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1.  INTRODUCTION
 One of the most important targets in current research in 

the field of molecular solids is investigating the multifunc-

tional properties coupled with transport, optical or magnetic 

properties. Among various multifunctional materials, in the 

case of mixed-valence system whose spin states are situated 

in the spin crossover region, it is expected that new types of 

conjugated phenomena coupled with spin and charge take 

place between different metal ions in order to minimize the 

Gibbs energy in the whole system. Based on this viewpoint, 

we have developed ferromagnetic organic-inorganic hybrid 

systems, A[FeIIFeIII(dto)3] (A = (n-CnH2n+1)4N, spiropyran, 

etc.), and discovered the charge transfer phase transition 

(CTPT) for (n-CnH2n+1)4NFeIIFeIII(dto)3] (n = 3 and 4), where 

the thermally induced charge transfer between FeII and FeIII 

occurs reversibly.1) Moreover, at the CTPT, we found the iron 

valence fluctuation with a frequency of about 0.1 MHz by 

means of muon spin relaxation (μSR).2) The CTPT and the 

ferromagnetic transition temperature in (n-CnH2n+1)4N[FeIIFeIII 
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(dto)3] remarkably depend on the size of intercalated cation. 

Since this discovery, experimental approaches for understand-

ing the mechanism and controlling of the CTPT for A[MIIM’III 

(dto)3] have energetically been carried out.3) In this report, 

the detailed dynamical behavior of the CTPT for (n-C3H7)4N 

[FeIIFeIII(dto)3] by means of μSR and dielectric constant 

measurement techniques is presented.4)

2.  EXPERIMENTAL PROCEDURE
 (n-C3H7)4N[FeIIFeIII(dto)3] was synthesized by the follow-

ing way.1) Fe(NO3)3 · 10H2O was treated with K2C2O2S2 in 

cold water, and the solution was filtered to remove iron sulfide. 

Then BaBr2 · 2H2O was added to the dark purple solution and 

KBa[FeIII(dto)3] · 3H2O precipitated. The salt was recrystallized 

from water and dried. A solution of KBa[FeIII(dto)3] · 3H2O 

in a 3 : 2 methanol/water mixture was stirred. To this was 

added a solution of FeCl2 · 4H2O and (n-CnH2n+1)4NBr in a 

3 : 2 methanol/water mixture, then a black powdered crystal 

precipitated. The compound (n-C3H7)4N[FeIIFeIII(dto)3] was 

separated as powdered crystals by suction filtration and 

washed first with a 1 : 1 methanol/water mixture and then with 

methanol and diethyl ether. These samples were characterized 

by chemical analysis, powder X-ray diffraction analysis. From 
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the analysis of single-crystal X-ray diffraction, (n-C3H7)4N 

[FeIIFeIII(dto)3] has a two-dimensional honeycomb network 

structure of [FeIIFeIII(dto)3], and the (n-C3H7)4N cation layer 

is intercalated between two adjacent [FeIIFeIII(dto)3] layers. 

Judging from the bond lengths, the FeII sites are coordinated 

by six oxygen atoms, while the FeIII sites are coordinated by 

six sulfur atoms under ambient pressure.5)

 The temperature dependence of dielectric constant was 

measured by two-probe method with a pellet sample. A Hewlett 

Packard (Keysight) 4284A Precision LCR Meter with the 

frequency of 1 kHz – 1 MHz and a Solartron 1260 impedance 

gain phase analyzer equipped with a Solartron 1269 dielectric 

interface with the frequency of 1 Hz – 10 MHz were employed 

to measure the dielectric constant. The former is suitable for 

high frequency range and the latter has the advantage in wide 

frequency region, especially in the low frequency. The measure-

ment temperature range was between 2 and 300 K.

 The μSR experiments were carried out at the RIKEN-RAL 

Muon Facility at the Rutherford-Appleton Laboratory in the 

UK and PSI Laboratory for Muon Spin Spectroscopy at the 

Paul Scherrer Institut in Switzerland. Polycrystalline samples 

of about 200 mg were wrapped in silver foils and stuck to a 

silver plate. We used He-flow cryostats in the temperature 

range between 2 and 200 K.6) The time dependence of the 

asymmetry parameter of muon-spin polarization (μSR time 

spectrum) was measured in zero field (ZF) and longitudinal 

field (LF). The asymmetry parameter is defined as A(t) = 

[NB(t) − NF(t)]/[NB(t) + NF(t)], where NF(t) and NB(t) are total 

muon events of the forward and backward counters aligned 

in the beam line, respectively. The initial asymmetry, A(0), 

is defined as the asymmetry at t = 0. The initial muon-spin 

polarization was parallel to the beam line and the direction 

of LF was parallel to the muon-spin polarization.

