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Transition oxide materials have a long and high-flying history due to their attractive 

properties. They are well-known today for magnets, high temperature superconductors as 

well as promising electronic materials. For example, BaTiO3 and PbZrTiO3 are famous 

piezoelectric materials that are used in Micro-electric-mechanical system devices and VO2, 

a metal insulator transition material with a threshold temperature of 70 degrees is used to 

prevent over-heating of devices such as batteries. Herein, I address the newly investigated 

noble transport properties in (1) perovskite (La,Pr,Ca)MnO3 as a cryogenic non-volatile 

random access memory by using the phase change between charge-ordered insulating state 

and ferromagnetic metallic state, (2) ferroelectric BiFeO3: switchable photovoltaic effect 

by switching the poling direction of the sample. I also explored the newly investigated 

multiferroic property in transition metal compound Ca3Co2-xMnxO6 as well as the giant 

magnetic coercivity change induced by co-operative freezing in Ca3Co2O6. 
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1. Transition metal oxides 

In the past several decades, numerous transition metal oxides (TMO) containing 

transition elements have been intensively researched due to their fascinating properties in 

bulk and/or as thin films. Transition elements are atoms that have electrons in the d-

orbital. These elements are located in the d-block (group 3 to 12) of the periodic table 

(FIG I. 1). Group 3 such as Yttrium and Scandium and group 12 are not usually 

considered transition elements since their compounds contain no d-electron in group 3 

(Sc3+ : 3d04s0) and completely-filled d-orbital in group 12 (Zn2+: 3d104s0). Intriguing 

magnetic and electric properties of transition metal oxides are originated from the in-

completed d-orbital electrons. For example, magnetic properties came from unpaired d-

orbital electrons; atoms have odd numbers of d-electrons and/or even numbers of d-

electrons in high spin and low spin state.  

Applications of transition oxide materials, such as superconductivity and 

magnetoresistance effect, are well known. Low-loss power delivery/superconductivity is 

the most familiar application in transition metal oxide. Georg Bednorz and Karl Müller 

were jointly awarded the Nobel Prize in Physics in 1987 for their observation of high 

temperature superconductivity with cuprate (Ba-La-Cu-O system) ceramic materials. It 

laid the ground work that lead to the discovery of YBa2Cu3O7, its critical temperature is 

above liquid nitrogen temperature [1,2]. The research on high temperature 

superconductor is recently intensified by the discovery of Fe-based superconductors in 

iron pnictide compounds. Modulation of electrical resistance in the presence of magnetic 

field (colossal and/or giant magnetoresistance in manganites) is also a famous property of 

transition oxide materials [3,4]. Electrical resistance can be decreased in the presence of a 
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FIG. I. 1. Periodic table and angular distribution of the d orbital 
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magnetic field. This observation of the magnetoresistance effect earned Albert Fert and 

Peter Grünberg a Nobel Prize in Physics in 2007. The Magnetoresistance effect offers an 

opportunity for the development of new technologies such as read/write heads for ultra 

high-capacity magnetic storage and spintronics. The examples of applications in TMO 

materials are shown in FIG. I. 2.   

 

 

 

 

 

FIG. I. 2. Examples of transition metal oxide application 
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2. Non-volatile Random Access Memory  

Non-volatile Random Access Memory (RAM) is defined as memory device that 

does not lose its storage information when the power is turned off. This non-volatile 

RAM effect has been observed in a wide variety of transition metal oxide, such as 

Pr0.7Ca0.3MnO3, Cr-doped SrZnO3, and SrTiO3 [5-7]. The trend of recent technology is 

that devices are becoming more compact and some are even conversed into a 

multifunctional device, such as a smart phone. The non-volatile RAM is an essential 

device for recent technologies. Non-volatile memory is required to have speed of a static 

RAM, and storage density of a dynamic RAM. Flash memory used as a non-volatile 

memory but there is a limit of speed (FIG I. 3).  

 

 

FIG. I. 3. Schematic of relation among memory devices  
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For this reason, new concepts of RAM have been researched and parts of them are 

developed as a product such as Ferroelectric RAM, which uses a ferroelectric property 

and Magenetoresistive RAM, which utilizes magnetoresistivity. Recently, reversible 

resistance switching effect (the resistance of the device can be reversibly switched by 

applied electric pulses) is observed in Pr0.7Ca0.3MnO3 and has drawn attracted much 

attention as it is a good candidate for non-volatile Resistance-RAM [8,9]. This resistivity 

switching in Resistance-RAM (R-RAM) turns out to be caused by formation and 

annihilation of nanoscale conducting paths. The microscopic mechanism of the R-RAM 

effect is not fully understood yet, but is theorized to be associated with the local phase 

change with different electronic properties, similar to how Phase change RAM (P-RAM) 

works [10,11].  

