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Size criterion for amorphization of molecular ionic solids
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X-ray-diffraction measurements show that,RbBr,, K,ZnCl,, and RBZnCl, become amorphous at pres-
sures exceeding 10 GPa. In contrast, theisZ@€l, and K,SeQ, isomorphs undergo crystal-crystal phase
transitions and do not amorphize at the highest pressures measéfe@Pa. This indicates that the tendency
of A,BX, molecular ionic solids to amorphize upon compression depends predominantly on the ratio of the
size of the anionic tetrahedrBIX, groups to that of the interstitigh cations. This criterion is also consistent
with the incommensurate phase behavior exhibited by several of these solids at ambient pressure.
[S0163-182697)05022-4

[. INTRODUCTION High Energy Synchrotron Source using a Ge solid-state de-
tector. Ed ranged from 68 to 80 keV A and the beam was
Identifying structural relationships between the crystallinecollimated to 440 um. Measurements were performed on
and noncrystalline state is of fundamental interest in materifine-grained samples placed in 150m diameter gasket
als research.Pressure-induced crystalline to noncrystallineholes. These salts are soft so they could effectively act as
transitions have therefore been the focus of intense studipeir own pressure medium. Nevertheless the observed
because the amorphous state produced at room temperatymeessure-induced amorphizations of,RbCl, and K.ZnCl,
involves only small displacements in the atomic positions ofwere measured both with and without an argon mediEin.
the ambient pressure crystal. This phenomenon has now be@h completely surrounding pressed powder pellets confirm-
observed for all classes on bondifig° A central question in  ing that the order-disorder transitions were a pure structural
the study of these crystalline to noncrystalline transitions isffect, i.e., not caused by any shear in the sample. Ruby
“What basic structural feature of a crystal dictates itsfluorescence, the diffraction lines of argon or those of gold
tendency to amorphize upon compression?” We addresgere used to monitor the pressdfe’® The samples were
this question here for the case A5BX, molecular ionic  characterized at ambient pressure using x-ray diffraction and
solids (Fig. 1, Table ) through a comparative examination Raman spectroscopy. The patterns of the six isomorphs
of the pressure-induced transformations of six isomorphggreed with those reported in the literatd?é®
within this family, namely, KZnCl,, Rb,ZnCl,, Cs,ZnCl,,
Cs,ZnBr,, RbbZnBr,, and KSeQ. In their normal ambient . RESULTS
pressure paraelectric phase these insulating crystals are i o )
orthorhombic with Pnam space group and have four formula  We focus first on the three chloride isomorphs. The prin-
units per unit cell. They consist of anion&X, tetrahedral ~Cipal observation to make about the effect of pressure on the
groups which are separated from each other by interstitial
A cationst'™® The essential way in which these systems h s
differ from each other is via the ratios of the sizes of the %7)%4% %*' © A
anionic BX, tetrahedral units to that of their interstitial
cations (ZnCJ/K*=1.69, ZnBr,/ Rb"*=1.62, ZnC|,/Rb" o e %Z %
=1.52, ZnBr/Cs*=1.43, ZnCl|/Cs*=1.35 SeQK™" b\t, . BX4
=1.23).Therefore we can directly examine the importance 2
of this size ratio in influencing crystalline to noncrystalline
transitions within this family.

FIG. 1. Schematic of the experimentally determined average
structure of A,BX, molecular ionic crystals A=K, Rb, Cs;
1. EXPERIMENTAL DETAILS B:Zn, Se, C.:r, S, Cdx:CI, Br, |, O) in thelr Orthorho.mb.idanma

phase. The interstitial sites between the isolated anionic tetrahedral
We monitored the transformations using a diamondBX, units are filled withA cations(grey ball3. The white balls
cell and energy-dispersive x-ray diffraction at the HamburgrepresenB cations and the black balls designtanions(Ref. 16.
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TABLE I. An illustrative list of A,BX, compounds as a func- Ge - detector
tion of the ratio €g+ry)/r», wherer; are the ionic radi(Refs. 14 /
and 16. The average experimental value for the distaBeX in the
BX, tetrahedra was taken ag+ry. The systems examined in this X
study are depicted with bold lettering.

ABX, BX,/A gaskeliir

KaCoCl 1.702 Y

K»ZnBr, 1.695

K,ZnCl, 1.691

Cs,Cdl, 1.653

Rb,ZnBr , 1.616 Synchrotron beam

Ebfosrr“ 1222 FIG. 2: Schematic of the diamond cell assem.blage, used for

CEZZZr?I 4 1‘550 compressing KZnCl, and RRZnCl, in an argon medium.

