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The high-pressure behavior of the Prussian Blue analogue Fe�Co�CN�6� has been explored by energy- and
angle-dispersive x-ray diffraction, Fourier transform infrared, and Raman spectroscopy. This cyanide-bridged
framework material becomes x-ray amorphous above 10 GPa and the high-pressure form is retained upon
pressure release. Samples recovered from around 17 GPa exhibit a dark, metallic luster and their Raman
spectra are characteristic of amorphous CNx films. These observations constitute strong evidence that
Fe�Co�CN�6� decomposes at high pressures.
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I. INTRODUCTION

Pressure-induced amorphization �PIA� of negative ther-
mal expansion �NTE� materials has attracted some attention
over the past ten years since the first report on PIA of zirco-
nium tungstate.1 NTE in open framework structures has been
explained in terms of low-energy modes whose increase in
amplitude leads to contraction on heating.2,3 However, the
precise eigenvalues and eigenvectors of the low-energy
modes relevant to the NTE in zirconium tungstate constitute
the subject of a still unsettled controversy in the
literature.4–12

The mechanism originally proposed for the PIA of zirco-
nium tungstate also relates this phenomenon to these low-
energy modes. The amorphization of zirconium tungstate
should result from the softening of an entire branch of low-
energy modes, which freezes the framework structure into a
disordered state.1,13,14 Other mechanisms proposed to explain
PIA of ZrW2O8 include a hindered decomposition into ZrO2
and WO3, and a kinetically impeded transition to a high-
pressure, high-temperature crystalline phase.15,16

Many compounds that exhibit NTE also amorphize under
high pressure �see, for instance, Refs. 17 and 18 and refer-
ences therein�. Recently, anomalous thermal expansion has
been observed in several metal-cyanide compounds. In fact,
near zero thermal expansion has been reported for the Prus-
sian Blue analogue compound Fe�Co�CN�6�, and isotropic
NTE has been found for zinc cyanide, Zn�CN�2.19,20 The
coefficient of thermal expansion for Zn�CN�2 is extremely
negative �about twice as that for �-ZrW2O8� and becomes
even more negative upon pressure increase to 0.5 GPa.20–22

Furthermore, a recent high-pressure study on Zn�CN�2 has
found some evidences of a possible pressure-induced
amorphization.23

The crystal structure of Fe�Co�CN�6� �see Fig. 1� re-
sembles that of perovskites, where the metal centered octa-
hedra are not corner shared but, instead, are joined by
C-N bridges. This allows these cyanide-bridged framework
structures to support a very large number of low-energy

modes.24–26 It is noteworthy to say that, contrarily to
ZrW2O8 and related compounds, Fe�Co�CN�6� does not ex-
hibit terminal atoms that could contribute to retain a possible
high-pressure amorphous phase back to ambient pressure.27

From these considerations, it seems worthwhile to verify to
what extent the trend between NTE and PIA also applies to
nonoxide structures such as these cyanide-bridged frame-
work materials.

In this paper, we report on the pressure-induced amor-
phization of the near zero thermal expansion material

FIG. 1. �Color online� Schematic representation of Fe�Co�CN�6�
crystal structure at ambient pressure �Ref. 19�. The light blue and
dark red octahedra represent Co�CN�6 and Fe�NC�6 polyhedra, re-
spectively. Carbon and nitrogen atoms are represented by black and
yellow spheres, respectively.
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Fe�Co�CN�6�. PIA of this compound is supported both by
x-ray diffraction and Fourier transform infrared �FTIR� spec-
troscopy experiments carried out in situ at room temperature
and high pressure. The samples recovered from high pressure
were also analyzed by Raman spectroscopy, which provided
conclusive evidences of pressure-induced decomposition.
After a brief description of the experimental setup, this paper
will proceed with a discussion of the results and an analysis
of the possible mechanism behind PIA of Fe�Co�CN�6�.