In R-RAM case, high resistance state and low resistance state are changed by 

creation and annihilation of filament path. As applied voltage increase, conduction paths 

like filament, develop throughout the sample. The memory device then becomes a low 

resistance state. And at low resistance state, increasing the applied voltage, the 

conduction path is broken and becomes a high resistance state (FIG. I. 4). The 

mechanism of Phase change RAM is shown in FIG. I. 5. The P-RAM shows a high 

resistance and low reflectance behavior in the amorphous form (reset state), while the 

crystalline phase (on state) shows a low resistance and high reflectance. These “reset” 

and “on” states can be switched from one to the other by using different voltage or laser 

pulses that induce either heating above the melting temperature followed by rapid 

quenching or annealing below the melting temperature but above the glass transition 

temperature. The P-RAM provides high sensing margins. Both P-RAM and R-RAM have  
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FIG. I. 4. Mechanism of the R-RAM and I-V character in STO and PCMO [material Tod]  

 

 

 

FIG. I. 5. Mechanism of the P-RAM [12] 
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attracted a great deal of attention for use as future nonvolatile memories. In Chapter II, I 

shall address the newly investigated novel transport properties in perovskite 

(La,Pr,Ca)MnO3 as a cryogenic non-volatile random access memory by using phase 

change between charge-ordered insulating state and ferromagnetic metallic state.  

 

3. Photovoltaic effect in Ferroelectrics 

Conventional photovoltaic effect in non-polar materials is well-known 

photovoltaic effect in p-n junction. This effect originates from the internal field in the 

space charge region. The homogeneous illumination of light, which its energy is larger 

than the material’s bandgap, generates electron-hole pairs in the specimen. Generated 

electron-hole pairs in the space charge region move in a one direction under the internal 

field which is induced by band bending in the junction. The main drawback of p-n 

junction solar cell lies in the high temperature fabrication techniques used to build carrier 

difference in bulk and grain boundary diffusion of the dopant in polycrystalline material.  

In 1956, Bell laboratory scientist A. G. Chynoweth reported steady photovoltaic 

current in BaTiO3 [13]. He explained that the ferroelectric photovoltaic effect (FPV) was 

related with the internal fields induced space charge region. In 1986, Dr. Gower 

measured ~1 nA on/off photocurrent in BaTiO3 by using a multimode Ar laser at 488 nm. 

In 1972, Japanese scientist reported the FPV effect in ferroelectric TiO2 and another Bell 

laboratory scientist Dr. Glass’s bulk photovoltaic effect in LiNbO3 published in 1974.  

Ferroelectric materials have a spontaneous electric polarization which came from space 

inversion symmetry breaking in different directions. Polarization can be reversely 

changed by application of an external electric field larger than electric coercivity of that 
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The presence of non-zero d electrons in ferroelectrics with transition metals can 

result in large cross-coupling effects between magnetism and ferroelectricity in 

multiferroics [14-18]. These effects have drawn enormous attention, especially in fields 

integrating new technologies such as multi-level memory devices [16-18] or inexpensive 

and highly-sensitive magnetic sensors. Ferroelectrics are materials that have ferroelectric 

domains with space inversion symmetry broken in different directions that can be 

switched with an external electric field [19]. They are often highly insulating and 

associated with large band gaps [20]. Thus, little investigation of DC transport properties 

in single ferroelectric domains has been performed. On the other hand, photocurrents can 

be induced by high-energy (often UV range) light illumination, and associated 

photovoltaic effects have been studied in ferroelectrics [21-25]. When a ferroelectric in 

an open circuit is illuminated by UV light, a high photovoltage, much larger than the 

band gap, can develop in the direction of electric polarization. The magnitude of this 

photovoltage is directly proportional to the crystal length in the polarization direction. In 

addition, a steady-state photovoltaic current can be generated in the direction of electric 

polarization when a ferroelectric, under continuous light illumination, forms a closed 

circuit. This photovoltaic effect of ferroelectrics, distinctly different from the typical 

photovoltaic effect in semiconductor p-n junctions, is investigated for, e.g., Pb-based 

ferroelectric oxides [21-23] and LiNbO3 [24, 25]. This photovoltaic current turns out to 

be minuscule – on the order of pico-to-nano-Amperes [22,23,25]. Evidently, utilization of 

small charge-gap ferroelectrics with good carrier transport properties and large absorption 

of visible light extending into the red range is of fundamental importance for practical 

applications in increasing power conversion efficiency and thereby harvesting more solar 
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energy. In Chapter III, I shall address the investigated novel switchable photovoltaic 

effect in Ferroelectric BiFeO3.  

 

4. Multiferroics 

Magnetism and ferroelectricity are widely applied to many forms of recent 

technology. Magnetic information can be written/erased by applying a magnetic field in 

ferromagnetic materials, and electric polarization can be tuned by applying an electric 

field in ferroelectric materials. If cross-coupling between magnetism and motion of 

electric charges, which Maxwell’s equations predicted, is realized, it might be great help 

for tuneable multifunctional devices. For this reason, the number of reported research 

papers has been increased exponentially since 2000 as shown in Fig. I. 7 and over 350 

papers have been published only in 2009. 

Useful applications by using ME effect have not yet been realized in a single material due 

to the general weakness of the ME effect. The ME effect device can be strengthened by 

stacking piezoelectric and magnetostrictive materials such as PbZr1-xTixO3(PZT) and 

TbxDy1-xFe2 alloy (Terfenol-D) respectively as shown in Fig. I. 8. By applying the 

magnetic field in the stacked sample, the Terfenol-D material undergoes mechanical 

change, changing of shape and/or dimensions and that length change induces the strain 

stress in piezoelectric material, which generates electricity.  

