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Size criterion for amorphization of molecular ionic solids
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X-ray-diffraction measurements show that Rb2ZnBr4, K2ZnCl4, and Rb2ZnCl4 become amorphous at pres-
sures exceeding 10 GPa. In contrast, their Cs2ZnCl4 and K2SeO4 isomorphs undergo crystal-crystal phase
transitions and do not amorphize at the highest pressures measured;60 GPa. This indicates that the tendency
of A2BX4 molecular ionic solids to amorphize upon compression depends predominantly on the ratio of the
size of the anionic tetrahedralBX4 groups to that of the interstitialA cations. This criterion is also consistent
with the incommensurate phase behavior exhibited by several of these solids at ambient pressure.
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I. INTRODUCTION

Identifying structural relationships between the crystall
and noncrystalline state is of fundamental interest in mat
als research.1 Pressure-induced crystalline to noncrystalli
transitions have therefore been the focus of intense s
because the amorphous state produced at room temper
involves only small displacements in the atomic positions
the ambient pressure crystal. This phenomenon has now
observed for all classes on bonding.2–10A central question in
the study of these crystalline to noncrystalline transitions
‘‘What basic structural feature of a crystal dictates
tendency to amorphize upon compression?’’ We addr
this question here for the case ofA2BX4 molecular ionic
solids ~Fig. 1, Table I! through a comparative examinatio
of the pressure-induced transformations of six isomor
within this family, namely, K2ZnCl4, Rb2ZnCl4, Cs2ZnCl4 ,
Cs2ZnBr4 , Rb2ZnBr4, and K2SeO4. In their normal ambient
pressure paraelectric phase these insulating crystals
orthorhombic with Pnam space group and have four form
units per unit cell. They consist of anionicBX4 tetrahedral
groups which are separated from each other by interst
A cations.11–16 The essential way in which these system
differ from each other is via the ratios of the sizes of t
anionic BX4 tetrahedral units to that of their interstitialA
cations (ZnCl4/K

151.69, ZnBr4 / Rb
151.62, ZnCl4 /Rb

1

51.52, ZnBr4 /Cs
151.43, ZnCl4/Cs

151.35, SeO4/K
1

51.23).Therefore we can directly examine the importan
of this size ratio in influencing crystalline to noncrystallin
transitions within this family.

II. EXPERIMENTAL DETAILS

We monitored the transformations using a diamo
cell and energy-dispersive x-ray diffraction at the Hambu
550163-1829/97/55~22!/14765~5!/$10.00
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High Energy Synchrotron Source using a Ge solid-state
tector.Ed ranged from 68 to 80 keV Å and the beam w
collimated to 40340mm. Measurements were performed o
fine-grained samples placed in 150mm diameter gaske
holes. These salts are soft so they could effectively ac
their own pressure medium. Nevertheless the obser
pressure-induced amorphizations of Rb2ZnCl4 and K2ZnCl4
were measured both with and without an argon medium~Fig.
2! completely surrounding pressed powder pellets confi
ing that the order-disorder transitions were a pure struct
effect, i.e., not caused by any shear in the sample. R
fluorescence, the diffraction lines of argon or those of g
were used to monitor the pressure.17–19 The samples were
characterized at ambient pressure using x-ray diffraction
Raman spectroscopy. The patterns of the six isomor
agreed with those reported in the literature.16,20

III. RESULTS

We focus first on the three chloride isomorphs. The pr
cipal observation to make about the effect of pressure on

