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New-type Phase Transition Coupled with Spin
and Charge in Iron Mixed-Valence System

NORIMICHI KOJIMA?, MIHO ITOI?, YUUKI ONO?,
MASASHI OHKUBO?, YASUHIRO KOBAYASHI®
and MAKOTO SETO"

aDepartment of Basic Science, Graduate School of Arts and Sciences,
The University of Tokyo, Tokyo 153-8902, Japan and
bResearch Reactor Institute, Kyoto University, Osaka 590-0494, Japan

We have investigated the physical properties of (n-CyHzpi1)sN
[Fe"Fe(dto)s)(dto = C0,S;) by means of °*’Fe Mossbauer
s;)ectroscopy, magnetic susceptibility, and ESR. From the analysis of
*"Fe Mossbauer spectra and ESR signal, we have discovered a new type
of first order phase transition around 120 K for (n-CiHzni1)sN
FeHFem(dto?ﬁ](n = 3, 4), where the charge transfer transition between
Fe" and Fe'™ occurs reversibly. In the higher temperature phase, the
Fe™' (S = 1/2) and Fe" (S = 2) sites are coordinated by six S atoms and
six O atoms, respectively. In the lower temperature phase, on the other
hand, the Fe™ (S = 5/2) and Fe" (S = 0) sites are coordinated by six O
atoms and six S atoms, respectively. Moreover, we have found the
ferromagnetic phase transition in this system. The ferromagnetic order
is induced by the charge transfer interaction between the Fe™ (S = 5/2)
and Fe' (S = 0) sites.

Keywords:  spin crossover; ferromagnetism; charge transfer; phase
transition; mixed valence
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INTRODUCTION

Transition metal complexes with &-d configuration have a possibility
of spin transition between a low-spin state and a high spin state. The
spin crossover phenomenon 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)s](BF4)2(ptz =
1-propyltetrazole)[1] and the thermally induced spin crossover transition
with large thermal hysteresis around room temperature for a triazole
bridged iron(II) complex!?.

In the case of mixed-valence complexes whose spin states are
situated in the spin-crossover region, new types of conjugated
phenomena coupled with spin and charge are expected. From this
viewpoint, we have synthesized new-type of mixed-valence iron
complex system, (n-CyHzn1)aN [Fe"Fe(dto)s](dto = C,0,S;), and
have investigated its physical properties[3’4]. In this paper, we report and
discuss a new type of phase transition coupled with spin and charge for
(0-CoHazg41)sN[Fe"Fe™(dto)3](N = 3,4) around 120 K, where the charge
transfer between the Fe' and Fe'™ sites occurs reversibly.

EXPERIMENTAL RESULTS AND DISCUSSION

(n-CoHzn41)4N[Fe"Fe™(dto)s] was synthesized in the similar way to
prepare (n-C3H7)aN [MPCr™(dto)s](M = Fe, Co, Ni, Zn)PL A solution
of KBa[Fe(dto)s]:6H,O in a methanol-water mixture was stirred. To
this, a solution of FeCl,'4H,0 and (n-C,H2,.1)sNBr in a methanol-
water mixture was added. In this way, (n-CyHzas1)sN[Fe"Fe(dto)s]
was obtained as black colored precipitate.

(n-CyHazp41)sN[Fe"Fe''(dto)s] has a two-dimensional network
structure with an alternating array of Fe' and Fe" atoms through dto
bridges, which is strongly supported by the structural analysis of
(n-C3H7)sN[Co"Fe™ (dto)s]®. The two-dimensional network structure



Downloaded by [University of Haifa Library] at 10:57 11 August 2012

PHASE TRANSITION COUPLED WITH SPIN AND CHARGE 351

of [Co"Fe™(dto)s].s in (n-CsH7)sN [Co'Fe™(dto)s] is shown in Figure
1. The X-ray powder diffraction patterns show (n-CyHap1)sN
[Fe"Fe""(dto)s] and (n-C3H7)4N [Co"Fe™(dto)s] to be isomorphous.

