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Spin-entropy driven charge-transfer phase transition
in iron mixed-valence system
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We have synthesized iron mixed-valence complexe€ Hn.1)aN[FE'Fe" X (X = mto (GOsS), dto
(C,0,8), tto (GOSy) and have investigated their physical properties by medfsedfossbauer spectroscopy,
magnetic susceptibility and electrical resistivity measurements. From the anafffie bféssbauer spectra,
magnetic susceptibility and electrical resistivity, we have discovered a new type of first order phase transition
around 120 K fori-CyHan)aN[FE'FE" (dto)g](n = 3, 4), where the charge-transfer transition betwebrafie
Fe" occurs reversibly. In the higher temperature phase, thé$e 1/2) and F&(S= 2) sites are co-ordinated
by six S atoms and six O atoms, respectively. In the lower temperature phase, on the other hdh(s the Fe
5/2) and F&(S = 0) sites are co-ordinated by six O atoms and six S atoms, respectively. Moreover, we have
found a ferromagnetic phase transition in this system. The ferromagnetic order is induced by the charge-transfer
interaction between the 'feand F& sites. We propose various multifunctional properties for (
CoHon)aN[FE'FE" (mto)] and 6-CoHane)aN[Fe' FE" (tto)s].
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1. Introduction

Transition metal complexes witti-d’ configuration have a possibility of spin
transition between a low-spin state and a high spin state. The spin crossover phe-
nomenon has recently gained renewed importance since the discovery of the photo-
induced spin transition (called LIESST = Light Induced Excited Spin State Trapping)
for [Fe(ptz}](BF4)(ptz = 1-propyltetrazole) [1] and the thermally induced spin cross-
over transition with large thermal hysteresis around room temperature for a triazole
bridged iron(ll) complex [2, 3]. In the case of assembled hetero-metal complex system
including spin-crossover complex ion, the spin transition behaves as a switching
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function to amplify the magnetic dimensionality, the magnetic interaction and to in-
duce the magnetic ordering, which is schematically shown in Fig. 1.

In the spin-crossover system, the enthalpy téindominates the Gibbs free en-
ergy (G =H —-T9 in the low-spin state, while the entropy terrm §-dominates the
free energy in the high-spin state. Usual spin-crossover phenomenon occurs in on-site
molecule. However, in the case of mixed-valence complexes whose spin states are
situated in the spin-crossover region, it is expected that new types of conjugated phe-
nomena coupled with spin and charge take place between different metal ions in order

to minimize the free energy in the whole system.
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Fig. 1. Assembled hetero-metal complex system including spin-crossover complex ion.
The spin crossover transition behaves as a switching function to control
the magnetic interaction and the magnetic ordering
in the assembled hetero-metal complex system
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Fig. 2. Oxalato derivatives as bridging ligand,
and the network structure of [fed" (tto);] complex

From these viewpoints, we have synthesized iron mixed-valence complexes whose spin
states are situated in the spin-crossover region. It is well known that tris(dithiocarbamato)
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iron(lll) complexes show the spin-crossover titios [4]. In these complexes, Fds
co-ordinated by six S atoms. In the cases 8f@eand FEO; octahedra, on the other
hand, there has been no report on the thermally induced spin-crossover transition at
ambient pressure. Taking account of these iron complexes, we have systematically
synthesized iron mixed valence complexes by using oxalato derivatives as bridging
ligands, which is shown in Fig. 2. Recently, we have discovered a new type of phase
transition coupled with spin and charge around 120 K fe€sH,).N[Fe'Fée"
(dto)][5,6].

In this paper, we report and discuss the spin-entropy driven charge-transfer phase tran-
sition in (-CoHans1)sN[Fe'FE" (dto)](dto = dithiooxalato(@0,S,)). Moreover, we put
forward various multifunctional properties fom-C,Ham1)aN[FE'FE" (mto)] (mto
= monothiooxalato(d:S)) and -C,Hzns1)aN[Fe'Fe" (tto)g] (tto = trithiooxalato(@0S)).

2. Experimental

K>(mto), Ky(dto) and K(tto) were synthesized in the similar way as reported in
Ref. [7, 8]. 6-CiHzn:1)4N[Fe'F€E" (dto)](n = 3-6) was synthesized in a similar way to
prepare §-CsH;),N[M"Cr" (dtox](M = Fe, Co, Ni, Zn)[9]. A solution of KBa[Fe
(dto)]-6H,O[8] in a methanol-water mixture was stirred and a solution otBelgD and
(n-CHzn+1)sNBr in a methanol-water mixture was added. In this wayC.Hzn1)4N
[Fe'F€" (dto)] was obtained as black coloured precipitate. In this similar way,
(N-CoHzn1)sN[Fe"FE" (mto)s] and (-C.Hane1)sN[Fe' Fe" (tto)s] were synthesized.

