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Pressure-temperature phase diagram for charge-transfer transition
in Cs[Co(3-CNpy),][W(CN)s]H,O
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Effects of the hydrostatic pressure on the magnetic and structural properties are investigated in a charge-
transfer material, Cs[Co(3-CNpy),][W(CN)g]H,O (CNpy=cyanopyridine), with two-dimensional Co-W net-
work bridged by CN anions. We have found that the compound shows a pressure-induced charge-transfer (CT)
transition at 0.5 GPa at room temperature, accompanied by a remarkable color change from transparent red to
green. The upper critical temperature (Tcr,,) for the CT transition increases at a huge rate of 250 K/GPa
under pressures, reflecting the concomitant significant volume change (AV/V=0.08).
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A cooperative charge transfer (CT) is frequently observed
in coordination compounds, such as halogen-bridged gold
complex, Cs,Au,X, (X=I, Br, Cl),! and several cyano-
bridged metal complexes.>® In these charge-transfer com-
pounds, the metal ions are bridged by halogens or cyano
moieties as -A-NC-B-CN-A-NC-B-, where A and B are
the metal ions. The cooperative charge transfer, e.g.,
-AZ*-NC-B3**- and -B3**-NC-AZ*-, alters the spin state as well
as the ionic radius of the metal ions and hence changes the
magnetic and structural properties of the system. Further-
more, the CT transition can be induced not only by heating
and/or cooling but also by the external field, such as the
photoexcitation,*"!! the hydrostatic pressure,'? and the x-ray
irradiation.'> Among the external fields, the hydrostatic pres-
sure is a “clean” perturbation that is free from inhomogeneity
and modifies the structural parameters that govern the phase
stability.'*~!8 In this sense, a structural investigation is essen-
tial for the quantitatively comprehension of the pressure ef-
fects. Here, we performed an integrated investigation of the
pressure effects on the CT transition.

The target charge-transfer material is Cs[Co(3-CNpy),]
X[W(CN)¢]H,0, with two-dimensional (2D) Co-W network
bridged by CN anions. Among the eight CN moieties of the
octacyanotungsten ([W(CN)g]), four are linked to the neigh-
boring Co atoms to form a zigzag sheet, which stacks along
the b direction in the triclinic (P1, Z=2) setting.® The Co site
is surrounded by six NC~ groups, and it is suffered by the
ligand field. The W-C bond distance (average of the eight
independent bond distances) and the Co-N bond distance
(average of the three independent bond distances) are 2.141
and 2.126 A at 298 K, respectively.® With decrease of tem-
perature, the compound shows the thermally induced CT
transition at Ter gown=140 K from the Co®* (s =%)—W5+ (s
=%) configuration to the Co** (S=0)-W** (S=0) configura-
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tion. The Co-W bond distance d¢,w (average of the four
independent bond distances) significantly decreases from
5.362(3) A at 300 K to 5.155(2) A at 100 K.'° The longer
Co—W bond distance in the high-temperature phase would
reduce the ligand field on the Co®* ion and stabilize the high-
spin (HS) Co?* state.'® At the CT transition, the compound
shows a significant color change from transparent red to
green. Arimoto et al.® have found that photoirradiation of a
visible light (wavelength is 600-750 nm and excitation
power is 12.5 mW cm™) at 5 K induces magnetization and
ascribed the phenomenon to the photoinduced CT transition.
This scenario is further confirmed by the x-ray absorption
fine structure spectroscopy'' as well as the x-ray powder
structural analysis.'”

In this Brief Report, we have derived the pressure-
temperature (P-T) phase diagram for the CT transition of
Cs[Co(3-CNpy),[W(CN)gJH,0O. We have found that the
upper critical temperature (Tcr,,) for the CT transition in-
creases at a huge rate of 250 K/GPa under pressures, reflect-
ing the concomitant significant volume change (AV/V
=0.08). Based on the systematic structural investigation
against temperature and pressure, we have quantitatively
separated the intrinsic entropy effect induced by temperature
from the conventional lattice effect or the thermal expansion
effect.