(CsH7)sN[Co"Fe™(dto);] R=0.917

FIGURE 1  Network structure of [Co"Fe™(dto)s].in (n-CsH,)sN
[Co"Fe™(dto)s).

Figures 2(a) and 2(b) show the *’Fe Mossbauer spectra of
(n-C3Hy)aN[Fe"Fe™ (dto)s] at 200 K and 77 K, respectively. At 200 K,
the spectrum with two branches at 0.16 mm/s and 1.86 mm/s can be
assigned to that for the Fe" site coordinated by six O atoms. As shown
in Table I, the isomer shift (IS) and the quadrupole splitting (OS) of the
"Fe Mossbauer spectrum with two branches at 0.16 mm/s and 1.86
mm/s are quite similar to those of the *’Fe Mdssbauer spectrum for the
Fe'(S = 2) in (n-CsHg)sN[Fe"Cr™(ox)s]"), where the Fe" site is
coordinated by six O atoms. The spectrum with single peak at 0.48
mm/s can be assigned to that for the Fe™ site coordinated by six S
atoms. The IS and QS of the *’Fe Mdssbauer spectrum with single peak
at 0.48 mm/s are quite similar to those of the *’Fe Mssbauer spectrum
for the Fe'(S = 1/2) in KBa[Fe"(dto)s], where the Fe' is coordinated
by six S atoms!®. As shown in Figure 2, with decreasing temperature,
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the line profile of >’Fe Mdssbauer spectra remarkably changes between
200 K and 77 K. At 77 K, the intensity of the spectrum corresponding
to the Fe" site decreases by 80 % and new lines appears at about 0.2
mm/s and 1.0 mm/s, which implies a drastic change in the Fe electronic
states of (n-CsH7)sN[Fe"Fe™ (dto);] between 200 K and 77 K.

Fe?t(Hs)
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FIGURE 2  "Fe Mossbauer spectra of (n-CsH;)4N[Fe"Fe'" (dto)s].

Figure 3(a) shows the *’Fe Mossbauer spectra in the
ferromagnetically ordered phase for (n-CsH7)iN[Fe"Fe™ (dto)s]. The
e Mossbauer spectra at 4.2 K are well resolved and show a
superposition of a central peak and a hyperfine split level with six
branches. The line profile of °*’Fe Mossbauer spectra for
(n-C3H7)4N[Fe"Fe™ (dto)s] in the ferromagnetically ordered phase is
quite similar to that of the "Fe Mossbauer spectra for Prussian blue,
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(Fe"4[Fe"(CN)s]3) below Te(= 5.5 K)®), which is shown in Figure 3(b).
In the case of Prussian blue, the spin state of the Fe' site
coordinated by six C atoms is the low spin state (S = 0), and that of the
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FIGURE 3  *’Fe Méssbauer spectra for Prussian blue at 1.6 K and
(n-C3H7)sN[Fe"Fe™ (dto)s] at 4.2 K. (a) soluble Prussian
blue, (b) insoluble Prussian blue, (c) Turnbull’s blue, (d)
(n-CsH7)sN[Fe"Fe™™ (dto)s].

Fe'" site coordinated by N atoms is the high spin state (S = 5/2). The
estimated internal magnetic fields for Fe'(S = 0) and Fe''(S = 5/2) in
Fe"';[Fe"(CN)s]s at 1.6 K are 0 kG and 540 kG, respectively?..
Comparing the internal magnetic fields for the Fe™ and Fe'™ sites in
(n-C3H7)4N[FeHFem (dto)s], the *"Fe Mossbauer spectrum with six split
branches induced by the internal magnetic field of 446 kG corresponds
to that for the Fe'" site with high spin state (S = 5/2), and the central
peak without internal magnetic field corresponds to that for the Fe" site
with low spin state (§ = 0). Taking into account the obtained IS and QS
of the ’Fe Mdssbauer spectra for the Fe" and Fe'" sites at 4.2 K, the
5TFe Mbssbauer spectra of (n-C3H7)4N[F¢aHI*“c>,III (dto)s] at 77 K can be
reproduced as shown in Figure 2(b).