Why are there so few ME materials, which have both ferroelectric and magnetic 

behavior so called multiferroic? Dr. Hill went into detail about that question in his article 

[28]. First, ferromagnetic materials show often metallic behavior. Fe, Ni, Co and their 

alloys have high density of states at the Fermi level. This high density of states results in  
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metallic behavior. On the contrary, ferroelectric materials show insulating behavior, if not, 

large leakage current prevents formation of electrical polarization in these materials. Note 

that ferrimagnets and weak ferromagnets are usually insulating materials. Second, 

magnetic properties came from unpaired d shell electrons of transition metal ions like Fe, 

Ni, and Co. While most ferroelectrics have empty d state of transition metal oxides which 

tend to hybridize with oxide 2p ions.  

The presence of non-zero d electrons in ferroelectrics containing transition metals 

can result in large cross-coupling effects between magnetism and ferroelectricity in 

multiferroics [18, 29-32]. Dr. Cheong and Dr. Mostovoy report a conceptually important 

model in which a collinear spin order induces ferroelectricity through symmetric 

superexchange [33]. As illustrated in FIG. I. 9(a), up-up-down-down ( )-type spin 

order can be constructed using an Ising spin chain with competing nearest-neighbor 

ferromagnetic (JF) and next-nearest-neighbor antiferromagnetic (JAF) interactions 

(|JAF/JF|>1/2). If the charges of magnetic ions alternate along the chain, this magnetic 

ordering breaks inversion symmetry on magnetic sites. Favoring ferromagnetic nearest- 

neighbor spin coupling, ions are shifted away from their centro-symmetric positions 

(dotted red circles), inducing electric polarization via exchange striction along the chain 

direction.  

The diagram in Fig. I. 10 schematically shows why the alternations with different  

valences are required for magnetism induced ferroelectricity. For | JAF /JF|>1/2, ￪￪￬￬ spin-

order  can be stabilized. Afterwards, ferromagnetic spins attract each other while the 

antiferromagnetic spins repel each other. To check whether space inversion symmetry is 

broken or not, we can take the space inversion operation by moving the spin on the right  
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(a)

(b)

 

 

 

 

 

 

 

 

 

FIG. I. 9. (a) Polarization induced by exchange striction of alternating magnetic ions 
having up-up-down-down spin order. (b) Possible polarization along the diagonal 
direction in the ab plane of YNiO3. [33] 
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FIG. I. 10. (a) up-up-down-down spin order same magnetic ions and shift of ions by 
Inverse goodenough Kanamori rule (b) ionic order after space inversion operator (c) 4 
translated ionic order 

 

 
FIG. I. 11. (a) up-up-down-down spin order with same magnetic ions and shift of ions (b) 
ionic order after space inversion operator (c) ionic orderafter4 translation 
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side to the left, and left one to the right. The green dotted line indicates inversion center. 

By doing this space inversion operation for Fig. I. 10 (a), you can have the arrangement 

of (b). Figure (b) may look differ from (a). But we translate it 4, that one is same with 

(a). We can not distinguish them. This spin order itself doesn’t break the inversion 

symmetry. 

If we have different ions with alternating fashion, then ferroelectric polarization 

can be induced along the chain direction and a charge ordering like alternating in two 

different charges, red-green-red-green appears. Then this whole arrangement can break 

inversion symmetry and induce ferroelectric polarization along the chain direction as 

shown in Fig. I. 11 (a). By doing space inversion operation for (a), the arrangement of (b) 

is established. Fig. I. 11 (b) cannot be overlapped with (a) by doing any translational 

movement. Inversion symmetry is broken in this arrangement. There are two types of 

magnetic clusters depending on the arrangement and they have opposite signs of 

polarization. This theoretical prediction has been remarkably realized in an Ising chain 

magnet of Ca3(Co,Mn)O6 and more details will be discussed in Chapter IV. Another type 

of application in giant magnetic coercivity change induced by co-operative freezing in 

Ca3Co2O6 shall be discussed in Chapter V.  
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1. Introduction 

Cryogenic-temperature electronics technologies are a practical promise for 

continuing demand for high performance electronics such as many types of quantum 

computers [1-4], Superconducting Rapid Single Flux Quantum (RSFQ) devices [5-7], 

and cryogenic detectors [8-10]. One of the critical bottle necks for cryo-electronics is 

low-temperature memories. For example, the RSFQ devices can have up-to-800 GHz 

circuit speed at 4 K, and thus is the most promising technology in the continuing demand 

for faster processors [7]. However, the key area of risk for the RSFQ technology has been 

identified as low-temperature (T) memories [7].  Furthermore, many types of quantum 

computers, based on completely new processing concepts of quantum superposition and 

entanglement, operate at very low temperatures, and future electronics with these 

quantum computers will eventually require low-T memories. In addition, the sensitivity 

of a number of detectors such as modern CCD (charge-coupled device) cameras can be 

greatly enhanced at low temperatures, and cryogenic memories can be facilitated in new 

electronics with low-T detectors. Proposed candidates for the cryogenic memories 

include CMOS-based RAM (similar with flash memory) and Magnetoresistive RAM (M-

RAM, using magnetic tunneling junctions) [11]. However, few experiments have been 

reported for low-T memory devices. Evidently, new device concepts for the cryogenic 

memories are in great demand. Herein, by utilizing the unique hysteretic behavior of 

perovskite (La,Pr,Ca)MnO3 in the variation of temperature and applied electric fields, we 

have discovered 1) low-temperature phases with metallic and insulating resistance values 

(different by >105) can be repeatedly switched by applying various voltage pulses, 2) the 

resistance value of each phase is highly repeatable through cycling and also stable with 
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time, and 3) intermediate phases with intermediate resistance values can be also 

repeatedly stabilized. Harnessing these unprecedented behaviors can enable cryogenic-

temperature phase-change random access memory (cryoP-RAM) applications, 

compatible with, e.g., the RSFQ technology. 

