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High-pressure Raman study of the ferroelastic rutile-to-CaCl, phase transition in ZnF,
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The high-pressure Raman spectra of ZnF, have been measured up to 6.8 GPa and provided unambiguous

evidence of a phase transition from its ambient-pressure rutile (Dﬁ) to the CaCl,-type orthorhombic (D),

12

structure at a pressure P.~4.5 GPa. Both macro- and micro-Raman spectra have been independently obtained
at high pressures leading to the same conclusion about the high-pressure phase and the P.. The transition
appears to be closely associated with the By, (A,) Raman-active soft mode of the rutile (CaCl,) structure,
implying that ZnF, undergoes a second-order ferroelastic phase transition.

DOI: 10.1103/PhysRevB.72.144108

I. INTRODUCTION

A characteristic feature in the Raman spectra of tetragonal
rutile-type crystals, space group Dﬁ, is the anomalous tem-
perature and pressure dependence of the B, soft mode which
softens with either decreasing temperature!=® or increasing
pressure.'”~'> The anomalous, nonlinear B,, mode softening
with temperature could be considered as a precursor for an
incoming phase transition of these crystals at low tempera-
tures. Lockwood et al? and recently Perakis and
co-workers®!? have reported that the By, softening with de-
creasing temperature in the rutile-structured FeF, (Ref. 3),
MgF, (Ref. 6), and ZnF, and MnF, (Ref. 13) is primarily
due to thermal contraction and concluded®®!® that, if any
structural change is involved, it would be incomplete. So far,
there have been no reports of any rutile-type crystal (at am-
bient conditions) undergoing a definite low-temperature
phase transition. However, the rutile-to-CaCl,-structure
(space group D7) phase transition has been observed at high
temperatures in x-ray'# and Raman'>!¢ studies of CaBr, and
CaCl,, which are orthorhombic at ambient conditions.

Pascual er al.'® observed a linear dependence of the By,
mode softening in MgF, under uniaxial stress. This result
may be interpreted that the pressure induced B, softening is
not also associated with a definite structural change. It must
be pointed out, though, that the range of applied stresses in
that study'® was limited up to a fraction of a GPa. On the
whole, the anomalous B, mode softening with pressure of
rutile-type crystals has been associated, in early’’® and
recent' 121718 reports, with an incipient phase transition.
There have been different propositions concerning the high-
pressure phase of these crystals, varying from orthorhombic
a-Pb0O, (Refs. 7 and 17), cubic fluorite!® or modified cubic
fluorite'® and orthorhombic CaCl, type (Refs. 8, 11, 12, 20,
and 21). In fact, the variety of views about the high-pressure
phase of rutlile-type crystals reflects the rather complex
sequence’®?! of high-pressure transitions in which different
phases may co-exist at a given pressure.?!

Recent Raman studies by Haines et al.!' and Hellwig
et al.,'” and x-ray studies by Haines and co-workers?%?!
point out that the first high-pressure transition in most rutile-
structured dioxides, such as SnO,, GeO,, PbO,, MnO,, etc,
as well as in MgF,, is to the CaCl,-type structure. Also, it has
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been reported in x-ray?>? and Raman?? studies that the rutile-
structured polymorph of SiO, (stishovite) sustains a transi-
tion to the CaCl,-type structure at high pressure. Most of the
high-pressure studies on rutile-type crystals refer to dioxides.
In contrast, the rutile-structured difluorides have not had the
same attention. Moreover, with the exception of the uniaxial
stress study on MgF, (Ref. 10), there have not been any
high-pressure Raman works related to rutile-type difluorides,
most likely because of their very low Raman-scattering effi-
ciencies which result in particularly low Raman signals from
the high-pressure cell.

ZnF, is a rutile-structured difluoride at ambient conditions
whose Raman spectrum has been studied at room?* and low*
temperatures, but not at high pressures. In this work, we
present macro- and micro-Raman-scattering measurements
from single crystals of ZnF, at high pressures and report a
definite first phase transition to the CaCl,-type structure at
about 4.5 GPa. From the correlation of Raman modes be-
tween the rutile and CaCl,-type structures, it is implied that
the transition is mediated by the lowest-frequency B, (A,)
mode of the rutile (CaCl,) structure, which displays soft
mode behavior.