3.  PHYSICAL PROPERTIES OF  
3.  (n-CnH2n+1)4N[FeIIFeIII(dto)3]

 The most important physical properties in the series of 

(n-CnH2n+1)4N[FeIIFeIII(dto)3] are the charge transfer phase 

transition (CTPT) and the ferromagnetic phase transition.1) 

Figure 1 shows the schematic representation of the CTPT for 

n = 3. The magnetic susceptibilities for all the complexes 

obey the Curie-Weiss law, χMT = CT / (T – θ) in the range of 

150–300 K.1) In the cases of n = 3 and 4, reflecting the CTPT, 

a small hump appears in χMT at around 120 K and 140 K for 

n = 3 and 4, respectively.1) The magnetic susceptibility and 

electron spin resonance measurements reveal that a thermal 

hysteresis loop appears between 60 K and 130 K for n = 3, 

between 50 K and 145 K for n = 4, respectively. All the 

samples of n = 3–6 undergo the ferromagnetic phase transition 

in the low temperature region. For the as-prepared sample of 

(n-CnH2n+1)4N[FeIIFeIII(dto)3], the FeII site surrounded by six 

oxygen atoms is situated in the high spin state (FeII (S = 2)), 

while the FeIII site surrounded by six sulfur atoms is situated 

in the low spin state (FeIII (S = 1/2)). The spin state with the 

combination between FeIIO6 (S = 2)-FeIIIS6 (S = 1/2) is named 

as high temperature phase (HTP). In the cases of n = 3 and 

4, judging from the heat capacity measurement, the CTPT 

takes place at 122.4 K and 142.8 K for n = 3 and 4, respec-

tively, where an electron transfers reversibly between the t2g 

orbitals in the FeII and FeIII sites. As a result of this CTPT, the 

coordination environment of FeII and FeIII are exchanged with 

each other as like FeIIS6 and FeIIIO6. Additionally, the spin 

state of these two sites are changed as the low spin state of 

FeII (S = 0) and the high spin state of FeIII (S = 5/2). The spin 

state with FeIIS6 (S = 0)-FeIIIO6 (S = 5/2) is denoted as low 

temperature phase (LTP), which was elucidated by means of 
57Fe Mössbauer spectroscopy.1, 3) In the cases of n = 5 and 6, 

on the other hand, the CTPT does not take place in the whole 

measuring temperature range between 300 K and 2 K under 

ambient pressure. According to the temperature dependence 

of the field cooled magnetization (FCM), the zero-field cooled 

magnetization (ZFCM) and the remnant magnetization (RM) 

for (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3 ~ 6), the LTP with 

FeIIS6 (S = 0)-FeIIIO6 (S = 5/2) configuration for n = 3 under-

goes the ferromagnetic transition at 7 K, while the HTP with 

FeIIO6 (S = 2)-FeIIIS6 (S = 1/2) configuration for n = 5 and 6 

undergoes the ferromagnetic transition at 19.5 and 22 K, 

respectively.1)

Figure 1. Schematic representation of the charge transfer phase 
transition (CTPT) in (n-C3H7)4N[FeIIFeIII(dto)3].
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4.  MUON SPIN RELAXATION
 Muon is a very useful elemental particle for sensing the 

magnitude, distribution and fluctuation of internal field. 

Therefore, the μSR technique has been applied to the study 

of magnetic phase transitions, various kinds of spin frustra-

tions, superconducting phenomena and so forth. The asymme-

try parameter is defined as A(t) = [NB(t) − NF(t)]/[NB(t) + 

NF(t)], where NF(t) and NB(t) are total muon events of the 

forward and backward counters aligned in the beam line, 

respectively. The initial asymmetry, A(0), is defined as the 

asymmetry at t = 0. To analyze the time spectra, the following 

function with two components was used,

A(t) = A0GZ(Δ, HLF , t)exp(–λ0t) + A1 exp(–λ1t)  (1)

where A0 and A1 are the initial asymmetries of the slow and 

fast relaxation components and λ0 and λ1 are the respective 

muon spin depolarization rates. GZ(Δ, HLF , t) is the static 

Kubo–Toyabe function.7) Δ/γμ is the distribution width of the 

nuclear-dipole fields at the muon sites, and γμ is the gyromag-

netic ratio of muon spin. The HLF is the longitudinal field. In 

the case of zero-field, HLF is set to zero. Figure 2 shows the 

time scale and the schematic representation of muon spectros-

copy.

