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The hexagonal 9R structure of CsMnCl, has been found to transform at -10 kbar to the 6H polytype structure 
(a = 7.268 A, c = 17.85 A) and further transform above -25 kbar to the 3C polytype structure (o = 5.111 A). 
A pressure-temperature phase diagram is presented. At pressures greater than 7 kbar the 6H polytype structure 
of RbMnClp transforms to the 3C polytype structure (a = 5.058 A). The quenched high pressure phases of 
Cs and Rb are stable at atmospheric pressure to 300 and 4OO”C, respectively. These polytype transformations 
are related to similar ones found for ABX, compounds where X is fluorine or oxygen. 

Introduction 

There is a large class of structurally related com- 
pounds that have the general composition ABX3, 
where A is a large cation, B is a smaller cation able 
to accept octahedral coordination, and X is an anion 
such as 0, S, F or Cl. The structures of this class 
all contain close-packed AX3 layers having cubic (c) 
or hexagonal (12) stacking of successive layers, the 
B cations occupying the all-anion octahedra. If all 
layers are hexagonal close-packed, the octahedra 
form isolated chains of face-shared octahedra as 
shown in Fig. la. This structure is designated (2H), 
in accordance with polytype notation, which in- 
dicates two formula units per hexagonal primitive 
cell. If two-thirds of the layers are hexagonal close 
packed in the sequence hhc, the octahedra form 
face-shared triples joined by common corners. This 
arrangement is shown in Fig. 1 b and is designated 
9R. For one-third hexagonal close packing in the 
sequence cchcch, the octahedra form face-shared 
pairs connected by intermediary octahedra that 
share only corners. Figure Ic shows this arrange- 
ment, which is designated 6H. When all layers are 
cubic close packed, the octahedra share only corners. 
This gives the perovskite structure represented by 
Fig. Id and designated 3C. These four polytypes 
(2H, 9R, 6H and 3C) are the only ones found for 
stoichiometric ABX3 compounds when X is F, Cl 

or Br. Katz and Ward discuss these and other 
related structures in greater detail in Ref. (1). 

It has been shown that high pressure always favors 
a polytype structure with more cubic close packing 
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FIG. 1. Octahedral arrangement for ABX3 polytypes. 
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if X is oxygen (2,3,4), fluorine (3,5,6,7), or chlorine 
(8). We describe in this paper the effect of high 
pressure on the structures of CsMnClj and 
RbMnCl,, which at atmospheric pressure have the 
9R and 6H structures, respectively (9, IO, II). 

Experimental 

The atmospheric-pressure forms of CsMnC13 and 
RbMnCl, were prepared by reacting stoichiometric 
amounts of the respective alkali chloride and 
MnClz*4H,0 in a flowing stream of dry HCl or Nz 
gas. The samples, contained in silica boats, were first 
heated to 200°C and held for a few hours to allow 
all the water of hydration to be removed. The 
temperature was then raised to 500°C for a few 
more hours, followed by cooling in the furnace with 
the gas still flowing. The products were charac- 
terized by X-ray powder diffraction using a Norelco 
vertical diffractometer with graphite mono- 
chromated CuK, radiation. Since both the atmos- 
pheric and high-pressure phases are hygroscopic, 
all X-ray diffraction was performed with the entire 
goniometer enclosed in a large glove bag filled with 
flowing dry nitrogen. The powder diffraction 
patterns obtained for atmospheric pressure samples 
of CsMnCl, and RbMnCl, are in good agreement 
with those published earlier (10, II). 

All high pressure runs were performed in a belt 
apparatus (12) capable of developing pressures to 90 
kbar. In a typical run, a sample of the freshly 
prepared atmospheric-pressure phase was loaded, 
within a glove bag filled with dry nitrogen, into a 
cylindrical gold capsule having gold end plugs. The 
specimen was first subjected to the desired pressure, 
and then the temperature was raised rapidly with an 
internal tubular graphite heater. After a half-hour 
at temperature, the sample was quenched to room 
temperature by shutting off the power to the heater. 
Finally, the pressure was released, and the product 
was studied by powder X-ray diffraction as de- 
scribed above. 

Results and Discussion 

CsMnCl, with the 9R structure was found to 
transform to the 6H structure at 8 kbar and 700°C. 
It transforms to the cubic perovskite structure (3C) 
at 27 kbar and 700°C. Since the perovskite structure 
has only cubic close packing, no further transforma- 
tions are expected. The same progression of trans- 
formations (9R -+ 6H + 3C) with high pressure is 
found for CsCoF, (13). Figure 2 summarizes these 
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FIG. 2. Temperature us. pressure phase diagram for 
CsMnC13. 

results in a pressure-temperature phase diagram and 
shows the general temperature insensitivity of these 
structural transformations. Phase diagrams for 
various fluorides (.5,6) having these structures show 
similar temperature dependence. 

