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Abstract

Raman spectroscopic measurements of K,CrO,4 upon compression in an argon pressure medium reveal a series of structural
transitions between ambient conditions and 50 GPa. The solid remains crystalline to the highest pressure measured. This behavior is
consistent with an emerging trend upon compression for the extended class of 4,BX}4 solids which are isostructural to K,CrOy. In
particular crystals with size ratios of anionic tetrahedral BX4 groups to interstitial 4 cations below 1.45 remain crystalline at all
pressures examined whereas those having ratios higher than 1.45 become amorphous.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Molecular ionic solids with the chemical formula
A;BX4 (A=K, Rb, Cs; B=Cr, S, Cd, Se, Zn; X=0, Cl,
Br, I) have been the focus of numerous studies revealing
a multitude of phase transitions as a function of
temperature and more recently pressure [1-3]. These
phases include paraelectric, ferroelectric, ferroelastic as
well as incommensurate modifications [3]. Despite the
plethora of phases, the structures are all characterized
by the same motif, namely isolated anionic tetrahedral
BX,4 units with the interstitial sites being filled with 4
cations (Fig. 1) [3-8]. The most common modification
prevalent at room temperature has orthorhombic
symmetry with Pnma space group and four formula
units per unit cell. The other modifications typically
acquired at lower temperatures involve rotations of the
tetrahedral units accompanied by readjustments in the
interstitial cation positions [3,9,10]. These changes lead
to doubling and tripling of the unit cell as the
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temperature is lowered, accompanied by concomitant
increases in the number of formula units present in the
unit cell. The most prevalent symmetry adopted at lower
temperatures by these systems is monoclinic. These
crystal-crystal transitions are in many instances bridged
by incommensurate phases where the unit cell in the
strict sense has an infinite size in one dimension. It has
been found that the presence of large anionic BX4
groups in relation to the size of the A4 cations, induces
increased stresses in the backbone lattice resulting in an
incommensurate modulation and strict loss of transla-
tional periodicity along a particular crystallographic
axis [3-5,8]. In fact, the size threshold above which an
incommensurate modulation arises for halides in this
family is correlated with that found for crystalline to
non-crystalline transitions upon compression, as docu-
mented by X-ray diffraction measurements [3,11]. This
correlation was explained in terms of a packing of the
anionic BX4 units around the A4 cations. When the BX,
units are small relative to the 4 cations (ex: ZnCly to
Cs ™), increased repulsive and steric stresses induced by
pressure can be accommodated by deformations of the
Cs ™" outer shell as opposed to significant changes in its
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Fig. 1. Schematic of the experimentally determined average structure
of A, BX4 molecular ionic solids (4 =K, Rb, Cs; B=Cr, S, Cd, Se, Zn;
X=0, Cl, Br, I) in their orthorhombic Pnma phase which contains
four formula units per unit cell. An essential way in which these
systems differ from each other is via the ratios of the sizes of the
anionic BX,4 tetrahedral units to that of the interstitial 4 cations
((rg +rx)/ra, where r; are the ionic radii) [4,5].
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average position. In contrast to this, smaller 4 cations
such as K" will accommodate increased stresses
through larger and more varied displacements from
their average positions resulting in a subsequent loss of
translational periodicity at high pressures. The size ratio
(s.r.), BX4 to A, differentiating crystals that do lose
translational periodicity from the rest was found to be
about 1.45 [11].

This work expands investigation of the validity of the
empirical size criterion governing the stability of 4,BX4
molecular ionic solids at high densities. So far, our
compressional study in this family using X-ray diffrac-
tion measurements to 60 GPa has included K,ZnCly
(s.r.=1.691), Rb,ZnBry (s.r.=1.616), Rb,ZnCl, (s.r.=
1.521), Cs,ZnBry (s.r.=1.431), Cs,ZnCly (s.r.=1.347),
and K,SeOy (s.r.=1.225) [11]. We extend the composi-
tional range and methodology here by examining the
compressional behavior of orthorhombic K,CrO,4 which
has a BX4/A ratio of 1.236 which falls below the BX /A4
size ratio threshold for transition to a non-crystalline
state upon compression. We use Raman spectroscopy
measurements, which are particularly sensitive to atomic
rearrangements on the polyhedral level and complement
previous X-ray diffraction measurements [12]. The
only previous Raman spectroscopy measurements on
K>CrO4 were to 4 GPa and no structural transitions
were detected [13]. In early resistivity studies to 10 GPa
on K,CrO,, Pistorius found evidence for three phase
transitions at 2.6, 5.1 and 9.5 GPa at room temperature
[14]. Pistorius and Rapoport though in a later study
questioned these earlier results due to the presence of
uniaxial stress, recrystallization, impurities as well as
ambiguities in calibration procedures [15]. In this later
study, using differential thermal analysis, Pistorius and
Rapoport verified the well-known transition of ambient
pressure orthorhombic K,CrO4 to a hexagonal mod-
ification above 942 K. Their data also suggested another
phase transition of the ambient pressure orthorhombic
phase above 2GPa and 1323K to a structure also
suggested to have hexagonal symmetry. No phase