 Figure 3 shows the initial asymmetries and the depolariza-

tion rates as a function of temperature from 1.9 to 40 K for 

n = 3 – 5.8) As shown in Fig. 3(a), when the temperature 

decreases from 40 K to the Curie temperature, the initial 

asymmetry shows a remarkable drop and reaches about 1/3 

of that at 40 K, then it remains unchanged below the Curie 

temperature. The remarkable drop in the initial asymmetry 

between 30 K and the Curie temperature is attributed to the 

development of 2D ferromagnetic short-range order, which 

is explained by the mechanism that the time scale of fast 

relaxation caused by the ferromagnetic ordering crosses the 

time window of μSR measurement. As shown in Fig. 3(b), 

the depolarization rate of the ZF-μSR exhibits an anomalous 

peak at around the inflection point in the drop of initial 

asymmetry as a function of temperature, which is due to the 

critical slowing down of the Fe spin fluctuation toward the 

ferromagnetic transition. In the case of n = 4, there is only 

one peak in the temperature dependence of the depolarization 

rate, while the ferromagnetic transition shows two peaks in 

the ZFCM. This inconsistency is caused by the difficulty to 

detect the muon spin depolarization rate of LTP, because the 

internal field of HTP accelerate the decay of spin-polarized 

muon which interacts with LTP ordering state.

 In addition to the ferromagnetic transition for 

(n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3 – 5), the CTPT was also 

detected by μSR in (n-C3H7)4N[FeIIFeIII(dto)3]. Figure 4 shows 

the time spectra of μSR for (n-C3H7)4N[FeIIFeIII(dto)3] at 

several temperatures under zero-field.2,4) In this figure, we can 

observe a difference between the time spectra of heating and 

Figure 2. Time scale and the schematic representation of muon 
spectroscopy. NF(t) and NB(t) are the total muon events of the 
forward and backward counters aligned in the beam line, 
respectively.

Figure 3. (a) Initial asymmetry and (b) depolarization rate as a function of temperature for (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3 – 5). 
Dashed lines are guides for eyes.
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cooling processes at 80 and 110 K, while no such difference 

is detected for the spectra above 200 K or below 30 K.

 From the analysis of these spectra by using eq. (1), we 

can obtain the temperature dependence of the depolarization 

rate for (n-C3H7)4N[FeIIFeIII(dto)3] (see Fig. 5). The same 

analysis as n = 3 can be applied to the time spectra for n = 5, 

and the corresponding data for n = 5 is shown in Fig. 5. These 

depolarization rates as a function of temperature show the 

peaks at 15 and 22 K for n = 3 and 5, respectively, due to the 

critical slowing down of the fluctuations of Fe spins toward 

the ferromagnetic transition.9) Moreover, in the case of n = 3, 

an anomalous enhancement of depolarization rate with 

thermal hysteresis between 60 and 140 K appears, while n = 

5 shows no such anomaly. The temperature range where the 

anomalous enhancement of depolarization rate appears corre-

sponds to the hysteresis loop of the CTPT for n = 3. Therefore, 

the anomalous enhancement of depolarization rate with 

thermal hysteresis around 80 K for n = 3 obviously originates 

from the CTPT. Taking into account that the CTPT is accom-

panied by the electron transfer and the HTP state is mixed 

with the LTP state around 80 K, it is concluded that the 

electron transfer between the FeII and FeIII sites induces the 

fluctuating internal fields at the muon site, which enhances 

the depolarization rate. Therefore, the oscillation of electrons 

between the FeII and FeIII sites is responsible for the dynami-

cal nature of the CTPT.

 Figure 6 shows the depolarization rate of muon spin as a 

function of temperature under various longitudinal magnetic 

field. In the case of n = 3, the anomalous peak around 80 K 

attributed to the CTPT decreases and disappears with increas-

ing the longitudinal field. In the case of n = 5, on the other 

hand, no peak is observed between 200 and 40 K.

