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We investigated by diffuse reflectivity the effect of hydrostatic pressure (1-1800 bar) on the thermal
spin transition of Fe(PM—-BiA),(NCS), polymorph I, where PM=N-2-pyridylmethylene and BiA
=4-aminobiphenyl. We evidenced the onset of a progressive transformation into a phase of higher
cooperativity which cannot be assigned to polymorph II. This result is discussed with respect to
previous pressure investigations. © 2009 American Institute of Physics. [doi:10.1063/1.3202385]

Hydrostatic pressure investigation of the spin crossover compound
[Fe(PM-BiA),(NCS),] polymorph | using reflectance detection

I. INTRODUCTION

Some 34" transition metal compounds of octahedral
symmetry undergo a thermally induced crossover between a
low-spin (LS) and a high-spin (HS) state, with their spin
state being governed by temperature, pressure, light, and
magnetic field effects (Refs. 1-4, respectively).

Application of an external pressure provides an impor-
tant insight into the nature of the interaction between a
transition-metal center and the surrounding ligands as well as
into intermolecular interactions.” To summarize, pressure fa-
vors the LS state due to its lesser volume and shifts upward
the transition temperature according to the Clapeyron rela-
tion dT/dp=AV/AS. Pressure usually results in a decrease in
the width of the thermal hysteresis loop, which is explained
through the usual two-level models® within the assumption
of a constant interaction parameter. However, in a recent
work® we observed a slight increase in the interaction param-
eter, qualitatively explained by the shortening of the inter-
atomic distances under pressure. Of course this simple de-
scription fails when pressure induces additional structural
reorganizations, leading to pressure-induced structural tran-
sitions such as that previously reported on the title compound
Fe(PM-BiA),(NCS),, where PM is N-2-pyridylmethylene
and BiA is 4-aminobiphenyl.

It is also worth mentioning that pressure effects also im-
pact the electronic spectra usually through minor but sizable
modifications in the positions and intensities of the optical
absorption bands.’

[Fe(PM-BiA),(NCS),] crystallizes in two nonconcomi-
tant polymorphs. Polymorph I (P1) has orthorhombic crystal
structure and polymorph II (P2) has monoclinic.® Polymorph
I (under study here) undergoes a hysteretic spin transition
around ~170 K and polymorph II a progressive one around
~200 K.* The pressure-induced transformation of poly-
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morph I was previously investigated by superconducting
quantum interference device measurements in a clamped
cell’ and by neutron diffraction in a hydrostatic pressure cell
at room temperature. '’

We briefly discuss these previous results. On one hand,
in the clamped cell,” a neat change was observed at around 7
kbar, which led to a new phase with a wider thermal hyster-
esis loop. Due to its higher cooperativity evidenced by a
larger width of the thermal hysteresis loop, this new phase
was not be assigned to polymorph II. We outline here the
bent character reported for the hysteresis loops reported in
Ref. 9 (see Ref. 11 for a general discussion of inhomoge-

1.0
]
€ 0.8 7
s |
[T} o
5 ]
%G 0.6
x |
° 1]
8 I
g 0.4 «,3
[}
£ I
£
So0.2] 8 —o—P= 1 bar
7 | —o—P=0.4 kbar
b —*— P=0.8 kbar
0.0 .
140 160 180 200

—e— P=1.0 kbar
—o— P=1.2 kbar
—o— P=1.4 kbar
—+— P=1.8 kbar
—«— P=1.8 kbar

200 210 220 230 240
(b) TIK

FIG. 1. (Color online) The spin transition of Fe(PM-BiA),(NCS), poly-
morph I derived from reflectance data at different hydrostatic pressures.
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FIG. 2. (Color online) The reproducibility of the pressure effect: hysteresis
loops recorded at 1200 bar during the first run of experiments (blue squares)
and after release of the maximum pressure (red open circles).

neous effects on the thermal hysteresis loops). This bent
character clearly indicates that pressure was not homoge-
neous and presumably nonhydrostatic due to the freezing of
the transmitting medium. It is easily conceived that the an-
isotropic transformation of the compound embedded in an
isotropic solid matrix may result in anisotropic stresses
which add up to the external pressure. On the other hand, the
neutron diffraction investigation at room temperature under
hydrostatic pressure10 revealed a structural change between 7
and 8 kbar, which was assigned to the transformation into
polymorph II on the basis of an identical space group. We
report here on a diffuse reflectance investigation using the
hydrostatic pressure device (1-1800 bar) developed at the
Versailles University,12 which clears up the question by
showing a pressure-induced phase which differs from poly-
morph II, and consequently is labeled here polymorph III.