The static magnetic susceptibility was measured by a Quantum Design MPMS5
SQUID susceptometer. Powdered sample of 10 mg was wrapped in polyethylene film
and held in a plastic straw. The magnetic susceptibility obtained was corrected for the
background and the core diamagnetism estimated from Pascal’s constants. In the case
of *’Fe Méssbauer spectroscopic measureni@p in Rh was used at 298 K as
a Mossbauer source. The spectra were calibrated by using the six lines of a body-
centred cubic iron foil (a-Fe), the centre of which was taken as zero isomer shift. The
hyperfine parameters were obtained by least-squares fitting to Lorentzian line shapes.

3. Results and discussion

The crystal structure of{CrHn1):N[F€'F€" (dto)] consists of two-dimensional hon-
eycomb network structure, [feg" (dto)].., and intercalated{C.Hz1)sN* cations. Figure
3 shows the two-dimensional honeycomb network structure with alternating arrdy of Fe
and F& atoms through dto bridges, and the alternation layer structure. At room tempera-
ture, the F& (S= 1/2) and F&(S = 2) sites are co-ordinated by six S atoms and six O
atoms, respectively, which has been confirmed by meafiseoM6ssbauer spectroscopy.
The space group i$6; consequently the conformations of the'(BeC,S,); and
Fé"(S,C,0,); octahedra in one [ted" (dto)]., layer are different from those in the adja-
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S o o3 : cent one [F&€"(dto)].. layer. One layer
. '_.# S by P consists of A configuration of Fé'(OzCZSZ)g
b L L and A configuration of F€'(S,C,0,)s, while
j: L 1.: » i the adjacent layer consists of A configuration
u _-"'.'f’,r ey ".';’Ir by g ";f-'l of F&'(O,C,S)s and A configuration of
% dn ¥ o dp FE"(S,C0)s In (-CoHaner)aN', the axial
ST N SV D S propyl chain points into the cavity of honey-
i -rl.l"ﬁz‘,: : _I-."_..l" "-\.:":M._.}r_.;"_. comb network.
I-I'I‘”:" f!t |_ﬂ__-: Figure 4 shows T as a function of
oy o temperature forr-CsH,)4N[Fe'Fe" (dto)].
LB eI As shown in Fig. 4, xT increases with de-
L - creasing temperature except in the
I I temperature region between 70 K and 130
T T ST o P oy K and shows a maximum around 10 K,
which implies that the magnetic interaction
T e e between F& and F& in (n-CsH)N
P L o B T e P T W= Il . .
I | [Fe'Fe" (dto)] is ferromagnetic and the
=T T ferromagnetic transition takes place around
10 K. In fact, as shown in Fig. 4, the spon-
E; 0 ' b taneous magnetization appears at 7 K. The
Fig. 3. Crystal structure ofy field cooled magneti_zation (FCM) under the
C.H-)N[FE'Fe" (dto)] at 298 K external magnetic field of 30 G shows a

rapid increase below 8 K and shows a ten-

dency to saturate below 6 K. When the
magnetic field is switched off at 1.8 K, the remnant magnetization (RM) remains, and
vanishes at 7 K. The zero-field cooled magnetization (ZFCM) and FCM curves meet at
7 K where the magnetic hysteresis disappears. Consequently, the Curie temperature is
estimated at 7 K.
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Fig. 4. Temperature dependence of x T under the external magnetic field of 5000 G
and the temperature dependence of magnetization under the external magnetic field of 30 G
for (n-CgH,)N[Fe'F" (dto)]. FCM, RM, and ZFCM denote the field-cooled magnetization,
the remnant magnetization, and the zero-field cooled magnetization, respectively
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Turning to T vs. T curve in Fig.4, there is an anomalous drop with thermal hys-
teresis between 70 K and 130 K, which implies a first-order phase transition. In order
to elucidate the detailed mechanism of the phase transition around 120 K, we investi-
gated the’’Fe Méssbauer spectra af-CsH;).N[Fe'Fe" (dto)] at 105 K, 124 K and
130 K, which is shown in Fig. 5.