II. EXPERIMENT

The sample of Fe�Co�CN�6� used in this work was pre-
pared by precipitation from aqueous solutions of FeCl3 and
K3�Co�CN�6�, as described in Ref. 19. Phase purity was
checked by x-ray powder diffraction using a Siemens D500
diffractometer and Cu K� radiation. Energy-dispersive x-ray
diffraction �EDXRD� experiments at high pressures were
carried out with a Piermarini-Block diamond anvil cell
�DAC�.28 The powder sample of Fe�Co�CN�6� was placed
in a 250 �m diameter hole drilled in a Waspaloy gasket
preindented to 80 �m, along with a small ruby as pressure
gauge and a mixture of methanol-ethanol-water �16:3:1� as
pressure-transmitting medium.29 EDXRD measurements
were performed with an intrinsic germanium detector, fixed
at 2�=10.16° �Ed=70.0 keV Å�, using radiation from a
tungsten x-ray tube operating at 45 kV and 20 mA. The ra-
diation was collimated to a beam of 160 �m diameter before
reaching the sample in the DAC. Acquisition time was typi-
cally 24 h for each spectrum. The energy scale was cali-
brated against an 241Am source after each spectrum acquisi-
tion. Peak positions in the EDXRD spectra were determined
by fitting Gaussian profiles to the peaks using the computer
program XRDA.30

Angle-dispersive x-ray diffraction �ADXRD� was per-
formed in a transmission geometry using the Zr filtered ra-
diation of a Mo microfocus tube. The x-ray beam was colli-
mated to about 100 �m by capillary optics, and the
diffraction pattern was recorded on an imaging plate placed
at 136.88 mm from the sample for the measurement at atmo-
spheric pressure, and at 143.69 mm for the high-pressure
measurements. Exposure times were typically 30–50 h, but
longer exposures were made at some pressures to improve
the signal-to-noise ratio. The 2� dependence of the x-ray
diffracted intensity was obtained by integration of the dif-
fraction pattern image. The Fe�Co�CN�6� powder was mixed
with NaCl, used as a pressure marker. The sample was
loaded into a silica capillary tube for the measurement at
atmospheric pressure. The in situ ADXRD study under pres-
sure was performed in a lever-arm-type diamond anvil cell.
The powder was loaded, without a pressure-transmitting me-
dium, in a 180 �m hole drilled in a tungsten gasket prein-
dented to a 100 �m thickness. The pressure was determined
from the equation of state of NaCl.31

In situ high-pressure infrared transmission spectra of an
Fe�Co�CN�6� sample dispersed in KBr were obtained with a
DAC and a Bomem FTIR model MB100, equipped with a
DTGS detector and KBr beam splitter, in the spectral range
from 350 to 4000 cm−1. To improve the signal-to-noise ratio,

each spectrum comprised 512 scans at 4 cm−1 resolution.
Pressure was determined with the ruby technique.29 Raman
spectra of the samples processed at high pressure were ob-
tained using a Horiba LABRAM 1B spectrometer and a
home-built Raman microprobe consisting of an Olympus
BH-2 microscope adapted with a holographic beam splitter
and a supernotch filter, a Jobin-Yvon HR320 monochro-
mator, and a EG&G Princeton Applied Research charge
coupled device detector. In both cases, a He-Ne laser
�632.8 nm� was used as excitation source.

III. RESULTS AND DISCUSSION

The x-ray diffraction powder pattern of Fe�Co�CN�6� as
synthesized showed no evidence of any contaminant phase
and its analysis yielded a lattice parameter �a0

=10.182�2� Å�. The slight difference with respect to the lat-
tice parameters given in the literature may be well accounted
for by a small difference in water content.19 In fact, owing to
Vegard’s rule and taking into account the results quoted by
Margadonna et al. for the lattice parameter of Fe�Co�CN�6�
for two different water contents, the actual composition of
the sample used in this work can be estimated as
Fe�Co�CN�6� ·0.2H2O.19

The first evidence of PIA of Fe�Co�CN�6� came from the
results of EDXRD measurements, as shown in Fig. 2. The
intensities of the Fe�Co�CN�6� Bragg peaks exhibited a no-
ticeable reduction between 7.9 and 10.1 GPa, the maximum
pressure reached in this experiment. However, Fe�Co�CN�6�
does not fully amorphize in this pressure range as several
Bragg peaks are still clearly visible in the spectrum taken at
10.1 GPa. These peaks are also present in the EDXRD spec-
trum taken after pressure release, in spite of the fact that the

FIG. 2. High-pressure energy-dispersive x-ray spectra of
Fe�Co�CN�6�. The Miller indices of Bragg peaks are labeled in the
spectrum taken at 1.7 GPa. The Mo K� peak seen in some spectra
is a fluorescence peak due to a slit. The asterisks mark diffraction
peaks from the gasket.
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intensities are greatly reduced in comparison to the spectrum
taken with the pristine sample. The EDXRD results, thus,
provide evidence that at least some part of the Fe�Co�CN�6�
sample undergoes an irreversible loss of crystallinity at high
pressures.