Change of physical phases at room temperature with applied voltage or laser 

pulses has been exploited for non-volatile memories such as P-RAM, DVD-RW 

(Read/Write) or Resistance-RAM (R-RAM) [12-16]. Chalcogenides such as Ge2Sb2Te5 

have been utilized for P-RAM and DVD-RW. Chalcogenides in the amorphous form 

(reset state) exhibit high resistance and low reflectance while the crystalline phase (on 

state) shows low resistance and high reflectance. The states can be switched by using 

different voltage or laser pulses that induce either heating above the melting temperature 

followed by rapid quenching or annealing below the melting temperature but above the 

glass transition temperature. The ratio between low and high resistances can be greater 

than 1000, which provides high sensing margins. Resistivity switching with applied 

voltage pulses can occur repeatedly in many transition metal oxides, which is the base R-

RAM. The resistivity switching turns out to be due to formation and annihilation of 

nanoscale conducting paths. The microscopic mechanism of the R-RAM effect is not 

fully understood yet, but is associated with the filamentary phase change with different 

electronic properties, somewhat similar to how P-RAM works. Both P-RAM and R-RAM 

have attracted a great deal of attention for use as next-generation nonvolatile memories at 

room temperature (T).  

Hysteretic behaviors of collective electronic phase transitions with external 

perturbations can accompany memory effects with, for example, the large change of 
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resistance and fast response time. It has been well established that doped perovskite 

manganites tend to have colossal response to external perturbations such as applied 

magnetic fields, electric fields, external pressure, x-ray or visible-light illumination or 

electron beams [17-24]. The effect is particularly large in systems that locate near the 

bicritical point between ferromagnetic-metallic (FM) and charge-ordered-insulating 

(COI) states, such as Pr0.7Ca0.3MnO3 (PCMO) or (La1-x-yPrxCay)MnO3 (LPCMO) with x 

and y near 3/8. For example, when a gradually-increasing voltage on PCMO reaches the 

threshold value, resistance drops by three orders of magnitude at low T, indicating a 

transition from insulating to metallic phases. However, the insulating phase returns when 

applied voltage is reduced to low values or zero [19,20]. Reproducibility and temporal 

stability of the above effect have not been investigated. In addition, it has not been 

established that the induced metallic phase can be switched back to the insulating phase 

by applying voltages, which is necessary for nonvolatile memory applications. If the 

transition between insulating and metallic phases in LPCMO is repeatedly switchable, 

then it can be utilized for a low-T analogue of P-RAM or R-RAM – cryoP-RAM.  

 

2.  Experimental Method  

La0.25Pr0.375Ca0.375MnO3 single crystals were grown using a floating zone furnace. 

A solid-state reaction method in air was employed to prepare feed rods for the floating 

zone growth. The schematic draw of our floating zone machine and floating zone sample 

are shown in FIG. II. 1. A 2x2x1 mm3-size specimen was prepared by cutting and 

polishing the grown crystal, and the surfaces of the crystal specimen were cleaned with 

dilute nitric acid and dilute bromine. A gold paint was used for 150 μm-diameter 
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FIG. II. 1. The schematic of floating zone method and a single crystal made by floating 
zone method. 
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electrodes, and 2 mil gold wires were used for electric leads as shown in FIG. II. 2. 

The distance between two-probe electrodes was 100 μm. The specimen was 

annealed at 1173 K for 1 hour in an oxygen atmosphere in order to remove strain during 

polishing and also to cure Au contacts. The temperature of the specimen during 

experiments was controlled by the Quantum Design PPMS, and the current-voltage 

measurements were performed with a Keithley 2400. The current noise of 10-11 A 

originates from the resolution limit of Keithley 2400.  

 

 

 

 

 

 

FIG. II. 2. The figure of sample contact.  
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3.  Results and Discussion 

The T-dependent four-probe resistivity of LPCMO with Pr0.41 in various magnetic 

fields (H) is shown in FIG. II. 3(a) [26]. Red and blue arrows depict the routes for 

insulator-to-metal and metal-to-insulator changes, respectively. The huge change of 

resistivity with applied H reflects the essence of colossal magnetoresistance effect. The 

strategy we have taken to achieve a cryoP-RAM effect is as follows: the insulating phase 

in zero or very-low voltages at low T may be switched to a metallic phase (red color 

arrow in FIG. II. 3(a) when an appropriate voltage pulse is applied. When a large voltage 

pulse is applied to the induced metallic phase, a large current can be generated in the 

metallic region and consequently significant heating can occur. When a sufficient voltage 

is applied, the LPCMO can be heated to the high-T insulating phase. When the LPCMO 

is quickly cooled down to a low T from the high T, the insulating phase may remain. The 

transition from metallic to insulating phases may follow the blue color arrow in Figure 

1(a). In order to implement the above strategy, we performed two-probe resistance (R) 

experiments on the set-up depicted in the inset of FIG. II. 3(b).  