Il. EXPERIMENTAL

The sample (polymorph I) was synthesized using a
preparation mode described in Ref. 13 and exhibited the re-
ported thermochromism suitable for optical detection. The
hydrostatic pressure device (transmitting medium is He gas)
with diffuse reflectance detection was already described in
Ref. 12. The powder samples have been thermally cycled at
least ten times between the liquid nitrogen and room tem-
perature before starting the measurements. The repeated ap-
plication of such thermal shocks led to automilling of the
sample into smaller crystals, which is thought to release in-
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FIG. 3. (Color online) A minor hysteresis loop generated by temperature
reversal at Tx=210 K on the heating branch (blue open circles) at 1400 bar
compared to the major loop (red open circles) taken from Fig. 1(b).

ternal stresses due to grain boundaries and definitely im-
proves the reproducibility of the hysteresis loop. The light
source was a 100 W QTH (quartz tungsten halogen) lamp
with a (900 50) nm interferential filter located ahead of the
optical fibers which carry light to the pressure cell.

lll. RESULTS AND DISCUSSION

We recorded the thermal hysteresis loops at increasing
pressure values (from 1 to 1800 bars by 200 bar steps), see
Fig. 1. Temperature was scanned every 0.5 K in the heating
and cooling modes, successively. We checked that the initial
hysteresis loop at 1 bar was obtained again after releasing the
maximum pressure and also controlled that the pressure ef-
fect was reproducible, see Fig. 2.

We also recorded a minor hysteresis loop generated by a
single reversal curve on the heating branch, see Fig. 3. This
“reversal curve” clearly showed that the pressure-induced
phase, which will be called in the following polymorph III
(P3), is also hysteretic over a temperature interval much
wider than that of the initial phase.

Quantitative data derived from the present experiments
are listed in Table I. They lead to the following statements:
(i) the critical temperatures obtained here are in good agree-
ment with Ref. 9; (ii) at low pressures (below 900 bars) the
hysteresis loop is shifted toward higher temperatures with
dT/dP~25 K/kbar and little change in the hysteresis
width; (iii) upon further pressure increase, the heating branch
displays a double-step character which reveals the progres-

TABLE I. Transition temperature values and relative phase fractions assigned to the thermal hysteresis loops of
Fig. 1 derived from the location of the inflection points. The temperatures that maximize dnyg/dT are associated
with the separate transition temperatures of the phases. The nyg value associated with the minimum dnyg/dT
value on the heating branch approximately corresponds to the relative fraction of polymorph I at the given

pressure.

P T down T,, Pl AT P1 T,, P3 AT P3 Fractions P1:P3
(bar) (K) (K) (K) 9] (K) (%)

1 170.6 174.1 3.5 100:00
1000 182.5 185.6 3.1 204 21.5 93:07
1200 184.6 183.2 3.6 207 224 81:19
1400 186.8 190.2 34 210 23.2 69:31
1600 187.8 192.1 43 214.2 26.4 62:38
1800 189.8 194.6 4.8 217.1 27.3 44:56
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FIG. 4. (Color online) The temperature-pressure spin fraction phase dia-
gram. The HS-to-LS branches of polymorphs I and III (full and open tri-
angles, respectively) are not experimentally resolved.

sive onset of the pressure-induced phase; and with a hyster-
esis width in agreement with the previous work,” (iv) on the
contrary, the cooling branch keeps a one-step character with
remarkably steep variation. The spin state diagram derived
from these data is shown in Fig. 4 and the pressure depen-
dence of the structural fractions (derived from inflection
point positions as explained in the caption of Table I) is
reported in Fig. 5. These data rule out the assignment of the
pressure-induced phase to polymorph II. This conclusion will
be supported by a pressure investigation of polymorph II
under pressure reported in Sec. IV.

The linear variation in the high temperature branch
above the hysteretic range (see Fig. 1) is not assigned to the
change in spin populations but to the effect of temperature
upon the optical properties of the sample. A possible account
of this effect based on the pragmatic approximations would
not significantly impact the numbers given in Table I and the
subsequent discussion.

A. Polymorph Il behavior under an external pressure

We also performed reflectance measurements on poly-
morph II. The thermal behavior of polymorph II at different
pressures is presented in Fig. 6. As expected, increasing pres-
sure shifts the equilibrium temperature toward higher tem-
peratures but does not sizably change the shape of the ther-
mal variation in the HS fraction without any tendency toward
opening of the hysteresis loop up to 1350 bars. The latter
value was limited due to an instrumental problem (leakage).
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FIG. 5. (Color online) The pressure dependence of the structural phase
fraction of polymorph I.
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FIG. 6. (Color online) The spin transition of Fe(PM-BiA),(NCS), poly-
morph II derived from reflectance data at different hydrostatic pressures.