II. EXPERIMENTAL DETAILS

Two different diamond anvil cells (DAC) were used for
the room temperature high-pressure Raman experiments: a
Syassen-Holzapfel-type for the macro-Raman measurements
and a Merril-Basset for the micro-Raman ones. In either
case, the back-scattered (micro-Raman) or nearly back-
scattered (macro-Raman) light from the DAC was analyzed
and detected by a system of a T 64000 model Jobin-Yvon
triple spectrometer, operated in subtractive mode, in conjunc-
tion with a nitrogen cooled charge coupled device (CCD).
For the micro-Raman measurements, the spectrometer was
combined with a X40 magnification lens. We have recorded
macro-Raman spectra up to 5.1 GPa; above this pressure, the
intense background scattering (especially in the lower part of
the spectrum) prevented a reliable assessment of the Raman
peaks of ZnF,. As for the micro-Raman measurements, we
have practically covered the entire pressure range of opera-
tion for the corresponding DAC.
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Small chips of ZnF, (cut from a larger single crystal)
were loaded into the high-pressure cells in which a 4:1
methanol-ethanol mixture was used as pressure transmitting
medium. Measurement of pressure inside the DAC was
achieved via the (well-known) pressure-induced shift of the
Raman-active optical phonon of a silicon crystal chip placed
alongside the ZnF, chip. The macro-Raman spectra were
calibrated with the use of spectral lines of an argon lamp (or
the Raman lines of the DAC sapphire windows). For the
micro-Raman measurements, the spectrometer was calibrated
prior to each high-pressure experiment, by recording sepa-
rately outside the DAC the ambient pressure Raman spec-
trum of a silicon single crystal; for best accuracy, this crystal
and the silicon chip inside the DAC were pieces cut from the
same larger silicon single crystal.

The Raman spectra were excited by the 514.5 nm line of
an Ar* laser at a power of ~150 and ~3 mW (at the en-
trance of the high-pressure cell) for the macro- and the
micro-experiments, respectively.

The macro-Raman spectra were not polarized as no ana-
lyzer was placed in the path of the scattered beam. This was
primarily imposed by the very weak scattered signal ob-
tained from the macro-Raman setup; thus, in the recorded
macro-Raman spectra of ZnF, (see Sec. III) the intensities of
the two observed phonons, A;, (corresponding to diagonal
components of the Raman tensor) and E, (nondiagonal com-
ponents of the Raman tensor) are comparable. On the other
hand, in order to observe the splitting of the £, mode at high
pressures, polarized micro-Raman spectra were obtained, in
successive recordings, by rotating at 90° a linear polarizer
which was appropriately located at square angle to the excit-
ing beam path. In this way, Raman spectra in the back-
scattering configurations (i) z(xx)z or (ii) z(yx)z have been
obtained in which the directions and polarizations of incident
and scattered beams (represented by the symbols outside and
inside the notation, respectively) refer to the laboratory
frame axes x, y, z and not to the crystallographic axes of the
ZnF, crystal as the orientation of the latter is not known
inside the DAC. Strictly speaking, as a consequence of the
unknown crystal orientation inside the DAC, polarization se-
lection rules for the identification of symmetries of Raman
modes cannot be applied for high-pressure Raman measure-
ments; however, as the scattering configurations z(xx)z and
z(yx)Z favor the observation of diagonal and nondiagonal
elements of the Raman tensor, respectively, we have used in
certain occasions, these polarized configurations in order to
selectively enhance the A,, or the E, Raman mode of ZnF,.

III. RESULTS AND DISCUSSION

Macro- and micro-Raman spectra of ZnF, at various pres-
sures are shown in Figs. 1 and 2, respectively. All spectra in
these figures were recorded with the sample inside the re-
spective DAC, except the ambient-pressure micro-Raman
one, with the vertically enlarged By, and B,, modes (insets),
at the bottom of Fig. 2, which was recorded separately using
a larger crystal outside the DAC. The frequencies of the four
Raman-active phonons of ZnF, at ambient-conditions are 69
(By,), 248 (E,), 347 (A,,), and 523 cm™ (B,,). In the macro-
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FIG. 1. Unpolarized macro-Raman spectra of ZnF, at various
pressures. Two Raman peaks are observed in the low-pressure
(rutile-type) phase and five in the high-pressure (CaCl,-type) one.
’ Argon lamp calibration lines; +, Raman lines of the sapphire
window of the high-pressure cell; X, pressure monitoring Raman
line of a Si chip (placed inside the high-pressure cell).