Red powders of the compound were prepared by adding
an aqueous solution of Cs;[W(CN)g] (0.1 mol/1) to a mixed
aqueous solution of CoCl, (0.1 mol/1) and 3-CNpy (0.2M)
at room temperature. Details of the sample characterization
were described elsewhere.’

Figure 1 shows the pressure-induced color change of the
compound, measured in a gasket whole of a diamond anvil
cell at 300 K. Magnitude of the applied pressure was moni-
tored by the wavelength of the luminescence line R; (Ref.
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FIG. 1. (Color online) Room-temperature microscope image of
Cs[Co(3-CNpy),[[W(CN)g]H,O within the diamond anvil cell at
(a) ambient pressure and (b) at 0.44 GPa. The color change is re-
versible in the repeated pressure cycles.

20) from a small piece of ruby placed in the gasket hole. The
sample color changes from transparent red to green at P
=0.44 GPa in the pressure-increasing run, while the reverse
change is observed at P=0.30 GPa in the pressure-
decreasing run. The color change is ascribed to the pressure-
induced CT transition from the Co?*-W>* configuration to
the Co**-W** configuration, and it is reversible for the re-
peated pressure cycles. The transparent red color is origi-
nated in the weak absorption at 500 nm due to the dipole-
forbidden d-d transition of the Co** ions.?! On the other
hand, the green color can be ascribed to the rather intense
absorption at 840 nm due to the charge-transfer excitation
from the W** site to the Co’* site. Hereafter, we will call
these phases simply as the “red” phase and the “green”
phase, respectively.

Next, we have investigated the magnetic susceptibility y
under hydrostatic pressures, with a piston-cylinder-type pres-
sure cell and a squid type magnetometer (Quantum Design;
magnetic property measurement system). The sample pow-
ders (5.6 mg) were sealed in the cylinder, 2 mm in diameter,
with a Daphne 7373 oil (made by Idemitsu) as a pressure-
transmitting medium. In order to estimate the y value of the
sample, we subtracted background magnetic response (of the
empty pressure cell) from the total response (of the pressure
cell with sample). The unexpected behavior of y at P
=0.5 GPa is due to the imperfect subtraction. The applied
magnetic field was 1000 Oe and the cooling and warming
rate was set at =1 K/min. The whole pressure-induced
change in y was reversible for the repeated pressure cycles.

At ambient pressure (lowest curve in Fig. 2), the magnetic
susceptibility shows distinct reduction at the lower critical
temperature Tct gown (=134 K) in the cooling run. This re-
duction of x can be ascribed to the CT transition from the
magnetic Co?*-W>* configuration (red phase) to the nonmag-
netic Co**-W** configuration (green phase). The rise of the
low-temperature region (<100 K) may be ascribed to the
residual red phase domains induced by the slight pressure
inhomogeneity within the pressure cell. Here, note that the
residual red phase domain is absent when the sample is out
of the pressure cell and the pressure-transmitting medium.’
The residual phase shows ferromagnetism below 30 K, and
volume fractions of the residual phase are 0.09 at 0.0 GPa,
0.10 at 0.1 GPa, 0.04 at 0.2 GPa, 0.03 at 0.3 GPa, 0.02 at
0.04 GPa, and 0.02 at 0.5 GPa. The CT transition shows a
significant thermal hysteresis, and the compound becomes
magnetic again above the upper critical temperature Tcr
(=206 K) in the warming run. Application of pressure pushes
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FIG. 2. Temperature dependence of the magnetic susceptibility
of Cs[Co(3-CNpy),[W(CN)g]H,O under various pressures. Ar-
rows represent the direction of the measurement.

up both the critical temperatures, i.e., Tery, and Ter down-
Eventually, the red phase disappears at P=0.5 GPa. The ef-
fective magnetic moment . is estimated to be 4.4up per a
Co-W pair at ambient pressure, which is close to the calcu-
lated value (=5.2up) for the independent S=% and S =%
spins. We estimate that the w.; by assuming the magnetic
interaction between Co** and W3* is negligible. This as-
sumption is valid because the Curie temperature of the pho-
tocreated red phase is very low [=30 K (Ref. 9)], which is a
measure for the magnetic interaction between them. The
magnitude of g is nearly independent of pressure: 4.2up at
0.1 GPa, 4.3up at 0.2 GPa, 4.5ugB at 0.3 GPa, and 4.4 at
0.44 GPa. This indicates that the spin states of the pressur-
ized red phase are the same as at ambient pressure.