The T-dependence of two-probe R in various applied DC voltages (3 V, 5 V, 6 V, 

9 V, and 10 V) is shown in FIG. II. 3(b). The temperatures at which resistance changes 

abruptly upon cooling and warming were defined as Tc
c(V) and Tc

w(V), respectively. 

Filled circles represent the data for the cooling measurement, while empty circles are 

taken upon warming after cooling in the presence of applied electric fields (FCW). The 

schematic of the specimen for our two-probe measurement is shown in the inset. With 

decreasing T in the presence of a voltage (V), R gradually increases until a critical T 

(Tc
c(V)) is reached, and then drops precipitously below Tc

c(V). When T is varied below  
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25 K, R in a fixed V does not change within our experimental uncertainty, i.e. the R 

locks in below 25 K. For low voltages (≤ 5 V), no hint of the presence of Tc
c(V) was 

observed down to 2 K. The conducting state below Tc
c(V) remains intact upon warming 

until T reaches Tc
w(V), where R resumes the behavior of the high-T state. Most of these 

remarkable R behaviors have been understood in term of the coexistence of FM and COI 

phases whose volume fractions change with T and V. For example, the insulating 

behavior of the low-T phase in low V indicates that the phase is in a mostly COI state. 

The precipitous drop of R in high V at Tc
c(V) stems from the formation of percolative 

conducting  paths through FM regions in the presence of COI matrix [17,25,26]. 

The lock-in of the R value below 25 K is due to cooperative freezing of phase-

separated FM and COI regions corresponding to simultaneous freezing of 

spin/charge/lattice degrees of freedom – which we will call a multiple-glass (MG) 

transition [26,27].   

I(V) curves at various T are shown in FIG. II. 4(a) demonstrate 1) the red-arrow 

step in Fig.1 is readily achievable and 2) the isothermal threshold voltage from insulating 

to metallic phase depends significantly on temperature. The voltage for a step-like 

increase of current at a fixed T corresponds to the threshold voltage (Vth(T)) at the T 

(plotted in FIG. II. 4(b)), and there exists a strong T dependence of Vth(T) below T≤55 K, 

but no significant step-like feature in I(V) was observed above 55 K.  When a metallic 

phase is induced by voltages above Vth(T), the metallic phase remains when that applied 

voltage is reduced to zero. Note that a virgin state is prepared for each measurement, i.e., 

the sample was heated up to 300 K and then cooled to a specific T without external field 

before measuring each I(V) curve. Tc
c(V) and Tc

w(V) from Fig. 1(b) are plotted in the V-T  
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FIG. II. 6. Log(I)-V curves of multiple-glass and ferromagnetic-metallic phases at 2K. 
The curves are obtained on six consecutive states (alternating between induced insulating 
and metallic phases), and three sets of curves for each phase coincide with each other 
well, confirming high reproducibility. 

 

However, the threshold voltage of this insulating phase for the insulator-to-metal 

transformation is only 2 V. Therefore, the induced insulating phase appears distinct 

from the virgin insulating phase. Note that the virgin insulating phase was prepared by 

heating up to 300 K and then cooling back to 2 K in zero voltage. In terms of 

insulator/metal phase separation, we can speculate the origin of the difference between 

the virgin insulating and induced insulating phases. The virgin insulating phase may be in 

a MG state with mostly the COI phase. 

It is established that the transformation of the virgin insulating to metallic phase is 

an electric field effect, rather than a Joule heating effect. In fact, the 70 nW-power effect 

-1.0 -0.5 0.0 0.5 1.0
-12

-10

-8

-6

  l
og

(I 
(A

))
 

T = 2 K
MG  

 

V (V)

FM



 

o

V

w

1

 

 

 

F
(C
M
(6

f the single 

V (56 mW)

with a 65 V p

(a).  

 

IG. II. 7. Sc
COI), multip

MG and FM c
65 V, 10 ms)

10 V pulse 

) pulse on 

pulse may ex

chematics o
ple-glass (M
cartoon repr
) pulse is app

should be m

100 m–siz

xperience the

of phase diag
MG), and fer
resent the pre
plied. Howe

minimal. How

ze metallic s

e thermal cy

gram and va
rromagnetic-
esence of FM

ever, the indu

wever, the Jo

sample can b

ycling outline

arious phase
-metallic (F
M metallic re
uced insulati

oule heating

be significan

ed with the b

es; charge-o
M) phases. 
egions.   
ing phase tur

g by the sing

nt, so the sa

blue curve in

 

rdered insul
Red lines i

rns out to be

31

gle 65 

ample 

n Fig. 

lating 
n the 

e  



 32

However, it is possible that a part of the initially-induced metallic regions may not be 

completely removed in tiny length scales during the thermal cycling, so the induced 

insulating phase after the thermal cycling may be in a MG state with a non-trivial amount 

of metallic regions, and may be more susceptible to the insulator-to-metal transformation 

by applied voltages. This scenario is schematically outlined in FIG. II. 7: for the sake of 

simplicity, we call the virgin insulating, induced metallic, and induced insulating phases 

as the COI, FM, and MG phases, respectively. 