Raman spectra (Fig. 1), apart from the Raman peaks of ZnF,
and that of the silicon chip (at about 521 cm™'), some Raman
lines due to the sapphire windows of the DAC are also ob-
served at 378 and 418 cm™'. In the low-pressure macro-
Raman measurements, the argon lamp calibration lines at
64.5, 159.7, 283.7, and 397 cm™! have been recorded in the
same scan and are present in the corresponding spectra of
Fig. 1. At higher pressures, as the E, and A, phonon peaks
shift to higher frequencies and overlap with the above argon
lines, the argon lamp is not used for calibration; in such
cases, the sapphire Raman lines are used for calibration of
spectra.

In the micro-Raman spectra of Fig. 2, a noticeable varia-
tion with pressure of the relative intensity between the E,
and A, modes is primarily due to the different polarization
configurations z(xx)z or z(yx)z, which relatively enhance (su-
press) the A, (E,) or the E, (A;,) phonons, respectively (see
Sec. II for details). In addition, this variation may be partly
owed to the reorientation of the sample inside the DAC upon
increasing the applied pressure, or/and to rotation of the
DAC and sample around the direction of the exciting laser
beam; such a rotation is possible only in the micro-Raman
setup and has been performed in order to detect the splitting
of the E, mode at pressures above 4.5 GPa (see relevant
analysis and discussion below).

At low pressures, only the A}, and E, modes of the rutile
phase of ZnF, were observed from the DAC. It was not
possible to observe the B}, and B,, modes of the rutile phase
from either high-pressure setup, because of their extremely
weak intensity (see lower spectrum of Fig. 2). It is obvious
from Figs. 1 and 2 that the A, and E,, modes display normal-
mode behavior with pressure, that is, they harden with in-
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FIG. 2. Micro-Raman spectra of ZnF, at various pressures. The
spectra at ambient pressure and at pressures 0.9, 5.7, and 6.8 GPa
are unpolarized (without an analyzer in the path of the scattered
beam); the spectrum at 2.5 GPa is polarized with the scattering
configuration z(xx)z, giving a relatively enhanced A, phonon,
which corresponds to diagonal elements of the Raman tensor; the
spectra at 3.8 and 4.5 GPa are cross-polarized corresponding to the
scattering configuration z(yx)z, which relatively elevates the nondi-
agonal E, phonon (see text for details). In the ambient-pressure
spectrum, the sample was outside the high-pressure cell; the weak
B, and B,, phonon lines of this spectrum have been vertically
enlarged and shown as insets. Two Raman peaks are observed in the
low-pressure (rutile) phase and four in the high-pressure
(CaCl,-type) structure, with one of the latter peaks being double
corresponding to the unresolved B,, and B3, modes.

creasing pressure. This effect is illustrated in Fig. 3 which
shows plots of mode frequencies with pressure. From the,
almost, linear dependence of w(A,,) and w(E,) with pressure
(Fig. 3), Griineisen parameters y;=(B/wg)/(dw/IP) have
been evaluated for these modes, where B(=1/k) is the bulk
modulus (x, the volume compressibility) and w, the mode
frequency at ambient conditions; in these calculations we
have used the measured bulk modulus data for ZnF, of Ger-
lich et al.> In the absence of previous relevant experimental
data, we compare our gamma values with theoretical ones
based on a rigid ion model with a Born-type potential for
nearest-neighbor interactions;?®?” in the model of Ref. 27,
long-range interactions are also included. The vy values of
this work and the calculated ones?®?’ are summarized in
Table I, showing better agreement of our data with those of
Ref. 27. This agreement indicates that Coulomb interactions
may play a significant part in the nature of the atomic bond-
ing in ZnF, and is compatible with the conclusion drawn in a
very recent near-edge x-ray-absorption fine structure study”®
that ZnF, is the most ionic among a number of rutile-
structured difluorides, such as MnF,, FeF,, CoF,, and NiF,.
In Table I, the calculated’®?’ Griineisen parameters for the
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FIG. 3. Raman mode frequencies of ZnF, plotted against pres-
sure. Solid circles correspond to macro-Raman measurements and
open circles to micro-Raman ones. All modes display linear depen-
dence, except the A, symmetry one of the high-pressure phase
which shows nonlinear, soft mode behavior. Note the change of
slope of the A;,(—A,) and the splitting of the E,(—B,,+Bs,)
modes of the low-frequency phase at ~4.5 GPa.

other two B, and B,, modes are also included, showing a
negative value for the former phonon.