Based on thus obtained critical temperatures, we derived
the P-T phase diagram (Fig. 3). The red phase is located in
the high-7" and low-P region, while the green phase is in
the low-T and high-P region. The upper phase boundary
steeply increases with pressure at a rate of dTcr,/dP
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FIG. 3. Pressure-temperature ~ phase = diagram  of
Cs[Co(3-CNpy),][W(CN)g]H,0. Open and filled circles represent
lower (Tcrgown) and upper (Tcr,,) critical temperatures, respec-
tively. The electronic configuration of the red phase and the green
phase are Co?*-W>* and Co’*-W**, respectively. The hatched re-
gion is bistable.
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FIG. 4. Temperature dependence of (a) the unit cell volume V,
(b) the Co—W bond distance dc,.w (average of the four independent
bond distances), and (c) the Co-W-Co bond angle 6cy.w.co Of
Cs[Co(3-CNpy),][W(CN)g]H,0. Pressure dependence of (d) V, (e)
deo-ws and (f) Ocow-co at 300 K. Arrows represent the direction of
the measurement. The open and filled circles are for the red phase
and the green phase, respectively. The double data points at 0.4 and
0.5 GPa indicate the coexistence of the two phases. The straight
lines are the results of the least-squares fitting in the red phase.

=250 K/GPa. This huge pressure coefficient can be ascribed
to the significant volume change AV (=0.09 nm?; see Fig. 4)
at the CT transition. Recall that the coefficient can be ex-
pressed by the so-called Clusius-Clapeyron equation as
dTcr,,/dP=AV/AS, where AS is the entropy change at the
transition. Here, we point out that the large AV value is a
characteristic of the CT transition of the cyano-bridged ma-
terials. Actually, a significant volume change is observed at
the CT transitions in the RbMn[Fe(CN)q] [AV/V=0.11
(Refs. 3 and 22)] and Na,Co,[Fe(CN)¢]-zH,O [AV/V
=0.11 (Ref. 2)]. Such a large volume change is ascribed to
the reduction of the ionic radius of the constituent metal ions,
i.e., Mn** and Co**. In the present compound, the ionic ra-
dius rc, of the Co ions decreases from 0.745 A in the HS
Co?* t0 0.545 A in the LS Co*.2* The resultant contraction
of the Co—W bond distance, together with the 2D network
structure, causes the significant volume change.

Now, let us proceed to the structural change induced by
temperature and pressure. The structure of
Cs[Co(3-CNpy),[W(CN)gJH,O was determined by the
Rietveld analysis of the x-ray powder diffraction patterns,
obtained at the BLO2B2 beamline?} and the BL10XU beam-
lines at SPring-8. The red powders were carefully pulverized
with a microspatula until the powders gave a homogeneous
intensity distribution in the Debye-Scherrer powder ring,
which is a necessary condition for the reliable Rietveld
analysis. In the temperature dependent measurement at the
BL02B2 beamline, the powders were sealed in a quartz cap-
illary, 0.2 mm in diameter. The wavelength of the incident x
ray was 0.826 88 A and the exposure time was 5 min. The
260 range used in the Rietveld analysis is 2°-70°. In the pres-
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sure dependent measurement at the BL10XU beamline, the
powders were sealed in a gasket hole of the diamond anvil
cell, about 0.1 mm in thickness and about 0.3 mm in diam-
eter, which was filled with the Daphne 7373 oil as a
pressure-transmitting medium. The wavelength of the inci-
dent x ray was 0.621 95 A. The 26 range used in the Ri-
etveld analysis is 2°-30°. Magnitude of the applied pressure
was monitored by the wavelength of the luminescence line
R, (Ref. 20) from a small piece of ruby placed in the gasket
hole. In order to avoid the irradiation damage,'? the exposure
time (=1 min) was set to be short and the sample position
was changed at every measurement. The Rietveld analysis
was performed with a triclinic (P1; Z=2) space group with
rigid molecular units of CN-, H,OCs, and 3-CNpy. In the
vicinity of the phase boundary [at 220 K at ambient pressure
in Fig. 3(a) and at 0.41 and 0.52 GPa at 300 K in Fig. 3(d)],
a two phase model was adopted. The reliable factors, R
(Ry), are in the range of 0.028-0.047 (0.059-0.080).