 As shown in Fig. 6, the depolarization rates for both 

complexes decrease with increasing longitudinal field up to 

about 100 Oe and become constant above that field. The 

constant values increase with decreasing temperature. This 

behavior suggests the existence of two components. One 

component is easily suppressed by the weak longitudinal field 

Figure 4. Time spectra of μSR for (n-C3H7)4N[FeIIFeIII(dto)3] at several temperatures under zero-field.
 There are differences between the spectra under heating and cooling process only at 80 and 110 K.

Figure 5. Temperature dependence of the dynamic muon spin 
depolarization rate, λ0, for (n-C3H7)4N[FeIIFeIII(dto)3] in 
cooling and heating processes and (n-C5H11)4N[FeIIFeIII(dto)3]. 
The inset shows the temperature dependence of molar 
magnetic susceptibility multiplied by temperature for 
(n-C3H7)4N[FeIIFeIII(dto)3]. Arrows denote the direction of 
the temperature change.
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of 100 Oe, and the other one remains under the longitudinal 

field up to 4 kOe. The former component implies that there 

is a weak and slowly fluctuating internal field at the muon 

site, which is easily masked by the weak longitudinal field of 

100 Oe. The origin of the former component is due to the 

fluctuating component of nuclear dipoles as has been observed 

in MnSi.10) On the other hand, considering that the latter 

component increases with decreasing temperature and similar 

values of the depolarization rate are observed in both cases 

of n = 3 and 5 at the same temperature, it is suggested that 

the latter component originates from the dipole field of 

dynamically fluctuating Fe spins.

 Turning to the anomalous enhancement of the depolariza-

tion rate of muon spin due to the CTPT, we extract the differ-

ence of depolarization rate between those of n = 3 and 5 to 

analyze the fluctuation of electrons between the FeII and FeIII 

sites at the CTPT. The field dependence of this subtracted 

depolarization rate at 80 K is plotted in Fig. 7. Applying the 

Redfield’s equation11–13) to the longitudinal field (ΗLF) depen-

dence of the subtracted depolarization rate (λCT) between n 

= 3 and 5, we can evaluate the correlation time of muon spins 

(τc) and the amplitude of the fluctuating internal field (Hloc) 

at the muon site, respectively. The formula of this equation 

is expressed as follows,

 2γ 2
μ H

2
locτC

λCT = —————— (2)
 1 + γ 2

μ H
2
LFτ 2

C

where γμ is the gyromagnetic ratio of muon spin. These param-

eters at several temperatures are summarized in Table 1.

Figure 6. (a) Temperature and longitudinal-field dependence of the dynamic muon spin depolarization rate, λ0, for (n-C3H7)4N[FeIIFeIII(dto)3].
 (b) Temperature and longitudinal-field dependence of λ0 for (n-C5H11)4N[FeIIFeIII(dto)3]. The solid lines are guides for the eye.

Figure 7. Longitudinal-field dependence of the dynamic muon spin 
depolarization rate, λCT, corresponding to the charge transfer 
phase transition for (n-C3H7)4N[FeIIFeIII(dto)3] at 80 K in the 
cooling process.2,4) The solid line shows the best fit of eq. (2).

Table 1. Parameters obtained by fitting with Redfield equation to the 
subtracted depolarization rate.

T (K) τC (μs) Hloc (G)

060 — 0.0

080 05.7 4.0

110 10.6 1.9
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 The frequency of the additional internal field at the muon 

site, which is given as ν = 1/τc, is the order of 0.1 MHz as the 

maximum at 80 K and zero at 60 K.2, 4) The magnitude of Hloc 

is between 1.9 and 4.0 G, which is larger than that of nucle-

ar dipole field (~1 G). These results of μSR measurement 

suggest the existence of dynamic electron fluctuation between 

FeII and FeIII sites with its frequency of 0.1 MHz at 80 K, 

which is schematically shown in Fig. 8. The time scale of τc 

is consistent with the result of the 57Fe Mössbauer measure-

ment which implies that the fluctuation between the HTP and 

LTP is slower than 10−7 s.4) Considering the dynamic electron 

fluctuation between the FeII and FeIII sites in [FeIIFeIII(dto)3] 

layer, the electron hopping conduction is induced by the 

CTPT. This behavior is consistent with the anomalous drop 

with thermal hysteresis in the electrical resistivity at the 

CTPT.4) Considering that the CTPT in this system is the first 

order phase transition, the dynamically fluctuated valence 

state of iron is regarded as the fluctuation of chemical poten-

tial between the high-temperature phase (HTP) and the 

low-temperature one (LTP).