At about 4.5 GPa, significant changes are observed in
both macro- and micro-Raman spectra of ZnF,, including a
decrease of slope in the frequency-pressure plot of the A,
mode (Fig. 3), a broadening and eventual splitting of the
doubly degenerate £, mode, and the appearance of two ad-
ditional Raman lines above this pressure. As will be dis-
cussed below, these spectral changes imply unambiguously
the onset of a structural phase transition in ZnF, at this pres-
sure from tetragonal (D,}) rutile-type to orthorhombic (DJ})
CaCl,-type structure.

Prior to a detailed discussion on the evolution of the
Raman-active modes of the tetragonal rutile-type phase of
ZnF, and on the consequent mode assignment of the high-
pressure phase, we discuss briefly some group theory com-
patibility aspects between the two crystal classes, that is be-
tween the tetragonal and the, most likely, orthorhombic
phase at high pressures. The tetragonal D}‘z rutile-type crys-
tals have a bimolecular unit cell. The Brillouin-zone-center
optical modes of this crystal class have the irreducible
representation;'213

A1g+Eg+B,g+Bzg+A2g+A2u+ 3E,+2By,,

where A o Eg» Bigs and B, are Raman-active modes and the
E-symmetry species are twofold degenerate. The orthorhom-
bic Dj; CaCly-structure has also a bimolecular unit cell and
the irreducible representation of the zone-center optical
modes for this structure is'>!
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TABLE I. Mode Griineisen yr parameters of ZnF, for both the low-pressure rutile-type and the high-

pressure CaCl,-type structures.

Rutile-type structure

CaCl,-type structure

Mode-
symmetry This work Ref. 26 Ref. 27 Mode-symmetry This work

Aj, 2.30° 1.62° 2.70° - A, 1.31¢
B, — -5.66° -8.10° - A, 72.50¢
17.504

By, — 1.43° 1.50° - By, —
E, 2.05% 2.35P 2.40P - By, 1.00¢
Bs, 1.05¢
B, 1.05¢°

4Gamma values corresponding to experimental dw/JdP slopes and w, frequencies at ambient conditions

obtained in this work.
YTheoretical values.

“Values corresponding to experimental dw/dP slopes and w, frequencies at ~4.5 GPa obtained in this work,
and assuming a bulk modulus B value equal to that at ambient pressure (Ref. 25).

dGamma value of the A ¢ soft mode of the high-pressure phase at 6.8 GPa.

‘Gamma value for the new Bj, Raman mode of the high-pressure phase which originates from the A,,

Raman-inactive mode of the low-pressure phase.
24,4 2B 4+ By + B3y + 2A, + By, + 3By, + 3B3,,

with A,, By,, By, and Bj, being the Raman-active species.
According to group theory, the orthorhombic Déi space
group is a direct subgroup of the tetragonal (rutile) D}
group, so that the two irreducible representations are com-
patible giving direct mode correlations'>!3 for the rutile-to-
CaCl,-type structure transition.