A series of angle-dispersive x-ray diffraction measure-
ments were also carried out with Fe�Co�CN�6�. Figure 3
shows the results from this series of measurements up to
17.4 GPa and back to ambient pressure. As for the EDXRD
run, some Fe�Co�CN�6� Bragg peaks remain discernible even
at pressures as high as 10.5 GPa. However, the only Bragg
peaks which remain visible in the powder pattern at the
maximum pressure of this series are those due to NaCl �used
as a pressure marker� and the tungsten gasket, showing that
the sample has become x-ray amorphous. Besides the severe
decrease in peak intensity upon pressure increase, the
ADXRD patterns taken at 2.63 GPa and above show a dis-
tinct splitting of 200 and 400 peaks. Figure 4 shows the trend
between peak positions and pressure from both EDXRD and
ADXRD series. The splitting of some Bragg peaks suggests
that Fe�Co�CN�6� may undergo a pressure-induced cubic-to-
tetragonal �or even lower symmetry� phase transition before
PIA. However, the reduction of peak intensities at high pres-
sures precluded any attempt to assess this possible polymor-
phic transition and this was not pursued further.

It is worth mentioning that the lack of any sign of the
splitting of the 200 and 400 Bragg peaks in the EDXRD
results cannot be ascribed only to the intrinsically low reso-
lution of this technique. The marked difference between
EDXRD and ADXRD experiments �which refers to the split-
ting of the 200 and 400 peaks� is probably due to the lack of

pressure-transmitting medium in the latter. Indeed, the result-
ing deviatoric stress field on the sample used in the ADXRD
experiment could trigger a structural phase transition toward
a lower symmetry phase not observed under more hydro-
static conditions. The interplanar distances for the 200 and
400 peaks determined from the EDXRD spectra are in be-
tween the splitted peaks observed in the ADXRD measure-
ments, as expected for a lowering symmetry transition in-
duced by the stress field in the ADXRD experiments. Also,
besides the splitting of the 200 and 400 Bragg peaks seen in
the ADXRD results, the lack of pressure-transmitting me-
dium may also be influencing the reduction of the intensity
of the diffraction peaks at high pressures. In fact, the only
Bragg peaks reasonably intense in the ADXRD pattern �ob-
tained without pressure-transmitting medium� at 7.4 GPa are
those originated from the 200 peak. On the other hand, all
Bragg peaks from Fe�Co�CN�6� remain clearly visible in the
EDXRD spectra obtained at 7.9 GPa. These observations
suggest that the state of deviatoric stress over the sample
may have a strong influence on the pressure behavior of
Fe�Co�CN�6�.

PIA of Fe�Co�CN�6� was also investigated by in situ high-
pressure FTIR measurements. Figure 5 shows some repre-
sentative FTIR spectra of Fe�Co�CN�6� up to 14.9 GPa and
back to 0.15 GPa. The Fe�Co�CN�6� FTIR spectrum at am-
bient pressure exhibits bands centered at 478, 592, 802, 933,
1417, 1606, 2180, 2456, 3260, and 3657 cm−1. According to
previous studies, the water molecules should partially oc-
cupy an interstitial site in the metal-cyanide structure, with
the oxygen at the 32f position.19 Indeed, the broad band
around 3260 cm−1 confirms the presence of some water, and
the well defined peak at 3657 cm−1 gives further evidence
that at least some part of the interstitial water should occupy
a well defined site in the crystalline structure. The character-
istic bands of the Fe�Co�CN�6� FTIR spectrum become less
distinct as pressure increases, thus giving additional evi-
dence, on a different length scale, that this compound actu-

FIG. 3. Angle-dispersive x-ray powder patterns of Fe�Co�CN�6�
�after background removal� from ambient pressure up to 17.4 GPa
and back to ambient pressure. The first powder pattern at the bottom
shows the Miller indices of Fe�Co�CN�6� and NaCl Bragg peaks,
along with the NaCl 200 and 220 Bragg peaks �marked with * and
�, respectively� associated with the partially filtered K� radiation
from the Mo x-ray tube. The solid circle ��� on the pattern at
2.63 GPa indicates the position of the most intense peak from the
tungsten gasket.