transitions at ambient temperature were reported in
this later study.

2. Experimental techniques

Single crystals of K,CrOy4 (orthorhombic, space group
Pnma, Z =4, a="7.662A, b =5919A, ¢ =10.391A,
99+ % purity Aldrich), were selected using a polariza-
tion microscope and Raman spectroscopy measure-
ments [6,7,16]. Pressure was applied with a diamond
anvil cell. The crystals, 10pum thick and 50 x 20 pm?
horizontal dimensions, were placed in the centre of 301
stainless steel gaskets in an argon pressure medium. The
sample chamber dimensions were between 130 and
150 um in diameter and 60 um in thickness. The Raman
spectra were excited with the 457.9-nm line of an argon
ion laser with powers ranging from 5 to 30mW. The
Raman spectra were analyzed in the 200-1150cm ™"
wavenumber range with a Spex 1402 double mono-
chromator with a LN-cooled CCD (charged coupled
device detector) with a spectral resolution of about
1em™'. Pressure was measured using micron sized ruby
chips placed next to the samples.

3. Results

Two experiments were performed, the first to 31 GPa,
where the transformations were monitored upon com-
pression and decompression, and the second to 51 GPa
monitored upon compression. Because the single crys-
tals placed in the cell in the two experiments did not
have the same orientation, the ambient pressure spectra
were not identical in each run. Factor group analysis for
the Pnma symmetry allows in total, 18 internal modes (6
Ay+3B,+6B,,+3 B3, and 24 lattice modes, 18 of
which are translational (64,+ 3 B,,+ 6 B,,+3 Bs,) and
6 of which are librational (1 4,+2 By, +1 By, +2 Bs,)
[16]. At ambient pressure, the external and internal
modes are situated in the 50-180cm~' and
300-950cm ™! regions, respectively. In the first experi-
ment 11 internal modes were detected and in the
second experiment 10 internal modes were detected at
ambient pressure, all belonging to stretching and
bending modes of the CrO,4 tetrahedra (Table 1) [16].
No external modes were detected at ambient pressure
because they lie at energies too low to detect by the
experimental arrangement used, but several were de-
tected above 10 GPa.

The effect of pressure on the Raman spectra of
K,CrO,4 in the two experiments are shown in Figs. 2
and 3. Figs. 2a and 2b show the effect of compression
and decompression, respectively, on the Raman spectra
in the first experiment. Figs. 3a and 3b show the effect of
compression on the Raman spectra to 50.1 GPa in the
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Table 1

Measured ambient pressure frequencies and vibrational assignments for K,CrO, in the previous and the present study

K>CrOy4, Pnma, Z=4 Vibrational assignment
single crystal data (cm™") [16]
[16]

Ist Expt (1 atm)

2nd Expt (1 atm) Huang and Butler [13]

919 By,

905 A, 906
(Blu + B}u) 890

884 By 886

881 By 883

877 By, 873

868 4, 866

852 Ay + By, 857

398 By, 398

397 A,

393 By,

388 Biy+ By 388

387 A,

352 By, 353

351 By, 350

348 Blg

347 A,

182 By,

181 Ay

164 A]g =+ B3y

138 By,

120 By

119 By,

94 Biy+ By,

87 By,

84 Ay

58 By,

919
906 907
886
883 880
873
869
859 854
397
395
390 388
388
354
351 350

Note: The first column shows the frequencies of all the modes observed in an ambient pressure orientation-dependent single crystal Raman
spectroscopy study, in which all 18 internal, and 12 of the 24 lattice modes, were detected. The second column shows the vibrational frequency
assignment based on the orientation-dependent single crystal measurements and the factor group analysis [16]. Columns three and four show the
ambient pressure modes detected for experiments one and two, respectively, in the present study. In column three, the mode at 890 is likely due to an
accidental IR active mode. Column five shows the ambient pressure modes detected in a previous compressional study to 4 GPa [13].