The broadening of the £, mode above the critical pressure
P.=4.5 GPa can be realized directly by examining the evo-
lution of the spectra of Figs. 1 and 2. This result has been
confirmed by measuring in succession two cross-polarized
z(yx)Z micro-Raman spectra at the same pressure above
4.5 GPa, but with different sample orientation. Figure 4
shows in detail the E, mode line at four pressures between
4.5 and 6.8 GPa recorded with the micro-Raman setup. In all
the spectra of Fig. 4, the z(yx)Z scattering configuration was
used that favors nondiagonal elements of the Raman tensor
(see Sec. II). The dual spectra at each of the pressures 5.7
and 6.2 GPa were recorded in succession under the same
conditions, except for the orientation of the ZnF, crystal
which was relatively rotated at 90° following a likewise ro-
tation of the DAC around the direction of the incident beam.
On the other hand, the single spectra at 4.5 and 6.8 GPa were
recorded with the DAC orientation at mid position (45° ro-
tation). It is obvious from the dual spectra of Fig. 4 that the
E, mode becomes a double peak line above P.. The two
peaks are not completely resolved in the micro-Raman spec-
tra, but the full width at half maximum (FWHM) of the line
increases abruptly above P, as the inset of Fig. 4 indicates;
the FWHM values in this inset correspond to micro-Raman
data. From the same inset, it can be seen that the respective
FWHM plot for the A;, mode is practically pressure-
independent for the entire pressure range. Therefore, the E,
mode broadening and eventual splitting cannot be attributed
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FIG. 4. Cross-polarized z(xx)z micro-Raman spectra of ZnF,
showing that the doubly degenerate E, mode of the low-pressure
phase evolves into a double peak at high pressures. The dual spectra
at each of the pressures 5.7 and 6.2 GPa correspond to two orien-
tations of the ZnF, crystal sample differing by 90° with respect to
the direction of the incident laser beam (see text for details), con-
firming that this line is a double peak spectral feature; the single
spectra at 4.5 and 6.8 GPa correspond to the mid-position orienta-
tion of the sample, i.e. rotation of the DAC and sample at 45°
relatively to either of the two extreme orientations. The inset shows
plots for the full width at half-maximum (FWHM) of the A,,(A,)
and E(B,,+B3,) modes of the low- (high-) pressure phase; a sharp
increase of the E, mode width is observed at ~5.0 GPa, indicating
the onset of splitting of this mode.
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to nonhydrostatic pressure (stress) effects. Further evidence
is provided by the macro-Raman spectrum at 5.1 GPa (Fig.
1) in which a definite splitting of the E, mode is observed.

From the above, it is evident that the doubly degenerate
E, Raman mode of the rutile phase splits to two peaks above
P, which implies, according to group theory operations, an
orthorhombic distortion of the rutile unit cell. In the event
the high-pressure phase of ZnF, has the orthorhombic (Déi)
CaCl,-type structure, the E, phonon should transform to two
phonon species of B,, and B3, symmetries according to
group theory mode compatibilities.'>!> Note that there is a
decrease of slope for the (assumed) B,, and B3, modes in the
frequency-pressure plots (Fig. 3) in relation to the E, low-
pressure phase mode.

Further study of the evolution of spectra in Figs. 1 and 2
reveals the appearance of two new Raman lines from ZnF, at
about and above P.. The lower frequency one is observed
first in the micro-Raman spectra at exactly the critical pres-
sure P.=4.5 GPa and at a frequency of 40 cm™'; above P,
its frequency increases rapidly and nonlinearly with pressure
(Fig. 3), thus showing characteristics of a soft mode. Plotting
the squared frequency (w?) of this line against pressure re-
veals an almost linear dependence. This high-pressure line of
ZnF, is assigned as the A, symmetry mode of the orthorhom-
bic phase and all the available evidence indicates that it is the
counterpart of the B, < soft mode of the rutile phase (see, also,
mode correlation in Refs. 12 and 15). Although it has not
been possible to observe the very weak B, mode of the
rutile phase from the DAC and there are no relevant Raman
data available for any rutile-structured fluorides, we think
that this mode of ZnF, would display soft mode behavior
with pressure like the rutile-structured oxides GeO, (Ref. 11)
and SnO, (Ref. 12). This is reasonable bearing in mind the
negative theoretical Griineisen parameters?®?’ for this mode
and the softening of the shear elastic constant (C;;-C},)/2 of
ZnF, with pressure.? It is pointed out that this elastic con-
stant describes!>3° the transverse acoustic mode propagating
along the {110} direction (in the a-b plane) and is coupled?
with the rotational atomic displacements which correspond
to the B, optical mode of rutile-type crystals. Hence, the
high-pressure soft mode of ZnF, should be considered as the
successor of the B, mode of the low-pressure rutile phase
and, keeping in mind the mode correlation,'>! it is assigned
as a A, symmetry mode of the (D;fl) CaCl,-type structure.
Also, this soft mode is just observed at the edge (58 cm™") of
the highest-attainable-pressure (5.1 GPa) macro-Raman
spectrum (Fig. 1).