Table I lists our observed X-ray data for the 6H 
polytype and compares the observed intensities to 
intensities calculated for a model with ideal close- 
packed positions for all atoms and an overall 
temperature factor of 1.0. There are discrepancies 
between observed and calculated intensities that are 
outside of our experimental error and they indicate 
that some of the atoms which are allowed by the 
space group to vary, have moved from their ideal 
positions. This would be quite consistent with the 
refined 6H structures of RbNiF3 (14, 1.5) CsCdCIJ 
(Z6), and CsMnF, (Z7), where some atoms have 
moved significantly from their ideal close-packed 
positions. 

Table II lists our observed X-ray data for the 
perovskite (3C) form of CsMnClj and compares 
observed intensities to the intensities calculated for 
the ideal perovskite structure and an overall tem- 
perature factor of 1.5. The agreement between 
observed and calculated intensities is quite good and 
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TABLE I TABLE II 

X-RAY DATA FOR HIGH PRESSURE CsMnC1,(6H) X-RAY DATA FOR THE HIGH PRESSURE PEROVSK~TE FORMS 
OF AMnC& 

a = 7.268(5)i% c = 17.85(5) A (hexagonal) 
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a Based on ideal close-packed positions for all atoms. 

confirms the perovskite structure for CsMnCl, 
above 27 kbar. 

Both high pressure forms of CsMnCl, have 
moderate stability at atmospheric pressure. There 
was no sign of retransformation after treatment at 
200°C in N, for 3 days, but there was complete 
retransformation to the 9R structure after heating 
a few hours at 300°C. All of the high pressure forms 
of CsBF, compounds transform to the atmospheric 
phase at 200-5OO”C, while many of the AB03 
compounds have high pressure forms that only 
slowly retransform at 1100°C and atmospheric 
pressure. A summary of crystallographic data, 
including unit cell volumes for all forms of CsMnCl,, 
are given in Table III. 

The 6H atmospheric-pressure structure of 
RbMnCl, transforms to the cubic perovskite 

CsMnCl, (a= 5.111(3)& RbMnClj (a = 5.058(3)& 
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structure (3C) above 7 kbar at 700°C. As with 
CsMnCl,, this transformation is not very sensitive 
to temperature. Compounds, such as RbNiF,, 
TlNiF3, CsFeF, and CsMnF,, all of which have the 
same 6H structure at atmospheric pressure, also 
transform to the perovskite structure at high 
pressure (3, 5, 7). Table II lists our observed X-ray 
data and compares it to intensities calculated for the 
ideal perovskite structure (a = 5.058 i 0.003 A) and 
an overall temperature factor of 1.5. The table is also 
constructed to show the similarities of the highest- 
pressure forms of CsMnCl, and RbMnCl,. In Table 
III, the crystallographic data, including unit-cell 
volumes, are given for all forms of CsMnCl, and 
RbMnCl,. At atmospheric pressure, the perovskite 
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TABLE III 

CRYSTALLOGRAPHIC DATA FOR AMnC& (A = Cs, Rb) 

Synthesis Cell 
Polytype pressure dimensions 

Compound structure (kbar) (4 

Volume 
formula 

unit 
(A31 

( 

9R Atm-10 7.288 x 27.44(11) 137.9 
CsMnC13 6H lo-25 7.268 x 17.85 136.1 

3C Above 25 5.111 133.5 

RbMnC13 I 
6H Atm-7 7.165 x 17.815”O’ 132.0 
3C Above 7 5.058 129.4 

form of RbMnCl, is stable in dry N2 to 3OO”C, but 
transforms to the 6H form when heated for a few 
hours at 400°C. 

It is interesting to note that, whether the starting 
materials are prepared in HCl or N2 gas, there are 
no observable differences in the transition pressures 
or cell dimensions for CsMnCl, and RbMnCl,. 
However, samples prepared in HCI gas are very 
hygroscopic while those prepared in N2 gas are not 
affected by normal humidity at room temperature. 
One can speculate that the difference is due to the 
presence of small amounts of hydroxide that have 
remained after the calcining and reaction of 
MnClz *4Hz0. Once incorporated at low tempera- 
tures, the hydroxide is not removed by further 
heating in nitrogen but can be ,replaced by heating 
in hydrogen chloride gas. There also exists the 
possibility that very small amounts of nitride ions 
are replacing chloride ions when the starting 
materials are prepared in N2 gas. 