second experiment. The breaks in the spectra separate
the low wavenumber (200-550cm™') from the high
wavenumber (800—1150cm™") vibrational regions. The
spectra within the two regions are scaled with respect to
each other. Had all spectra been plotted on the same
scale, the low wavenumber region spectra would be
about an order of magnitude weaker in intensity than
the high wavenumber region ones. In both Figs. 2 and 3,
thick arrows designate the first pressure at which a new
mode is detected above ambient pressure, and thin
arrows designate the last pressure at which a mode is
detected. The pressure dependence of the vibrational
frequencies in the two experiments are shown in Figs. 4
and 5, respectively. The filled symbols designate
compression and the open symbols decompression.
Moreover, same symbols in the same wavenumber
regime in the two experiments correspond to the same
vibrational mode. The numerous changes in the Raman
spectra occurring upon compression and decompres-
sion, are summarized below. The lattice mode changes

are described last for each run since they are not
detectable below 10 GPa.

In the first experiment, the following changes were
documented upon compression (Figs. 2a and 4) and
decompression (Figs. 2b and 4). At between 0 and
6.5 GPa one new mode appears, situated at 407cm™" at
6.5 GPa. This mode persists to 31 GPa upon compres-
sion and can be monitored to 1.1 GPa upon decompres-
sion. Additionally, at between 0 and 6.5 GPa two modes
situated at 883 and 890cm™' at ambient pressure,
vanish. Upon decompression the 890cm™' mode re-
appears below 8.2 GPa, situated at 914cm™" at 4.4 GPa
and the 883cm™' mode reappears below 4.4 GPa,
situated at 905cm™! at 3.3 GPa. A further new mode
appears as a shoulder at 10.9 GPa, remains a weak
shoulder until 18.8 GPa and emerges as a distinct peak
at 21.2 GPa situated at 411cm™"'. This mode is clearly
visible up to 23.8 GPa. Upon decompression it becomes
visible between 27.8 and 24.7GPa, is situated at
416cm~" at 22.4GPa, becomes a shoulder below
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Fig. 2. Effect of pressure on the Raman spectrum of K,CrO,4 upon compression and decompression to 31 GPa in the first experiment. (a) and (b)
show the effect of pressure on the spectra upon compression and decompression, respectively.

20.1 GPa and disappears below 15.8 GPa. At 12.5 GPa
another new mode emerges, situated at 425cm~' at
13.8 GPa. This mode persists to 31 GPa and disappears
upon decompression at between 15.8 and 8.2 GPa.
Moreover, at between 12.5 and 13.8 GPa a mode
situated at 873cm™' at room pressure vanishes, and
reappears at between 15.8 and 8.2 GPa upon decom-
pression. Above 15.6 GPa, a further new mode appears
situated at 431cm™' at 21.2GPa which persists to
31 GPa and vanishes at between 18.6 and 15.8 GPa upon
decompression. Also at between 15.6 and 18.8 GPa
another mode, located at 389 cm™' at ambient pressure

and at 411 cm™" at 15.6 GPa, vanishes, and reappears at
between 15.8 and 8.2 GPa upon decompression. Finally,
at 18.8 GPa the intense highermost energy doublet
becomes less well resolved than at 15.6 or 13.8 GPa
and at 21.2 GPa the lower energy mode of the doublet
becomes more clearly asymmetric. At 23.8GPa, a
distinct peak emerges at 988 cm™' between the doublet.
This new peak becomes even stronger at 31.0 GPa and
disappears upon decompression at between 22.4 and
18.6 GPa. The following changes were documented for
the lattice modes upon compression and decompression.
At 13.8, 15.6 and 18.8 GPa three modes becomes
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Fig. 3. Effect of pressure on the Raman spectrum of K,CrO,4 upon compression to 50.1 GPa in the second experiment. (a) and (b) show the effect of
pressure on the spectra upon compression in the ambient to 29.5 and 31.8 to 50.1 GPa regimes, respectively.

detectable at 286, 253 and 234cm ™!, respectively. These
modes persist to 31 GPa and vanish below 15.8 GPa
upon decompression. A further mode was detected at
31 GPa at 249 cm™', which vanished upon decompres-
sion between 24.7 and 22.4 GPa.