FIG. 1. Schematic of the experimentally determined aver
structure of A2BX4 molecular ionic crystals (A5K, Rb, Cs;
B5Zn, Se, Cr, S, Cd;X5Cl, Br, I, O! in their orthorhombicPnma
phase. The interstitial sites between the isolated anionic tetrahe
BX4 units are filled withA cations~grey balls!. The white balls
representB cations and the black balls designateX anions~Ref. 16!.
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x-ray-diffraction patterns of the three isomorphs is their ve
similar behavior at low pressures and their sharply contr
ing behavior at high pressure@Figs. 3~a!–3~c!#. At low pres-
sures all diffraction peaks shift to higher energies and
x-ray patterns develop a clustering of peaks,~depicted by
arrows in the figures!, signaling a phase transformation. A
higher pressures for the case of K2ZnCl4 and Rb2ZnCl4 pro-
nounced broad diffuse peaks, commonly observed in am
phous solids,2 dominate the x-ray patterns while other r
maining x-ray-diffraction peaks broaden, decline in intens
and vanish. At pressures in excess of 10 GPa as seen in
3~a! and 3~b!, the K2ZnCl4 and Rb2ZnCl4 isomorphs rapidly
converge on x-ray amorphous states. Cs2ZnCl4, despite its
intimate structural and chemical similarity to its two isomo
phs behaves differently. The clustering of peaks in its sp
trum is a precursor not to an amorphous structure, but
high-pressure crystalline phase, whose x-ray-diffraction p
tern above 14.0 GPa can no longer be indexed on the bas
the ambient pressure orthorhombic~Pnma! structure. This
diffraction pattern remains crystalline to the highest pr
sures measured, approaching 60 GPa@Fig. 3~c!#. The fact
that the three isomorphs essentially differ only via the te
hedralBX4 unit to A cation size ratio, indicates that th
ionic size ratio dictates the tendency of these solids to ei
undergo a crystal-crystal phase transition at pressure, or
come impeded in their effort to do so, resulting in interm
diate amorphous phases. To consolidate this finding we
tended our examination to two other isomorphs in t
family. The fourth isomorph in our study, K2SeO4, has a
BX4 /A ratio of ~1.23! below that of Cs2ZnCl4. Consistent
with the emerging ionic size ratio systematic, its behav
mirrors that of its Cs2ZnCl4 isomorph@Fig. 3~d!#. Between 8
and 17 GPa as indicated by the arrow in the figure, an in

TABLE I. An illustrative list of A2BX4 compounds as a func
tion of the ratio (r B1r X)/r A , wherer i are the ionic radii~Refs. 14
and 16!. The average experimental value for the distanceB-X in the
BX4 tetrahedra was taken asr B1r X . The systems examined in thi
study are depicted with bold lettering.

A2BX4 BX4 /A

K2CoCl4 1.702
K2ZnBr4 1.695
K2ZnCl4 1.691
Cs2CdI4 1.653
Rb2ZnBr 4 1.616
Rb2CoBr4 1.603
Cs2HgBr4 1.563
Cs2ZnI4 1.550
Cs2CdBr4 1.550
Rb2CoCl4 1.527
Rb2ZnCl4 1.521
Cs2HgCl4 1.490
Cs2ZnBr 4 1.431
Cs2ZnCl4 1.347
K2CrO4 1.236
K2SeO4 1.225
Rb2SeO4 1.104
Cs2SeO4 0.974
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conglomeration of peaks develops which is a precursor
crystalline phase emerging at higher pressures, and rem
ing crystalline to the highest pressures measured approac
60 GPa. We then considered Rb2ZnBr4 (BX4 /A51.62),
characterized by an ionic size ratio between that
K2ZnCl4 ~1.69! and Rb2ZnCl4 ~1.52!. Since the latter two
isomorphs become amorphous upon compression any o
member of this family with a size ratio intermediate betwe
these two should exhibit the same behavior. The effec
pressure on the x-ray-diffraction pattern of Rb2ZnBr4 reflects
this trend. At lower pressures the spectrum undergoe
marked decrease in the intensity of the various diffract
peaks with the simultaneous emergence of a ‘‘halolike’’ fe
ture at;14 GPa as indicated by the arrow in Fig. 3~e!. At
higher pressures this broad diffuse peak dominates the
tern and Rb2ZnBr4 rapidly converges on an x-ray amorpho
phase. Note also the return of the diffraction features for t
and the other isomorphs upon release of pressure, albeit
some intensity variations, consistent with the displac
character of these transitions for nondirectionally bond
solids. We additionally examined the compressional beh
ior of Cs2ZnBr4 which is characterized by an anion to catio
size ratio~ZnBr4 /Cs

151.43) between that of the isomorph
that amorphize and those that do not. Strikingly this syste
as seen in Fig. 3~f!, exhibits behavior intermediate betwee
that of the former and latter isomorphs. While its x-ra
diffraction pattern develops a characteristic broad diffu
peak at about 11 GPa, indicated by an arrow in the figure,
crystal does not converge either on a high-pressure cry
phase or on an amorphous phase. Rather it retains to
highest pressure measured264 GPa, the basic features th
emerged at 11 GPa, namely a ‘‘halolike structure,’’ on whi
broadened x-ray-diffraction peaks are superimposed. Fin
we have also documented the amorphization of K2ZnCl4 and
Rb2ZnCl4 in an argon medium@Figs. 4~a! and 4~b!# confirm-
ing that the order-disorder transitions are not due to any
viatoric stress in the sample.