In Fig. 4, we plotted the prototypical structural param-
eters, i.e., V, dcy.w, and the Co-W-Co bond angle 6cq.w.cos
as a function of temperature [Figs. 4(a)—4(c)] and applied
pressure [Figs. 4(d)-4(f)]. Especially, the latter two param-
eters determine the size and the shape of the Co-W sheets,
which is the platform stage for the cooperative CT transition.
With increase of temperature, the magnitude of V discontinu-
ously increases from 1.20 to 1.29 nm? [Fig. 4(a)] at 210 K,
which corresponds to the relative volume change AV/V of
0.08. The application of pressure, on the other hand, gradu-
ally decreases V [Fig. 4(d)], and eventually the phase transi-
tion to the green phase takes place at 0.4—0.5 GPa. This
value is consistent with the value (Prr=0.5 GPa) obtained
by the magnetic measurement. The magnitude of AV/V is
0.07 for the pressure-induced CT transition at 300 K.
In order to quantitatively compare the pressure-induced
structural change and the temperature-induced structural
change, we calculated the temperature and pressure coeffi-
cient of these parameters [see the straight lines in Figs.
4(a)-4(N]:  dV/dT=13x10"* nm*/K, ddc,w/dT=13
X107 A/K,  dOcyw.co! dT=-7.5X10"* deg/K, dV/dP
=-7.5X10"2 nm*/GPa,  ddc,w/dP=-8.3X10"2 A/GPa,
and d0c,.w.co/ dP=—-2.8°/GPa. Here, we emphasize that the
relative change of 6cy.w.c, 1S one order smaller than the
other two parameters. We found that the ratio of dV/dT and
dV/dP is nearly the same as that of ddc,w/dT and
ddc,.w!/dP. So, we concluded that the structural change in-
duced by 1 GPa pressure corresponds to that induced by the
temperature drop of 600 K.

Finally, let us discuss the roles of the temperature on the
CT transition. The most important role of the temperature is
to increase the entropy term in the free energy function,
which causes the phase transition into the high-entropy state
(red phase) with increase of temperature. In addition to this
entropy effect, the actual compound shows the thermal ex-
pansion with temperature. We call this temperature effect as
“lattice” effect, which modifies the material parameters that
govern the phase stability. Here, let us consider the warming
process from Tcr gown (=134 K at 0 GPa) to 300 K at ambi-
ent pressure. Using the scaling relation discussed above, the
thermal expansion (AT=166 K) is compensated by the ex-
ternal pressure of =0.3 GPa. On the other hand, the external

wp

012101-3



BRIEF REPORTS

pressure of 0.5 GPa is needed to induce the CT transition at
300 K. Then, the extra pressure (=0.2 GPa) compensates the
enhanced entropy effect at 300 K. In other words, the ratio of
the lattice effect and the entropy effect is =3:2 for the
present compound. Thus, we can distinguish the two thermal
effects, i.e., the lattice effect and the entropy effect by the
systematic structural analysis. Our structural approach is ap-
plicable to the P-T phase diagram of the other material.

In summary, we have derived the P-T phase diagram for
the CT transition of Cs[Co(3-CNpy),][W(CN)¢]H,O. The
significant volume change (AV/V=0.08) at the CT transition
is responsible for the huge pressure sensitivity (d7cr,y,/dP
=250 K/GPa). The pressure control of the CT transition,
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which strongly couples with the spin and lattice degree of
freedom, is a promising approach to create a room-
temperature functionality.
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