FIG. 4. Pressure dependence of some interplanar distances in
Fe�Co�CN�6�. Solid �open� circles refer to ADXRD �EDXRD� re-
sults. The lines are just a guide for the eye.
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ally amorphizes above 10 GPa. Furthermore, the FTIR re-
sults confirm that the high-pressure form is retained upon
pressure release.

Direct visual observation reveals that Fe�Co�CN�6�, origi-
nally pale yellow, becomes dark and acquires a metallic lus-
ter at pressures above 10 GPa. This dark, metallic aspect
remains unaltered in the samples recovered at ambient pres-
sure. The darkening of the sample occurs simultaneously to
the marked reduction of the Bragg peaks’ intensities, which
signals PIA of Fe�Co�CN�6�. Accordingly, both PIA and the
darkening effect may have a common origin. Raman spec-
troscopy provided the clue to unravel this question.

Figure 6 shows the Raman spectra at ambient pressure of
pristine Fe�Co�CN�6� and also of the samples previously
subjected to 10.1 and 17.4 GPa �the samples retrieved after
the EDXRD and the ADXRD experiments, respectively�.
The Raman spectrum of pristine Fe�Co�CN�6� exhibits some
small features at 496 and 586 cm−1, along with the charac-
teristic CwN peaks at 2148, 2181, and 2213 cm−1. The Ra-
man spectrum of the sample previously subjected to
10.1 GPa still exhibits some resemblance to the spectrum of
the pristine sample. In fact, this spectrum exhibits broad
peaks near 483, 2171, and 2189 cm−1, these latter forming a
doublet reminiscent of the former CwN peaks. On the other
hand, the Raman spectrum taken from the sample previously
subjected to 17.4 GPa is qualitatively different, with broad
peaks centered at 501, 718, 1385, 1551, and 2144 cm−1. The
very intense CwN peaks characteristic of Fe�Co�CN�6� are
now barely visible in the Raman spectrum. The Raman spec-
trum of the sample recovered from 17.4 GPa closely re-
sembles that of amorphous CNx films.32,33 This observation
strongly suggests that PIA of Fe�Co�CN�6� is accompanied
by decomposition into an amorphous carbon nitride phase
and, possibly, iron/cobalt nanoparticles, which confers the
metallic aspect of the samples recovered from high pres-
sures. The pressure-induced decomposition scenario is also
supported by the observation of a band centered at

2350 cm−1 in the FTIR spectrum at the top of Fig. 5. This
band can be assigned to nitrile oxide �uCwN→O�, possi-
bly formed by the interaction of amorphous CNx with
water.34 The Raman spectrum taken from the sample recov-
ered from 10.1 GPa indicate that Fe�Co�CN�6� becomes, at
least partially, irreversibly disordered even before pressure-
induced decomposition takes place, and thus, suggests that
this compound may undergo PIA prior to decomposition.
This particular subject is currently under study.

IV. CONCLUSION

Pressure-induced amorphization of the Prussian Blue ana-
logue compound Fe�Co�CN�6� above 10 GPa has been ob-
served on different characteristic length scales by energy-
and angle-dispersive x-ray diffraction as well as FTIR and
Raman spectroscopy. The Raman spectra of samples of
Fe�Co�CN�6� recovered from high-pressure treatments reveal
the formation of amorphous carbon nitride, thus suggesting
that PIA of this compound is accompanied by decomposi-
tion. The evolution with pressure toward a dark sample, with
a metallic luster �possibly resulting from the presence of
some iron and cobalt in the metallic state�, as well as the
observation of an IR absorption band assigned to nitrile ox-
ide in a sample previously subjected to 14.9 GPa are also
indicative of decomposition. It remains to be further ex-
plored whether amorphization of Fe�Co�CN�6� occurs as a
consequence of or prior to pressure-induced decomposition.
The exploration of PIA and decomposition in other cyanide-
bridged framework materials which exhibit NTE also de-
serves further studies.
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FIG. 5. Some representative FTIR spectra of Fe�Co�CN�6� up to
14.9 GPa and upon pressure release.

FIG. 6. Raman spectra at ambient pressure of �a� pristine
Fe�Co�CN�6� and of samples previously subjected to �b� 10.1 GPa
and �c� 17.4 GPa �this one measured with the Horiba spectrometer�.
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