4 )

;Zgjga 122(7) conglomeration of peaks develops which is a precursor to a
: crystalline phase emerging at higher pressures, and remain-

RbZnCl, 1.521 ing crystalline to the highest pressures measured approaching

CsHgCl, 1.490 60 GPa. We then considered ZbBr, (BX,/A=1.62),

Cs,ZnBr, 1431 characterized by an ionic size ratio between that of

Cs,ZnCly 1.347 K,ZnCl, (1.69 and RbZnCl, (1.52. Since the latter two

KoCrO, 1.236 isomorphs become amorphous upon compression any other

K2SeQ, 1.225 member of this family with a size ratio intermediate between

Rb,SeQ, 1.104 these two should exhibit the same behavior. The effect of

CsSeQ 0.974 pressure on the x-ray-diffraction pattern of ZbBr, reflects

this trend. At lower pressures the spectrum undergoes a
marked decrease in the intensity of the various diffraction
x-ray-diffraction patterns of the three isomorphs is their verypeaks with the simultaneous emergence of a “halolike” fea-
similar behavior at low pressures and their sharply contrastiure at~14 GPa as indicated by the arrow in FigeR At

ing behavior at high pressuf€igs. 3a)—3(c)]. At low pres-  higher pressures this broad diffuse peak dominates the pat-
sures all diffraction peaks shift to higher energies and théern and REZnBr, rapidly converges on an x-ray amorphous
x-ray patterns develop a clustering of peakdepicted by phase. Note also the return of the diffraction features for this
arrows in the figures signaling a phase transformation. At and the other isomorphs upon release of pressure, albeit with
higher pressures for the case of0Cl, and RZnCl, pro-  Some intensity variations, consistent with the displacive
nounced broad diffuse peaks, commonly observed in amogharacter of these transitions for nondirectionally bonded
phous solid$, dominate the x-ray patterns while other re- solids. We additionally examined the compressional behav-
maining x-ray-diffraction peaks broaden, decline in intensityior of Cs,ZnBr, which is characterized by an anion to cation
and vanish. At pressures in excess of 10 GPa as seen in Fig#ze ratio(ZnBr,/Cs"=1.43) between that of the isomorphs
3(a) and 3b), the K,ZnCl, and RBZnCl, isomorphs rapidly ~that amorphize and those that do not. Strikingly this system,
converge on x-ray amorphous states,Zb&l,, despite its as seen in Fig. @), exhibits behavior intermediate between
intimate structural and chemical similarity to its two isomor- that of the former and latter isomorphs. While its x-ray-
phs behaves differently. The clustering of peaks in its specdiffraction pattern develops a characteristic broad diffuse
trum is a precursor not to an amorphous structure, but to eak at about 11 GPa, indicated by an arrow in the figure, the
high-pressure crystalline phase, whose x-ray-diffraction patcrystal does not converge either on a high-pressure crystal
tern above 14.0 GPa can no longer be indexed on the basis Bhase or on an amorphous phase. Rather it retains to the
the ambient pressure orthorhomhienma structure. This highest pressure measure®4 GPa, the basic features that
diffraction pattern remains crystalline to the highest presemerged at 11 GPa, namely a “halolike structure,” on which
sures measured, approaching 60 GPa. 3(c)]. The fact broadened x-ray-diffraction peaks are superimposed. Finally
that the three isomorphs essentially differ only via the tetrawe have also documented the amorphization g2Cl, and
hedral BX, unit to A cation size ratio, indicates that this Rb,ZnCl, in an argon mediunpFigs. 4a and 4b)] confirm-
ionic size ratio dictates the tendency of these solids to eitheng that the order-disorder transitions are not due to any de-
undergo a crystal-crystal phase transition at pressure, or b¥iatoric stress in the sample.

come impeded in their effort to do so, resulting in interme-
diate amorphous phases. To consolidate this finding we ex-
tended our examination to two other isomorphs in this
family. The fourth isomorph in our study, ;8eQ, has a These results indicate that ti8eX, /A size ratio criterion
BX,/A ratio of (1.23 below that of CgZnCl,. Consistent is effective in predicting whether crystals in this family will
with the emerging ionic size ratio systematic, its behaviorundergo a crystal-crystal phase transition at pressure or
mirrors that of its C&ZnCl, isomorph[Fig. 3(d)]. Between 8 whether such a transition will be impeded resulting in an
and 17 GPa as indicated by the arrow in the figure, an initiahmorphous phase. Consequently based on our study, crystals