We would like to emphasize a few remarkable observations beneficial to memory 

applications. First, the observed resistance change is truly colossal - more than 5 orders of 

magnitude at, e.g., ±1 V. Current signals for the insulating states are noisy and near 10-11 

A, close to the current resolution limit of the Keithley 2400 used for our two-probe R 

measurement. The amount of 105 in resistance change is a lower bound. In addition, this 

transformation from induced insulating to metallic phases is highly reproducible and 

stable: three sets of I(V) curves for induced insulating or metallic phases in FIG. II. 6 are 

indistinguishable. This reproducibility and stability will be further discussed below. 

Finally, note that contrary to the huge Joule heating (from 300 K to 600 C) required for 

chalcogenide-based P-RAM, the required Joule heating for LPCMO should be 

significantly less, because of low specific heat values at low temperatures and also a 

small cycling temperature interval (100 K). 

We have further experimented the reproducibility and stability of the resistance 

switching, essential for memory applications. After applying a single 65 V pulse to form 

the MG phase (“off” resistance state), the current was measured for 300 s with 1 V 

reading voltage. Afterwards, currents were measured for another 300 s with 1 V reading 
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voltage right after a single 5 V (1 ms) pulse: the high current corresponds to the FM 

phase (“on” resistance state). The same cycle was repeated with different time duration 

(150 s, 60 s and 30 s) in a sequence. These results are summarized in FIG. II. 8(a). Blue 

and red circles indicate off and on resistance states, respectively. The voltage pulses of 5 

V and 65 V were used to create the on and off states. Note that we found that there is no 

hint of degradation of resistance in each state in our overnight experiments. As shown in 

FIG. II. 8(b), the on/off ratio is >105, and maintains the same value over a number of 

switching cycles. The voltage sequence of 5 V (insulator-to-metal switching) -1 V 

(reading) - 65 V (metal-to-insulator switching) -1 V (reading) was used for each cycle, as 

schematically shown in the inset figure of the FIG. II. 8(b).  

We also found that intermediate (1010 A < Current < 106 A) resistance states can 

be induced repeatedly, as displayed in FIG. II. 8(c). Intermediate resistance states were 

induced by applying voltages (2 V, 2.5 V, and 2.7 V; 1 ms) slightly less than 5 V and 

stable in time: in order to read the resistance state, constant 1 V was applied during 120 

seconds. Red, black and blue color circles correspond to FM, intermediate and MG 

resistance states. 2 V, 2.5 V and 2.7 V were applied to create the intermediate states with 

I10-10, 10-9 and 10-8, respectively. To erase the intermediate resistance states (i.e. going 

back to the MG phase), two steps were taken: a 5 V pulse was applied to induce the FM 

phase, and then a large voltage pulse (65 V) was applied to change the FM phase to the 

MG phase. Note that these fascinating results can be utilized for storing multiple bits on a 

single memory cell, i.e., multilevel memory applications.   
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FIG. II. 8 (a) Logarithmic I-time (t) plot. (b) Stability of the log (on/off) ratio at 1 V 
through cycling. (c) Generation of multilevel intermediate resistance states, shown in 
log(I)-t plot.  
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4.  Conclusions 

Low-temperature phases in LPCMO with enormously different resistance values 

(different by >105) can be repeatedly switched by applying various voltage pulses. In 

addition, the resistance value of each phase is highly repeatable through cycling and also 

stable with time. These behaviors are associated with the intriguing hysteresis in the 

coexistence of metallic and insulating phases shown in the V-T phase diagram, and can be 

utilized for cryogenic memory applications, which can be facilitated in low-T electronics 

technologies. The cooperative freezing of spin/charge/lattice degrees of freedom below 

25 K appears essential for the high stability of induced phases. We also found that 

phases with intermediate resistance values can be repeatedly induced and switched back 

to an insulating or metallic phase by applying appropriate voltage pulses, which can be 

exploited for multilevel memory devices.  

 

 

 

 

 

 

 

 

 

 



 36

5.  References 

[1] C. H. Bennett, and D. P. Divincenzo, Nature 404, 247 (2000).  

[2] P. M. Platzman, and  M. I. Dykman, Science 284, 1967 (1999). 

[3] R. Prevedel, et al. Nature 445, 65 (2007). 

[4] J. Clarke, and F. K. Wilhelm, Nature 453, 1031 (2008).  

[5] M. Rodwell, M. high speed integrated circuit technology, towards 100 GHz logic 
world scientific, Singapore, (2001).  

[6] T. Ortlepp, et al.,  Science 312, 1495 (2006). 

[7] See for example: Superconducting Technology Assessment, National Security 
Agency office of corporate assessments (NSA)), http://www.nitrd.gov/pubs/nsa/sta.pdf. 

[8] A. Peacock, et al., Nature 381, 135 (1996).  

[9] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and J. Zmuidzinas, Nature 425, 
817 (2003).  

[10] B. Cabrera, R. M. Clarke, P. Colling, A. J. Miller, S. Nam, and R. W. Romani, Appl. 
Phys. Lett. 73, 735 (1998).  

[11] S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant, and S.-H. 
Yang, Nature Mater. 3, 862 (2004).  

[12] S. R. Ovshinsky, Phys. Rev. Lett. 21, 1450 (1968).   

[13] J. Hegedűs, and S. R. Elliott, Nature Mater. 7, 399 (2008). 

[14] R. Waser, and M. Aono, Nature Mater. 6, 833 (2007).  