The second new Raman line of ZnF, above P, is observed
at about 203 cm™' (macro: 4.7 GPa) and 205 cm™!' (micro:
5.3 GPa). This line hardens linearly with pressure (Fig. 3)
and seems to become gradually stronger with increasing
pressure, implying that it originates from a Raman-silent
mode of the low-pressure rutile structure. As the only
Raman-silent mode of the low-pressure phase which can be
Raman-active in a tetragonal to orthorhombic transition is
the A,, symmetry one, then the corresponding high-pressure
mode should be of B, symmetry (see mode correlation table
of Refs. 12 and 15) if a transition from D}, to D,; structure
were to occur. The mode correlation for such a transition!!>
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shows that the orthorhombic phase has six Raman-active
modes, that is, two more than the rutile phase which result
from the splitting of the E, mode to B, and B3, ones, and
the activation of the A,, mode becoming B, active in the
lower-symmetry phase. In the high-pressure phase of ZnF,
we observe five Raman phonons that are readily correlated to
the low-pressure phase phonons according to the mode com-
patibility for the D,;,— D5, transition; the sixth phonon of
B, symmetry anticipated in the high-pressure phase has not
been observed, implying that, like the original B,, phonon of
the tetragonal phase, it is very weak for detection from the
DAC. It must be pointed out that Raman scattering alone is
not often in a position to identify unambiguously the space
group of crystals, especially in the case of complicated crys-
tal structures. However, in simple crystal structures like the
present, the evolution of the Raman modes of the ambient
conditions rutile phase of ZnF, and the mode
correlations'>!> provide strong evidence that the space group
of the high-pressure phase is the orthorhombic Déi which
corresponds to the CaCl,-type structure.

The Griineisen parameters vy for all five modes observed
in the high-pressure phase of ZnF, are also given in Table I.
In these gamma evaluations, we have used the dw/JdP slope
and mode frequency w, values at ~4.5 GPa (Fig. 3) and the
ambient conditions value® for the bulk modulus B. Two
gamma values are given for the A, soft mode of the high-
pressure phase at 4.5 and 6.8 GPa; the large difference be-
tween these values reflects the high degree of nonlinearity of
this soft mode.

IV. CONCLUSIONS

All the spectral variations described above from both sets
of data provide clear evidence that a phase transition takes
place in ZnF, at about 4.5 GPa. Considering the phonon
compatibility along with the way the phonons vary (trans-
form) with pressure, and the number of Raman-active
phonons observed in the high-pressure phase, we conclude
that the transition is from rutile (D}}) to CaCl,-type (D32
structure. It appears that the transition is driven by the By,
(A,) Raman phonon of the rutile-type (CaCl,-type) structure
which displays soft mode behavior in the high-pressure
phase. The linear dependence of w” of the A, part of this
mode with pressure and the gradual increase in intensity of
the B, (former A,,, silent) with pressure in the high-pressure
phase, suggests mean field behavior>!1121531 and a second-
order transition. It is known!?32 that a transition is classified
as proper ferroelastic or pseudoproper ferroelastic depend-
ing on whether the order parameter Q is represented by the
transverse acoustic mode corresponding to the shear elastic
constant (Cy;-Cyp)/2 or directly by the B;, Raman-active
optical phonon (which, in any case, is coupled®'? to the
above shear elastic constant and the corresponding acoustic
mode), respectively. In the former case, the transition is ac-
companied by an elastic instability. There are no data of
elastic constants of ZnF, up to P, (the relevant study? is
limited to about 1 GPa), but, in a broader concept, the phase
transition can be assigned as a second-order ferroelastic one,
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bearing in mind the crucial part the By,(A,) soft mode plays
in the process.

Finally, it must be pointed out that ZnF, shows a similar
behavior with pressure as the rutile-structured dioxides GeO,
(Ref. 11) and SnO, (Ref. 12); this is more evident in the
pressure dependence of the B, mode: like the dioxides, the
frequency of this mode in ZnF, does not fall to zero at P,
and this is contrary to what mean field theory®' predicts. It
has been shown'? that such a pressure dependence of the B, <

PHYSICAL REVIEW B 72, 144108 (2005)

soft mode constitutes further evidence that the phase transi-
tion from rutile-to-CaCl, structure is ferroelastic.
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