At atmospheric pressure, the series of alkali-metal 
manganese chlorides AMnC13 (A = Cs, Rb, Tl, K) 
shows the usual trend of more cubic close-packing 
of AClj layers as the size of the A cation decreases. 
For A = Cs, the 9R structure is stable with l/3 cubic 
close packing, for A = Rb the 6H structure is stable 
with 213 cubic close-packing, and for A = Tl and K 
the perovskite structure (3C) is stable with all cubic 
close packing of AC13 layers. The Na’+ ion is too 
small to form any of the close-packed structures 
(20). The Cs and Rb compounds also transform at 
high pressure to all-cubic close packing, just as do 
all other oxide and fluoride hexagonal polytypes. 
The size of the MnZ+ ion appears to be unique for 
the chlorides, since it is the only B cation that allows 
a mixture of hexagonal and cubic close-packing. 
B cations larger than Mn2+ (Cd2+, Ca2+, Sr2+) 

always form structures with all cubic close-packed 
layers, while for B cations smaller than Mn2+ (Fe2+, 
Co2+, Ni2+, Mg2+) structures having only hexagonal 
close-packed AC13 layers are formed. Attempts to 
prepare high-pressure polytypes ofACoCl,, ANiCIj, 
and CsFeCl,, all of which have the 2H structure, 
were unsuccessful. Without the use of in situ X-ray 
diffraction, it is not possible to establish whether the 
polytypes are formed at high pressure, but are not 
retained at atmospheric pressure by quenching 
techniques, or whether insufficient pressure was 
used. We feel that at high pressure new polytypes 
are formed and that the thermal energy available at 
room temperature is sufficient to effect retransforma- 
tions for these compounds. A similar situation was 
observed in our studies (21) of the 2H form of 
BaVS, and BaTaS,. In those experiments, high 
pressure treatment to 90 kbar also did not result in 
new polytypes, but instead gave materials whose 
2H structure was severely disordered. We believe 
that this disorder results when a high pressure phase 
slowly retransforms to its atmospheric pressure 
form during temperature quenching. 

Acknowledgment 

We gratefully acknowledge the many valuable discussions 
with J. B. Goodenough. Thanks are also due to D. A. Batson 
and D. M. Tracy for their technical assistance with many of 
the experimental aspects of this work. 

References 

I. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

II. 

L. KATZ AND R. WARD, Znorg. Chem. 3,205 (1964). 
J. M. LONGO AND J. A. KAFALAS, Mater. Res. Bull. 3, 
687 (1968). 
Y. SYONO, S. AKIMOTO, AND K. KOHN, J. Phys. Sot. Jap. 
26,993 (1969). 
B. L. CHAMBERLAND, A. W. SLEIGHT, AND J. F. WEIHER, 
J. Solid State Chem. 1, 506 (1970). 
J. A. KAFALAS AND J. M. LONGO, Mater. Res. Bull. 3, 
501 (1968). 
J. M. LONGO AND J. A. KAFALAS, J. Appl. Phys. 40, 1601 
(1969). 
.I. M. LINGO AND J. A. KAFALAS, J. Solid State Chem. 
1, 103 (1969). 
.I. M. LONGO, J. A. KAFALAS, N. MENYUK, AND K. 
DWIGHT, J. Appl. Phys. to appear. 
P. F. ANDERSON, 9. Nordiske Kemikermode, Arhus, 
1956. 
H. SEIFERT AND F. W. KOKNAT, Z. Anorg. Allg. Chem. 
341,269 (1965). 
M. KESTIGIAN, W. J. CROFT, and F. D. LEIPZIGER, J. 
Chem. Eng. Data l&97 (1967). 



EFFECT OF PRESSURE ONTHE CRYSTAL STRUCTUREOF CsMnCl, AND RbMnCI, 433 

12. H. T. HALL, Rev. Sci. Instr. 31, 125 (1960). 
13. J. M. LONGO, J. A. KAFALAS, J. R. O’CONNOR, AND 

J. B. GOODENOUGH, J. Appl. Phys. 41,934 (1970). 
14. R. J. ARNOTT AND J. M. LONGO, J. Solid State Chem. 

2,416 (1970). 
15. D. BABEL, J. Solid State Chem., to appear. 
16. S. SIEGEL AND E. GEBERT, Acta Cryst. 17, 790 (1964). 
17. A. ZALKIN, K. LEE, AND D. H. TEMPLETON, J. Chem. Phys. 

37,697 (1962). 

18. M. KESTIGIAN, Mater. Res. Bull. 5,263 (1970). 
19. W. J. CROFT, M. KESTIGIAN, AND F. D. LEIPZIGER, Znorg. 

Chem. 4,423 (1965). 
20. M. KESTIGIAN AND W. J. CROFT, Mater. Res. Bull. 4, 877 

(1969). 
21. J. B. GOODENOUGH, J. A. KAFALAS, AND J. M. LONGO, 

Preparative methods in solid state chemistry, in “High 
Pressure Synthesis,” P. Hagenmuller, Ed., to be pub- 
lished. 