Moreover, in order to prove the charge transfer phase transition at
120 K, we have measured ESR spectra for (n-CsH;)4N[Fe"Fe"'(dto)s]
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around 120 K. In the cases of the high-spin state (*T3g) of Fe" and the
low-spin state (*T5) of Fe'™, ESR signal can not be observed around
120 K because of rapid spin-lattice relaxation. ESR signal around 120
K is observable only for the high-spin state (*Ayg) of Fe™™. In fact, as
shown in Figure 4, the ESR signal corresponding to the Fe' site with S
= 5/2 appears below 120 K, and its intensity becomes strong with
decreasing temperature. In the heating process, the ESR signal vanishes
above 140 K. The g value of ESR signal at 77 K is 2.10, which is
consistent with that of the high-spin state (°A;) of Fe™. In
(n—C4H9)4N[FenFem(dto)3], similar ESR signal corresponding to the
Fe'' site with S = 5/2 appears below 100 K with decreasing
temperature.

Signal Intensity (arb. units)

1000 2000 3000 4000 5000

H/G

FIGURE 4  ESR signal of (n-C3H;)sN[Fe"Fe'"(dto)s] around 120 K.
Heating process. Hyper fine spectra with six branches
around 300 mT correspond to Mn®* in MgO as a marker.

Consequently, it is concluded that (n-CyHza.1)¢N[Fe"Fe™(dto)s](n
= 3,4) undergoes a thermally induced charge transfer phase transition
coupled with spin transition at 120 K, which is schematically shown in
Figure 5. As shown in Figure 5, it is considered that the thermally
induced charge transfer transition occurs reversibly between the 2
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orbitals of the Fe' and Fe™ sites. 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 phase is RIn(2 X 5)
and that in the lower temperature phase is RIn(1 X 6), where R is the gas

constant.
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FIGURE 5  Schematic representation of the charge transfer phase
transition in (n-CoHzas1)4N[Fe"Fe™(dto)s](n = 3, 4).

Finally, we discuss the mechanism of ferromagnetic ordering in
(n-CnHz,H1)4N[FeHFem(dto)3]. As mentioned already, the spin states of
the Fe" and Fe'" sites in the lower temperature phase are the low-spin
state (§ = 0) and the high spin state (S = 5/2), respectively, where the
superexchange interaction through the sequence of Fe'™ — (dto) — Fe'' -
(dto) — Fe™ is considered to be negligibly small. The most plausible
mechanism responsible for the ferromagnetic ordering at 6.5 K and 11
K for (n-CsHy)sN[Fe"Fe™(dto)s] and (n-C4Hg)sN[Fe"Fe'! (dto)s] is the
charge transfer interaction between the Fe" and Fe'" sites. In the lower
temperature phase of (n-CnH2n+1)4N[FeHFem(dto)3](n = 3, 4), the
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ground state wave function perturbed by the charge transfer interaction

between the Fe"' and Fe'' sites is expressed as ¥=y1-a> { ByFe" (%))

BLFe (BN} + a{ Bi(Fe" (1)) B(Fe"(t'e?))}, where a denotes
the degree of the charge transfer interaction. As shown in Figure 5, each
Fe™ site in the lower temperature phase accepts a t, electron with down
spin, because the #; and e orbitals in the Fe' site are both exactly half
occupied. Therefore, the spin configuration between Fe'' and Fe™ in the
virtual state, @ (Fe"'(t," )) @ (Fe(t2*¢?)), is ferromagnetically coupled.
In this way, the valence delocalization between the Fe" (S = 0) and Fe™
(8 = 5/2) sites induces the ferromagnetic ordering in the lower
temperature phase of (n-CyHzq41)aN[Fe"Fe™(dto)s](n = 3, 4).
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