[15] A. Baikalov, et al., Appl. Phys. Lett. 83, 957 (2003).  

[16] S. C. Chae, et al.  Adv. Mater. 20, 1154 (2008). 

[17] M. Uehara, S. Mori, C. H. Chen, and S.-W. Cheong, Nature 399, 560 (1999).  

[18] P. Levy, F. Parisi, L. Granja, E. Indelicato, and G. Polla, Phys. Rev. Lett. 89, 137001 
(2002).  

[19] A. Asamitsu, Y. Tomioka, H. Kuwahara, and Y. Tokura, Nature 388, 50 (1997).  

[20] M. Tokunaga, H. Song, Y. Tokunaga, and T. Tamegai, Phys. Rev. Lett. 94, 157203 
(2005). 

[21] R. P. Rairigh, G. Singh-Bhalla, S. Tongay, T. Dhakal, A. Biswas and A. F. Hebard, 
Nature Phys. 3, 551 (2007).  

[22] V. Kiryukhin, D. Casa, J. P. Hill, B. Keimer, A. Vigliante, Y. Tomioka, and 
Y. Tokura, Nature 386, 813 (1997).  

[23]  K. Miyano, T. Tanaka, Y. Tomioka, and Y. Tokura, Phys. Rev. Lett. 78, 4257 
(1997). 



 37

[24]  H. Y. Hwang, T. T. M. Pastra, S.-W. Cheong, and B. Batlogg, Phys. Rev. B 52, 
15046 (1995). 

[25]  L. Zhang, C. Israel, A. Biswas, R. L. Greene, and A. de Lozanne, Science. 298, 805 
(2002). 

[26] W.Wu, C. Israel, N. Hur, S. Park, S. -W. Cheong, and A. de Lozanne, Nature Mater. 
5, 881 (2006). 

[27] P. A. Sharma, S. B. Kim, T. Y. Koo, S. Guna, and S.-W. Cheong, Phys. Rev. B 71, 
224416 (2005). 

 



 

 

38

 

 
 
 
 
 
 
 

Chapter III 
 
 
 
 
 
 
 

Switchable diode and photovoltaic effect in ferroelectric 
BiFeO3 
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1. Introduction 

Photodiodes and solar cells are attractive active devices in the arena of green 

energy and optical devices. Using these, solar energy can be converted directly into 

electric current flow and light illumination can modulate the current. The conventional 

description of a common rectifying p-n junction shows the effect to be due to diffusion of 

carriers across the p-n barrier, inducing an internal electric field. Recently, to enhance the 

optical device and solar energy harvest functionalities, other types of photovoltaic cells 

have been widely researched. For example, in excitonic solar cells such as dye-sensitized 

TiO2, electron-hole pairs, called excitons, are created by light dissociate at the dye/TiO2 

interfaces and only electrons flow through TiO2 grains [1-3]. Schottky barrier at the 

interface between a metal and a semiconductor has also been utilized to create a 

photovoltaic effect [4].  

The bulk photocurrent flow created in ferroelectrics such as LiNbO3 by UV light 

illumination depends upon the direction of ferroelectric polarization, leading to a 

ferroelectric photovoltaic (FPV) effect. The main drawback of this intriguing FPV effect 

is the tiny magnitude of photocurrent in typically-insulating ferroelectrics [5, 6]. A recent 

breakthrough has been made in ferroelectric BiFeO3 (BFO) in which large FPV current is 

induced by visible light illumination [7]. On the other hand, the mechanism for this 

remarkable FPV effect in BFO is largely unknown, and technical exploitation has to be 

pursued. In order to elucidate the origin of this FPV effect in BiFeO3, we have 

investigated various photovoltaic configurations with BFO single crystals, and found, for 

the first time, that 1) the direction of the FPV current is reversibly switchable by applying 

electric voltage pulses, 2) the switchable Schottky-to-Ohmic barriers mechanism was 
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proposed as a possible scenario, 3) bulk photovoltaic effect also confirmed by using four 

prove resistance measurement and 4) 71o domain wall conduction is observed by using 

CAFM technique in the single crystal BiFeO3. These results provide critical insights into 

understanding and also optimizing the remarkable FPV in BiFeO3. 

 

2.   Experimental Method 

BiFeO3 single crystals were grown using a flux technique with Bi2O3, and B2O3 

flux [7]. The schematic of flux growth and the picture of BiFeO3 single crystal which 

made by flux growth are shown in FIG. III. 1. The XRD (X-ray diffraction data) of 

ground BiFeO3. We could not find any impurity and second phase peaks. The XRD of top 

surface shows only c direction peaks in cubic rotation (FIG. III. 2).  

Five plate-like (BFO1; 0.9x0.35x0.06 mm3, BFO2; 1.5x0.8x0.06 mm3, BFO3; 

7x2x0.2 mm3, BFO4; 3x0.7x0.08 mm3, BFO5; 1.5x1.3x0.07 mm3) specimens were 

prepared through cutting and polishing a grown crystal, and the surfaces of the crystal 

specimen were cleaned with dilute nitric acid and dilute bromine. The specimens were 

annealed at 673 K in an Ar atmosphere in order to remove strain during polishing. 