Halative Transmissien
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Fig. 5.5’Fe Mossbauer spectra ofC;H,),N[Fe'Fe" (dto)]
at 130 K, 124 K and 105 K

At 130 K, the spectrum with two branches at 0.16 mm/s and 1.96 mm/s can be as-
signed to that for the high-spin state of thé §iée co-ordinated by six O atoms. The
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isomer shift [S) and the quadrupole splittin@® of the °’Fe Méssbauer spectrum

with two branches at 0.16 mm/s and 1.86 mm/s are estimated at 1.06 mm/s and 1.80
mm/s, respectively, whose values are quite similar to tht8e=(1.30 mm/s,

QS = 1.79 mm/s at 78 K) of th&Fe Moéssbauer spectrum for the'@e= 2) in
(n-C4Ho)4N[F€e"Fe" (0x)s] [10], where the Fesite is co-ordinated by six O atoms. The
spectrum with single peak at 0.46 mm/s can be assigned to that for the low-spin state
of the F&' site co-ordinated by six S atoms. Ti8and QS of the °’Fe Méssbauer
spectrum with single peak at 0.46 mm/s are quite similar to th®se(.33 mm/sQS

= 0.35 mm/s at 196 K) of th&Fe Méssbauer spectrum for the"f® = 1/2) in
KBa[F€e" (dto)], where the F& is co-ordinated by six S atoms[11]. As shown in Fig.

5, with decreasing temperature, the line profil&’6& Mdssbauer spectra remarkably
changes between 130 K and 105 K. At 105 K, the intensity of the spectrum corre-
sponding to the Pesite decreases by 80% and new lines appear at about 0.2 mm/s
and 1.0 mm/s, which implies a drastic change in the Fe electronic stateS;bf; 4N

[Fe'Fe" (dto)] between 130 K and 105 K.

Comparing with the typical values ¢ and QS of °’Fe Mdssbauer spectra for
Fe'(S=0), Fé(S=2), F'(S= 1/2), and F&(S = 5/2), the’’Fe Mdssbauer spectra of
(n-CsH-)4N[Fe"F" (dto)] between 130 K and 105 K are assigned as shown in Fig. 5.
In this way, from the analysis 6fFe Mdssbauer spectra, we have discovered a new
type of the first order phase transition around 120 K foC{Ha..).N[Fe'Fe"
(dto)](n = 3, 4), where the charge-transfer transition betweénafd F& occurs
reversibly. In the higher temperature phase, tHe(Be 1/2) and F&(S= 2) sites are
co-ordinated by six S atoms and six O atoms, respectively. In the lower temperature
phase, on the other hand, thé'k8 = 5/2) and F&(S = 0) sites are co-ordinated by
six O atoms and six S atoms, respectively.

Fig. 6. Temperature dependence of the
intra-layer (p) and inter-layer (pp) resistivities
of (n-CsH,),N[Fe'Fe" (dto)] at 1.5 GPa.
Arrows denote the direction of the thermal
process. Inset shows the charge-transfer phase
transition as a function of applied pressure
2 determined by the magnetic susceptibiljty (
i and the electrical resistivitp measurements.
1. 5k o A ande A denote the upper limit

'. g 1M S 1 and the lower limit of the charge-transfer
) phase transition, respectively
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In order to prove the charge-transfer phase transition-GyH;).N[Fe" Fe" (dto)],
we have measured the electrical resistivity for the single crystal. Figure 6 shows the
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temperature dependence of the intra-layer) (and inter-layer f;) resistivity of
(n-CsH-)4N[FE'F" (dto);] at 1.5 GPa. The inset in Fig. 6 shows the critical tempera-
ture (T) of the charge-transfer phase transition as a function of applied pressure. At
1.5 GPa, the charge-transfer phase transition takes place between 200 K and 270 K.
As shown in Fig. 6, both of the intra-layer and inter-layer resistivities show an
anomalous drop due to the charge-transfer phase transition. The intra-layer resistivity
is one order of magnitude lower than that of the inter-layer one, which is attributed to
the electron hopping between'Fend F& in the two-dimensional honeycomb net-
work structure of [F&€" (dto)]...

Consequently, it is concluded thatG,Hz.1)sN[Fe'Fe" (dto)](n = 3, 4) under-
goes a thermally induced charge-transfer phase transition coupled with the change of
spin configuration around 120 K, where the charge-transfer transition occurs reversi-
bly between théy, orbitals of the Feand Fé€' sites, which is schematically shown in
Fig. 7. The driving force responsible for the charge-transfer phase transition would be
the difference in spin entropy between the higher and the lower temperature phases. It
should be noted that the spin entropy in the higher temperature phRlsg2is5)
= 19.15 K 'mol™ and that in the lower temperature phaseRlis(1x6) = 14.90
JK'mol™, whereR is the gas constant. Therefore, the spin-entropy gain expected
from the charge transfer is estimated at 4/B5'hol™. Since the observed entropy
gain at the charge-transfer phase transition vCsH;),N[Fe'Fe" (dto)s] is 9.20
JK ol ™ [12], the entropy change originating in intra-molecular vibration is quite
smaller than in normal spin-crossover transition. For example, aboul3&hbi™
was estimated for the vibrational contribution to the entropy change in the spin-
crossover phenomenon observed in [Fe(ptiNQS)] [13].
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Fig. 7. Schematic representation of the charge-transfer phase transition
around 120 K for-C3H,),N[Fe'Fe" (dto)s]

