the calculated
HFS lineshapes both for MgSiF6~6H20:Mn2+ [25] and for the crystals considered (figure 12,
curve 3) are far from the ones observed in experiment, also.

Theoretical [45] and experimental [50, 51] studies of the spin-lattice relaxation rate
Tl_1 in incommensurate systems demonstrate that Tl_1 may vary considerably over the
incommensurate spectral distribution. The amplitude of this variation increases with
temperature decrease. The authors of the aforementioned papers account for the Tfl -
variation over the incommensurate continuum by the difference in contributions of phasons
and amplitudons to the effective spin—lattice relaxation rate. On the basis of these results we
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Figure 12. Comparison of the theoretical spectra, calculated within the frameworks of different
models (solid curves), with the experimental spectrum (dots) for MgGeF¢ -6H, O:Mn?* at 329K (the

X-band, Hy || C3). 1: the model of incommensurate modulation: 4, = 8.73 mT, hy = —1.58 mT,
W = 1.46 mT, ng = 0.865; 2: the model of incommensurate modulation with amplitude solitons:
hy =8.75mT, hy = —1.56 mT, W = 1.46 mT, ng = 0.865, parameter of amplitude modulation

(amplitude variation maximum) §A = 5%; 3: the domain model by Zapart and Zapart [25]:
hy = 7.64 mT, percentage contribution of domain wall volume with respect to crystal volume
48.7%, W = 1.37 mT; 4: the model of incommensurate modulation with variation of the
spin—lattice relaxation rate over the spectrum: hy = 8.73 mT, hy = —1.58 mT, ng = 0.865,
Wo =221 mT, W, = 1.47 mT, §W = 0.07 mT.

have conducted a simulation of experimental lineshapes, assuming a dependence of T1_] on
the resonance magnetic field in magnesium fluorogermanate too. The calculations have been
carried out assuming a parabolic dependence of the EPR linewidth W on the resonance magnetic
field (figure 13, inset). Within the framework of this model, we have achieved a successful
description of the experimental spectra below 360 K down to 7¢ (figure 1). The calculated
soliton density at these temperatures varies by about 0.85 (figure 11). Over the entire range of
the inhomogeneous phase, the value of the linewidth variation indicated remains reasonable
(figure 13).

It is worth comparing the results of the theoretical analysis of the EPR spectra evolution
for the fluorogermanate crystals presented in this paper and for the fluorosilicate ones [42]. In
the case of MgSiFs-6H,0 below T;, = 343 K the soliton density falls to small valuesng ~ 0.1;
the incommensurate spectral continuum near disappears and two single components appear
instead; the variation of the spin—lattice relaxation rate over the spectrum becomes inexplicably
large as the temperature decreases to T¢. These facts motivated us to propose the model of
an inhomogeneous phase with two types of nearly independent region (domain-like ordered
and soliton-like disordered regions) in the fluorosilicate crystals below T, [42]. In contrast,
for MgGeFg-6H,0 the calculations result in significant values of the soliton density ~0.85;



11684 P G Skrylnik and A M Ziatdinov

3.0 w, @ W,

I
00 05 1.0
2.0- W, (H-Hy) / (h2+ h4)

I I
310 330 350 370
Temperature (K)

—
390 410

Figure 13. The temperature dependences of the parameters Wy, W, and § W calculated for the
Mn?* EPR low-field HFS line for MgGeFs-6H,O:Mn?* crystals at the X-band and for Hy || Cs.
The parameters Wy and W, indicate the value of the Lorentzian linewidth at the points of
incommensurate spectral singularities; § W is the deviation of the proposed parabolic dependence
W (H) from a linear function (inset). Solid lines connecting dots are present for convenience only.

the incommensurate spectral continuum is preserved; the variation of Tfl over the spectrum
takes physically reasonable values. Therefore, one may conclude that the entire ‘intermediate’
phase in MgGeFg-6H,0 crystals is an incommensurate phase (representing the analogue of the
MgSiFg-6H,0 structure evolution above 343 K), which is successfully described within the
framework of the model presented. We should note, however, that admission of some statistical
structural disorder of the trigonal distortions of Mg[HzO]é+ complexes in MgGeF4-6H,O
crystals near T¢ allows a good description of the experimental lineshapes with lower values
of the linewidth variation compared to those for the results presented in figure 13.

Thus, the model of the MgGeF6-6H20:Mn2+ crystal structure from 7;; to T¢ considered
above results in successful approximation of the experimental Mn>* EPR spectra. The EPR
method has advantages with respect to standard structural methods such as the x-ray diffraction
technique, since it is exceptionally sensitive to the local structure of the samples investigated.
This feature enabled us to detect and study disordered regions in MgGeF4-6H,O crystals and
their transformation with temperature variation.

5. Conclusions

In the present paper, on the basis of EPR data for MgGeFs-6H,O:Mn?* single crystals, structural
organization motifs for their ‘intermediate’ phase, between monoclinic and rhombohedral ones
(Tc = 311£ 03K < T < T;; = 403 £ 0.3 K), are proposed. It is shown that at T;;
the crystals considered undergo a transition to a structurally modulated phase which may be
an incommensurate phase. The primary order parameter of the paraelastic—incommensurate
phase transition may be angle of the Mg[HzO]gJr octahedra rotation around the crystal C3-
axis. Upon cooling below 7" =~ 380 K, the plane-wave regime of modulation transforms into
the multisoliton one with the structural soliton density decreasing as long as the temperature
decreases. Below 7" & 360 K the effect of variation of the spin—lattice relaxation rate over the
spectrum has been taken into account, resulting in successful description of the experimental
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spectra down to T¢. As against the formerly proposed models of structural organization of
MgGeFgs-6H,0 crystals in the ‘intermediate’ phase, the model presented in this paper agrees
with all known experimental data and does not contradict symmetry reasoning.
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