IV. DISCUSSION
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FIG. 3. Energy-dispersive x-ray-diffraction measurements g&nkl, (a), Rb,ZnCl, (b), CsZnCl, (c), K,SeQ (d), Rb,ZnBr, (e),
Cs,ZnBry (f) at various pressures. The features labeled with an asterigh are escape peaks due to the intense cesium fluorescence.
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FIG. 4. Energy-dispersive x-ray-diffraction measurements £&rCl, (a) and RZnCl, (b) in an argon medium.

with BX,/A size ratios below that of G&nBr, will trans-  Phase upon compression instéadhis reasoning likely ex-
form to a high-pressure crystalline phase whereas crystaR@ins the transition to a noncrystalline state for the more
with BX, /A ratios above that of GEnBr, will transform to ~ COMPlexA,BX, salts whenBX,/A ratios exceed a critical
noncrystalline solids upon compression, while,Zer,  Vvalue. We can also view the transitions in terms of a packing
with its intermediate size ratio bridges the contrasting behavof the anionicBX, units around theA cations. When the
ior of its isomorphs. This criterion effectively applies to BX4 (for example ZnGj) units are small relative to tha
family whereB=Sn, Ge andX=I, Br, Cl.2 In these struc- Stresses induced by pressure can be accommodated by defor-
tures the interstitial sites between tB&, tetrahedral units Mations of the CSs outer shell as opposed to significant
are empty. Therefore thBX, to “A” ratio may be viewed changes in its average position. In contrast to this smaller
as very large or infinite and the crystals are apt to amorphiz& cations such as Kwill accommodate increased stresses
upon compression. This is consistent with the already obthrough larger and more varied displacements from their av-
served amorphization of all examined members of this fam&rage positions resulting in a subsequent loss of translational
ily at pressures above 8 to 10 GP& 24 periodicity at high pressures. This view is consistent with the
There are distinct analogies between the ionic size rati§XPlanation provided for the incommensurate lattice instabil-
systematics identified here for crystalline to noncrystalline TABLE IL. Link b o . ‘ 4.BX
transitions and those found to dictate crystal-crystal phase . ~*=~ Ink between lonic size ratios of severdl,BX,
transitions in a variety of simpler system such as alkali ha- alide |somo_rphs and their incommensurate and. high-pressure
lides. For example in sodium halides, NaF and NaCl undergBhase behaviofRefs. 15 and 16
the Wef” docum_ente@l-BZ tranS|t|0_n at pressufé.When A,BX, BX,/A Incommensurate phase Amorphous phase
the anion to cation size ratio though is larger as is true for the

NaBr and Nal isomorphs the crystals do not undergo the&,znCl, 1.691 Yes Yes
B1-B2 transition but rather transform to a distorted B1Rb,ZnBr, 1.616 Yes Yes
structure upon compression. For these crystals it was indRb,znCl,  1.521 Yes Yes
cated that when the anion to cation size ratio exceeds @sznBr, 1.431 No No
threshold value th&1 phase becomes denser than the hypocs,zncl,  1.347 No No

thetical B2 phase, resulting in a transition to a distorigd
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ity exhibited by several of these compounds at ambienscattering and angle-dispersive x-ray-diffraction experiments
pressuré>~>2°|t was found that the presence of large an-to investigate, for example, whether transitions from the
ionic BX, groups in relation to the size of th& cations crystalline to the noncrystalline state can be mediated by a
induces increased stresses in the backbone lattice resulting fifansitional incommensurate phase. More generally identify-
an incommensurate modulation and strict loss of translaing criteria such as the ionic size ratio found in this study for
tional periodicity along a particular crystallographic axis. predicting the transition from the ordered to the disordered
Notably (see Table Il the BX,/A size threshold above state for extended structural families constitutes a significant

which an incommensurate modulation arises for halides irstep towards unraveling the mechanism of formation and un-
this family is correlated with that found here above which aderlying structure of disordered solids.

crystalline to noncrystalline transition occurs. This then
points to a common structural criterion governing order-
disorder transitions in this family.

Incommensurate solids constitute in many respects a
structural bridge between amorphous solids and crystals We thank J. Otto for valuable advice and assistance with
since they are characterized both by translational order anithe x-ray-diffraction measurements and O. Tschauner and A.
aperiodicity. This sets the stage for further sensitive lightZerr for helpful discussions.
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