5.  DIELECTRIC RESPONSE AT THE CTPT
 Dielectric constant measurement is one of the most power-

ful methods to investigate dielectric materials. Recently, 

charge order driven ferroelectrics have been developed to 

realize a large dielectric constant, fast response to polarization 

inversion and high density of polarization domains.14) 

Moreover, dielectric constant measurement is also useful for 

the investigation of characteristic properties of charge- 

transfer or proton-transfer molecular materials. For example, 

neutral-ionic transition between donor and accepter molecules 

is responsible for the large dielectric response.15) These results 

suggest that the dielectric constant measurement is valuable 

for its application to electron transfer phenomena. In the case 

of (n-C3H7)4N[FeIIFeIII(dto)3], it is expected that an anomalous 

enhancement of the dielectric constant is associated with the 

CTPT.

Figure 9. Temperature dependence of the in-phase (upper) and the out 
of phase (lower) parts of the dielectric constant with the 
frequency of 10 kHz for (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3 
– 5).

Figure 8. Schematic representation of the valence fluctuation between the FeII and FeIII sites at the charge transfer phase transition 
(CTPT) for (n-C3H7)4N[FeIIFeIII(dto)3].
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 From the viewpoint of the characteristics of dielectric 

constant, we measured the temperature dependence of the 

di electric constant to directly observe the CTPT in (n-CnH2n+1)4N 

[FeIIFeIII(dto)3] (n = 3 – 5). As shown in Fig. 9, anomalous 

enhancements in the real and imaginary components of dielec-

tric constants for n = 3 and 4 were observed in the same 

temperature range of CTPT, while no anomaly was observed 

for n = 5. The increments of ε’ and ε’’ above 150 K are attrib-

uted to the dynamical motion of (n-CnH2n+1)4N
+. The temper-

ature range of the hysteresis loop is independent of the applied 

frequency. Judging from the results of μSR and dielectric 

constant measurements, the anomalous enhancement of 

dielectric constant is attributed to the dynamical fluctuation 

of electrons between the FeII and FeIII sites. As shown in Fig. 

10, the anomalous enhancement of the dielectric constant 

induced by the CTPT remarkably depends on the frequency 

of electric field and it becomes apparent as the frequency of 

electric field is lowered to 1 Hz, which is quite similar to the 

dielectric relaxation in relaxor ferroelectrics. Such frequency 

dependence is considered to be caused by the slow relaxation 

of the electrons, due to the barrier of the electron hopping on 

the grain boundary of domains.

6.  CONCLUSION
 We have developed a ferromagnetic organic-inorganic 

hybrid system, A[FeIIFeIII(dto)3] (A = (n-CnH2n+1)4N, spiropy-

ran, etc.), and discovered the charge transfer phase transition 

(CTPT) for (n-CnH2n+1)4NFeIIFeIII(dto)3] (n = 3 and 4), where 

the thermally induced charge transfer between the FeII and 

FeIII sites occurs reversibly. In order to detect the dynamic 

process of CTPT, we carried out the μSR and dielectric 

constant measurement techniques for these complexes. From 

the analysis of μSR, we revealed the dynamics of CTPT for 

(n-C3H7)4N[FeIIFeIII(dto)3]. In particular, it is notable that the 

hopping rate of electrons between the FeII and FeIII sites at the 

CTPT is evaluated at 0.1 MHz by the analysis of the μSR 

under longitudinal magnetic field. On the other hand, the 

dielectric constant measurement is very sensitive for detect-

ing the existence of CTPT. In the cases of (n-CnH2n+1)4N[FeIIFeIII 

(dto)3], an anomalous enhancement of dielectric constant with 

thermal hysteresis appears at the CTPT across the whole 

measuring frequency range between 1 Hz and 1 MHz, which 

is attributed to the valence fluctuation between FeII and FeIII 

sites associated with the CTPT. This anomaly becomes 

enhanced as the frequency is lowered, which is quite similar 

to the dielectric relaxation in relaxor ferroelectrics. Consider-

ing that the CTPT in this system is the first order phase transi-

tion, the dynamically fluctuated valence state of iron is 

regarded as the fluctuation of chemical potential between the 

high-temperature phase and the low-temperature one.
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