In the second experiment to 50.1 GPa the following
changes in the spectra were documented (Figs. 3 and 5).
At between 0 and 8.1 GPa an ambient pressure
vibrational mode located initially at 886 cm™' vanishes.
At between 8.1 and 10GPa a new mode appears,
situated at 380cm ™! at 10.0 GPa. This mode vanishes at
between 31.8 and 34.4 GPa. Between 12.2 and 15.3 GPa,

a second mode located at ambient pressure at 873 cm ™

and at 12.2GPa at 941 cm™' vanishes. At between 15.3
and 17.1 GPa, a mode present at ambient pressure as a
weak shoulder at 388 cm ™" also disappears. At between
17.1 and 20.3 GPa a new mode appears, situated at
428cm™' at 20.3GPa. This mode shifts to higher
wavenumbers and persists to the highest pressures
measured of 50.1 GPa. At 20.3 GPa the intense higher-
most energy doublet becomes less well resolved than at
17.1 or 15.3 GPa and at 22.1 GPa the lower energy mode
of the doublet becomes more clearly asymmetric. At the
next measured pressure of 26.6 GPa, a distinct strong
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Fig. 4. Pressure dependence of the Raman frequencies upon compres-
sion and decompression to 31.0 GPa in the first experiment. The lattice
modes shown in the 220-350cm™! region could only be measured
above about 10 GPa.

peak emerges at 1000cm ™' between the doublet which
also persists to 50.1 GPa. At between 22.1 and 26.6 GPa,
two further new modes emerge located at 912 and
970cm ™' at 26.6 GPa, both of which also persist to
50.1 GPa. Additionally a new mode emerges at between
27.9 and 29.5GPa, situated at 450cm™' at 31.8 GPa
which also persists to 50.1 GPa. Moreover, a mode
located at 354cm™' at ambient pressure, vanishes at
between 27.9 and 29.5 GPa. The following changes were
documented for the lattice modes. A lattice mode
becomes detectable at 10 GPa at 233cm ™' and persists
to 50.1 GPa. A further mode appears at 223cm™' at
15.3 GPa which persists to 50.1 GPa as well. Addition-
ally two further modes appear at 315cm™" at 20.3 GPa
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Fig. 5. Pressure dependence of the Raman frequencies upon compres-
sion to 50.1 GPa in the second experiment. The lattice modes shown in
the 220-400 cm ™" region could only be measured above about 10 GPa.

and 239cm™' at 26.6GPa, which also persist to
50.1 GPa. Finally, four further weak lattice modes
emerge at 368cm~' at 344GPa, at 313cm™! at
36.7GPa, at 269cm™" at 43.4GPa, and at 349cm ™" at
47.3GPa. All of these also persist to the highest
pressures measured of 50.1 GPa.

4. Discussion

The most general result is that the new data support
our earlier findings that the BX4/A4 size ratio serves as
an effective and simple empirical criterion for predicting
the stability of 4,BX4 (A=K, Rb, Cs; B=Cr, S, Cd, Se,
Zn; X=0, Cl, Br, I) molecular ionic solids based on the
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Pnma space group upon compression [11]. The trend
namely is that solids in this family with size ratios
greater than 1.45 lose translational periodicity, whereas
those with size ratios below this value retain their
crystallinity. With respect to the more detailed structural
rearrangements taking place upon compression we first
note that the compressional behavior of solids within
this family at pressures high enough to investigate their
stability with respect to loss of translational periodicity
had only been investigated using X-ray diffraction
[11,12]. Raman spectroscopic measurements within this
class had been limited to pressures below about 20 GPa
so far [17-19]. In particular, Raman spectroscopy
measurements on K,CrO,4 had only been performed to
4 GPa revealing no structural changes [13]. Angle
dispersive X-ray diffraction measurements also revealed
no phase transitions to 50 GPa and hence that the
ambient pressure orthorhombic (Pnma) crystal structure
was retained at all pressures [12]. A decrease in the
relative intensity of diffraction peaks associated with the
CrO, tetrahedra was attributed to static orientational
disorder in the oxygen sublattice. Our high-pressure
Raman spectra reveal, as described above, a series of
structural changes as evident from the appearance of
several new vibrational modes and the disappearance of
others between ambient pressure and 50.1 GPa, but
show no evidence for peak broadening and overall
decline in intensity. There are however previous studies
on A,BX, molecular ionic solids indicating that the
number of Raman active modes observed in 4,BX4
solids may be more or even less than those allowed by
the crystal symmetry [8,20-25]. For example in K;SeOy,,
the observation of a larger number of internal modes
than that predicted by its X-ray- determined Pnam
structure was explained in terms of selenate tetrahedra
(SeO4) that are perturbed slightly off their ideal
positions dictated by the orthorhombic structure with
Pnam space group. This resulted in the lifting of
degeneracies by the influence of the cation sublattice
crystal field [21,23,26]. In Rb,ZnCl,, both lifting of
degeneracies similar to K,SeQy, as well as reduction in
the number of certain vibrational modes with respect to
those predicted by the orthorhombic Pnam phase have
been observed in the internal mode region. The
explanation for the former is similar to that for
K,SeO,4. The explanation for the reduced splittings,
based on molecular dynamic simulations, was in terms
of rotations of the ZnCl, anions away from their exact
crystallographical positions, into more energetically
favorable configurations where their local internal
stresses and the associated splittings of the free ion
degeneracies are least [§-9,22]. Raman scattering being a
local to medium range order probe is more sensitive to
these local rearrangements whereas X-ray diffraction
may only give the experimentally determined time
averaged structure [8,23].