The phase diagram oft-CoHzn.1)sN[F€'FE" (dto)s] is schematically shown in
Fig. 8. The vertical axis denotes the free ene@yH — TS. HTP and LTP denote
the high-temperature phase with' &= 2), F&'(S = 1/2) spin configuration and the
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low-temperature phase with'f&= 0), F&'(S = 5/2) spin configuration, respectively.

T. is the transition temperature between HTP and LTP. The first-order phase transi-
tion around 120 K for -C,Hani1)4N[F€'F" (dto)](n = 3, 4) is regarded as spin-
entropy driven charge-transfer phase transition caused by minimizing the free energy
in the whole system. As shown in Fig. B, strongly depends on the difference of
enthalpy AH) between HTP and LTP. With increasingl, T, presumably becomes

to be higher. If the charge-transfer phase transition is of the first order without thermal
hysteresis or of the second order, the hopping of Avogadro’s number electrons would
take place between the'Fand F& sites, which would cause a spin-entropy driven
metallization afT.

{s
L

HITP

Fig. 8. Phase diagram af-C,Hzn.1).N[Fe'Fe" (dto)s).
The vertical axis denotes the free enfGy=(H - T9S.
HTP and LTP denote the high-temperature phase with
Fe'(S=2), Fd'(S= 1/2) spin configuration and the low-
temperature phase with'§&= 0), F&'(S= 5/2) spin
configuration, respectivelyl,, denotes the transition
=T temperature of the charge-transfer phase transition

Next, we discuss the mechanism of ferromagnetic ordering-iD,Hzn+1)sN
[Fe'Fe" (dto)]. As mentioned already, the spin states of tHedfel FE' sites in the
lower temperature phase are the low-spin stdte Q) and the high spin stat8& (
= 5/2), respectively, where the super-exchange interaction through the sequence of
Fe'—(dto)-F&—(dto)-F&' is considered to be negligibly small. The most plausible
mechanism responsible for the ferromagnetic ordering at 7 K and 11 t@airi{),N
[Fe'Fe" (dto)] and f-CsHs) N[Fe'Fe" (dto)] is the charge-transfer interaction be-
tween the Feand F¥ sites. In the lower temperature phaser€{Hz.1):N[Fe'Fée"
(dtok](n = 3, 4), the ground state wave function perturbed by the charge-transfer in-
teraction between the fand F& sites is expressed as

= (1 -0 p(Fe' (t)gs(Fe" (&)} o pi(FE" (7)) gy (Fe (t:°€%)}
whereo denotes the degree of the charge-transfer interaction. E&ckitEein the
lower temperature phase accepts alectron with down spin, because theande
orbitals in the F& site are both exactly half occupied. Therefore, the spin configura-
tion between Pk and F&€ in the virtual stateg(F€"(t,) ¢(F€'(t,'€" )), is
ferromagnetically coupled. In this way, the valence delocalization between 'the Fe
(S=0) and F8& (S = 5/2) sites induces the ferromagnetic ordering in the lower tem-
perature phase ofHC.Hzn:1)N[Fe'FE"(dto)] (n = 3, 4), which is the same mecha-
nism of the ferromagnetic orderin@. € 5.5 K) in Prussian blue, £gFe'(CN)g4[14, 15].
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Finally, we propose the possibility of various multifunctional properties for
N-CoHane1)aN[Fe'Fe" (mto)] and @-CHane1)aN[F€E'FE" (tto)s]. These complexes have
the possibility of large dielectric response and non-linear optical effect because the
Fe'(SOGO,); octahedra inrtCyHan:1)sN[Fe'Fe" (mto);] and the FSOGS,); octa-
hedra in (-CyHzn.1)sN[Fe'Fé" (tto)s] lose the inversion-symmetry. Consequently, the
following multifunctional properties are expected fiG,Hzn.1)N[Fe'Fe" X5] (X = mto,
dto, tto):

* spin-entropy driven insulator-to-metal transition at the charge-transfer phase
transition,

« coexistence of ferromagnet and ferroelectrics,

« high T, ferromagnets caused by charge-transfer interaction,

* non-linear optical effects induced by magnetic ordering,

* photo-induced magnetic ordering.
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