IV. DISCUSSION

These results indicate that theBX4 /A size ratio criterion
is effective in predicting whether crystals in this family wi
undergo a crystal-crystal phase transition at pressure
whether such a transition will be impeded resulting in
amorphous phase. Consequently based on our study, cry

FIG. 2. Schematic of the diamond cell assemblage, used
compressing K2ZnCl4 and Rb2ZnCl4 in an argon medium.
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FIG. 3. Energy-dispersive x-ray-diffraction measurements on K2ZnCl4 ~a!, Rb2ZnCl4 ~b!, Cs2ZnCl4 ~c!, K2SeO4 ~d!, Rb2ZnBr4 ~e!,
Cs2ZnBr4 ~f! at various pressures. The features labeled with an asterisk in~c! are escape peaks due to the intense cesium fluorescenc
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FIG. 4. Energy-dispersive x-ray-diffraction measurements of K2ZnCl4 ~a! and Rb2ZnCl4 ~b! in an argon medium.
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with BX4 /A size ratios below that of Cs2ZnBr4 will trans-
form to a high-pressure crystalline phase whereas crys
with BX4 /A ratios above that of Cs2ZnBr4 will transform to
noncrystalline solids upon compression, while Cs2ZnBr4
with its intermediate size ratio bridges the contrasting beh
ior of its isomorphs. This criterion effectively applies
other classes of molecular solids such as the simplerBX4
family whereB5Sn, Ge andX5I, Br, Cl.2 In these struc-
tures the interstitial sites between theBX4 tetrahedral units
are empty. Therefore theBX4 to ‘‘A’’ ratio may be viewed
as very large or infinite and the crystals are apt to amorph
upon compression. This is consistent with the already
served amorphization of all examined members of this fa
ily at pressures above 8 to 10 GPa.2,21–24

There are distinct analogies between the ionic size r
systematics identified here for crystalline to noncrystall
transitions and those found to dictate crystal-crystal ph
transitions in a variety of simpler system such as alkali
lides. For example in sodium halides, NaF and NaCl unde
the well documentedB1-B2 transition at pressure.25 When
the anion to cation size ratio though is larger as is true for
NaBr and NaI isomorphs the crystals do not undergo
B1-B2 transition but rather transform to a distorted B
structure upon compression. For these crystals it was i
cated that when the anion to cation size ratio exceed
threshold value theB1 phase becomes denser than the hy
theticalB2 phase, resulting in a transition to a distortedB1
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phase upon compression instead.25 This reasoning likely ex-
plains the transition to a noncrystalline state for the m
complexA2BX4 salts whenBX4 /A ratios exceed a critica
value. We can also view the transitions in terms of a pack
of the anionicBX4 units around theA cations. When the
BX4 ~for example ZnCl4) units are small relative to theA
cations ~for example Cs1! increasing repulsive and steri
stresses induced by pressure can be accommodated by d
mations of the Cs1 outer shell as opposed to significa
changes in its average position. In contrast to this sma
A cations such as K1 will accommodate increased stress
through larger and more varied displacements from their
erage positions resulting in a subsequent loss of translati
periodicity at high pressures. This view is consistent with
explanation provided for the incommensurate lattice insta

TABLE II. Link between ionic size ratios of severalA2BX4
halide isomorphs and their incommensurate and high-pres
phase behavior~Refs. 15 and 16!.

A2BX4 BX4 /A Incommensurate phase Amorphous pha

K2ZnCl4 1.691 Yes Yes
Rb2ZnBr4 1.616 Yes Yes
Rb2ZnCl4 1.521 Yes Yes
Cs2ZnBr4 1.431 No No
Cs2ZnCl4 1.347 No No
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ity exhibited by several of these compounds at ambi
pressure.13–15,26It was found that the presence of large a
ionic BX4 groups in relation to the size of theA cations
induces increased stresses in the backbone lattice resulti
an incommensurate modulation and strict loss of tran
tional periodicity along a particular crystallographic ax
Notably ~see Table II! the BX4 /A size threshold above
which an incommensurate modulation arises for halides
this family is correlated with that found here above which
crystalline to noncrystalline transition occurs. This th
points to a common structural criterion governing ord
disorder transitions in this family.

Incommensurate solids constitute in many respect
structural bridge between amorphous solids and crys
since they are characterized both by translational order
aperiodicity. This sets the stage for further sensitive lig
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scattering and angle-dispersive x-ray-diffraction experime
to investigate, for example, whether transitions from t
crystalline to the noncrystalline state can be mediated b
transitional incommensurate phase. More generally ident
ing criteria such as the ionic size ratio found in this study
predicting the transition from the ordered to the disorde
state for extended structural families constitutes a signific
step towards unraveling the mechanism of formation and
derlying structure of disordered solids.
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