Nevertheless the higher pressure spectra differ notably
from the ambient pressure one, pointing at phase
transitions. It is also the case that more than 25 different
structures with different space groups can be attained by
suitable small reorientations of the prototype orthor-
hombic structure which can have between 4 and 28
formula units per unit cell or even, an infinite number
for the case of incommensurate phases [3,10,27]. Thus
an unambiguous detailed correlation of the high-
pressure spectral changes with a unique structure is
difficult even if K,CrO4 at 50.1 GPa still consists of
isolated tetrahedral (CrOy) [16,28] albeit densely packed
around the potassium counteractions.

5. Conclusions

It would be important to compare the high-pressure
Raman spectra of systems that do not lose translational
periodicity at high densities such as K,CrO,4 with those
that do in order to evaluate the contrasting behavior on
the polyhedral level. In particular, there has been recent
work suggesting that loss of order upon compression in
many systems takes place in two steps [29,30]. The first
step involves anionic sublattice disorder and the second,
complete loss of translational periodicity. The anionic
sublattice in the 4, BX 4 system, would be comprised of
the X anions. For example in Rb,ZnCl,, as the large
ZnCl, units pack around the rubidium cations they
distort, leading to an increasingly varied array of Zn—Cl
vibrations (and hence Cl~ positions) which would
ultimately cause broadening and precipitous decline in
intensity of the internal vibrational modes. This would
then be followed by progressively more pronounced
perturbations of the underlying cationic backbone
lattice leading to the observed loss of translational
periodicity at a pressure of about 40 GPa [11].

In fact the backbone lattice concept is consistent with
the compressional behavior of systems which can be
viewed as not having a backbone lattice at all, namely
BX, crystals (B=Sn, Ge and X=1, Br, CIl), which
consist solely of isolated tetrahedral units with no A
counteractions in the interstitial sites [31,32]. All of these
amorphize at pressures above 8-10GPa [33-36]. One
can venture to the other structural limit as well where
there are no BX,4 units but only 4 counteractions,
transforming the A4, BX4 solids into alkali metals. These
can then be viewed as systems which consist solely of a
backbone lattice that would not lose translational
periodicity at any pressure. The compressional behavior
of alkali metals is certainly consistent with this behavior
since they remain crystalline at all pressures measured
spanning the range from ambient to 200 GPa [37,38].
Thus considering the cationic sublattice as the control-
ling factor in the stability of these crystals, then, when
there are no A cations, the crystal will easily lose
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translational periodicity. When A counteractions are
introduced, and as the BX4 over A size ratio becomes
smaller, the crystals become increasingly resistant to
disordering. There have, in fact, been numerous recent
studies indicating that the stability of crystals including
ones examined here, is primarily determined by the
highly symmetrical potential of the cations, and that the
anions act simply as a pressure perturbation on the
backbone cationic lattice [39-41]. Clearly, considerable
high-resolution diffraction and light-scattering studies
are still required, to test and refine these findings so that
we can ultimately develop predictive ability on the role
of polyhedral units and cationic and anionic sub-
networks in governing the stability of solids.
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