In Fig. 7 we directly compare the properties of polymorphs I
and II at the same pressure. No doubt the present pressure-
induced phase cannot be assigned to polymorph II.

IV. DISCUSSION

The present results quantitatively disagree with the pre-
vious pressure investigation using a clamped cell, since the
latter did not report any sizeable variation in the hysteresis
width below 7 kbar. Among possible explanations for such a
discrepancy, we mainly question the hydrostatic character of
the clamped cell due to the freezing of the transmitting me-
dium, as already noted in Sec. I. We also briefly comment on
the result of the neutron diffraction study,10 which assigned
the room temperature pressure-induced phase to polymorph
II. The hydrostatic character of pressure cannot be ques-
tioned, and if we rely on the quoted assignment, we are left
with the assumption that the surface behavior—probed by
diffuse reflectance—may sizably differ from that of the bulk.
One indeed may conceive that the stress tensor involved in
solid-state transformations differs from bulk to surface. Dif-
ferences may also originate from the thermal history of the
samples along the experiments since the neutron diffraction
experiment has only been run at room temperature while
numerous thermal variations were applied in the present ex-
periment. In addition the pressure transformation from poly-
morph I to polymorph II reported in Ref. 10 was observed at
a much higher pressure (6—7 kbar) than the pressure range
reached in the present experiment.
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FIG. 7. (Color online) Thermal variation in the HS fraction of polymorphs
I and II recorded at 1.2 kbar.
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FIG. 8. (Color online) Simulated behavior assuming both hysteretic phases
using Ising-like model.

A detailed analysis of the present data might also throw
some light on the mechanism of the pressure-induced transi-
tion. A striking feature of the present investigation is that the
HS — LS transitions of the two structural phases cannot be
distinguished. Of course, this may be pure coincidence.
However, we showed by suited simulations that an elastic
coupling between the two phases may result in the collapse
of the spin-transition temperatures when they are close to
each other. This coupling also contributes to the variations in
the spin transition temperatures, which then depend on the
structural phase fractions, and might be responsible for the
significant pressure dependence of the hysteresis width of
polymorph III. The said model will be presented in a further
work including designed experiments.

At last, we merely show that a simple biphasic model
based on independent phases provides a qualitative simula-
tion of the experimental data, see Fig. 8. We used here the
simple two-level Hamiltonian Ising-like treated in mean-field
approximation.5 The molecular energy gap was written A;
=A,(P=0)—kgT In g;+ PAV,, with J; as the effective interac-
tion parameter and AV; as the molecular volume increase
upon complete spin crossover. The effective degeneracy fac-
tor In g was derived from calorimetric data on polymorph I
(Ref. 14) and assumed to have the same value in polymorph
III. The parameter values which reproduce at best the spin-
state diagram are J;=230 K, J,=300 K, In g;=7.09, In g,
=7.09, A, (P=0)=1208 K, A,(P=0)=1282 K, AV,
=10.94 A3, and AV,=10.65 A>. For comparison we show
in Fig. 9 hysteresis loops computed in the assumption of a
noncooperative pressure-induced phase (that is to say, as-
sumed to be polymorph II).

V. CONCLUSION

We showed that under the effect of a moderate hydro-
static pressure (~1-2 kbar), Fe(PM-BiA),(NCS), poly-
morph I progressively transforms into a structural phase
which exhibits a wider hysteresis loop and for this reason has
to be assigned to an new structural phase, here denoted as
polymorph III. We have some cues that the spin transition
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FIG. 9. (Color online) Simulated behavior of two independent phases in the
assumption of a noncooperative pressure-induced phase.

and the structural transformation are coupled to each other,
but further experiments are needed for documenting this
point.

We found a quantitative disagreement with the data re-
ported in the previous investigation by Ksenofontov et al.}
which we assigned to the nonhydrostatic character of pres-
sure in the said investigation. In contrast, the use of helium
as pressure transmitting medium ensured a highly homoge-
neous and isotropic pressure in the present work. Our con-
clusion concerning the nature of the pressure-induced phase
that differs proved that it cannot be assigned to polymorph II
contrary to what have been extrapolated from previous room
temperature neutron diffraction.'’ However, the possibility of
a specific surface behavior in the present study cannot be
excluded. A variable temperature diffraction investigation
under high pressure should be done to throw light on this
open possibility.
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