Semitransparent (~20 nm thick) gold electrodes were sputtered on the top and the bottom 

surfaces, and 2 mil-diameter gold wires were used for electric leads. The top and bottom 

surfaces of BFO1 were coved with black insulating tape to prevent any light illumination 

on the electric contacts and to ensure light illumination only on one side surface.  

The temperature of the specimen during the experiments was controlled using the 

Quantum Design Physical Property Measurement System (PPMS). The photocurrent was 

measured with a Keithley 617 low current multi-meter and the current-voltage 
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FIG. III. 2. The XRDs of ground BiFeO3 and top surface of sample. 
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measurements were performed with a Keithley 2400 source-meter. Current noise level of 

10-11 A in our current-voltage curves originates from the resolution limit of Keithley 

2400. A Veeco microscope was used to obtain AFM and PFM images. 

The wavelength dependence of the photocurrent and EQE data were obtained 

using a monochromatic pulsed light and a lock-in (EG&G 5210 lock-in amplifier) 

technique. To produce the monochromatic pulsed light in the range of 300-800 nm, we 

used a 150 W Oriel Q60000 Xe light bulb, an Oriel Cornerstone 130 monochromator, and 

a chopper. Generalized spectroscopic ellipsometric (g-SE) measurements were performed 

with the sample at room temperature using a variable-angle rotating compensator-type 

spectroscopic ellipsometer (M2000-DI model, J.A. Woollam Inc.). 

 

3.  Results and Discussion 

Using piezoresponse force microscopy (PFM), we have observed ferroelectric 

polarization switching in a BFO crystal with a cubic orientation. We first found that the 

entire crystal is in a single ferroelectric domain state with polarization along the cubic 

[111] direction. PFM-amplitude and phase images show the voltage-induce polarization 

switching in the single-domain crystal (FIG. III. 3). The dark region in the phase image 

corresponds to a domain with an upward polarization component after applying a 

negative voltage to the top electrode, while the white colored region is the original region 

with a downward polarization component. Both the presence of a rectification effect as 

well as switching of the rectification direction are observed in our specimen (FIG. III. 4). 

Two thin plate-like crystals of BFO were prepared: Au electrodes on the out-of-plane 

surfaces were sputtered to BFO1 and BFO2. To pole the sample, +210 V (10 ms 
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FIG. III. 5(a). Expanded view of the I-V curves for two different polarization orientations. 
Insets show zero-bias photocurrent with repetition of light on and off. Blue and red 
colored data are for upward and downward polarizations, respectively. (b) Zero-bias 
photocurrent with light on (Isc) with repetition of polarization-orientation switching. (c)  
Isc with and without light illumination 
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In order to avoid light illumination on the top and the bottom surfaces, both surfaces were 

covered by insulating black tape.  

The black-colored open circles in the top panel indicate the dark current after 

poling, and red-colored closed circles show the current-voltage (I-V) curve under 

illumination. To reverse the rectification direction, -210 V (~35 kV/cm) was applied, as 

shown in the bottom panel of FIG. III. 4. Black-colored open circles in the bottom panel 

indicate the switched rectification effect, and blue-colored circles show the I-V 

characteristic under the light illumination after the switching. 

Remarkable switching of the photovoltaic current direction and good retention of 

the photovoltaic effect are clearly presented in FIG. III. 5(a). Short circuit currents (Isc) 

are always opposite to the forward bias direction: Isc after positive poling is negative 4 nA 

(-1.26 µA/cm2), whereas Isc after negative poling is about positive 3 nA (+0.95 µA/cm2). 

Good retention and high stability over cycling are critical parameters for possible device 

applications. Isc as a function of time, measured with a 100 ms time step, is shown in the 

inset of FIG. III. 5(a), which demonstrates little temporal change of photovoltaic current. 

Switching of the photocurrent direction was also performed 10 times, and the absolute 

value of Isc is stable over cycling within 1 nA (FIG. III. 5(b)). Furthermore, we found 

that there exists no hint of photovoltaic current degradation when Isc was measured 

during 400 light-on-and-off cycles (FIG. III. 5(c)). 

The photovoltaic current measured with varying light frequencies as shown in  

FIG.  III. 6. The onset energy and peak energy in our data are well matched with energies 

of reported band edge and bandgap. The bandgap of BFO2 has been estimated or 

measured to be in the range of 2.5–2.8 eV, and the edge of the band gap is 2.1-2.2 eV [8-
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FIG. III. 7. (a) Absorption spectrum data measured by ellipsometry. Epsilon 1 and 
epsilon 2 are indicated by red and black colored circles. bandgap value was extracted 
from the (E)2 in inset figure. (b) ~2.2 eV band edge came from Isc and 2 data. (c) 
comparison of bandgap value extracted from the Isc and (E)2 data  

 

Absorption spectrum data of BFO3 were also measured by ellipsometry at 300 K 

as displays in Fig. III. 7. ~2.2 eV band edge was extracted from our epsilon (2) data and 

~2.72 eV bandgap was obtained from a linear extrapolation of (E)2 versus photon 
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energy graph (inset Fig. III. 7(a), (b) and (c)). Little mismatch in band gap obtained 2 

with Isc maybe origins from the surface roughness and/or optical anisotropy in our single 

crystal. The kink near 2.5 eV in absorption graph was reported as defect states induced by 

oxygen vacancies [14,15]. The clear feature near 2.5 eV in Fig. III. 7(b) indicates the 

relatively large amount of oxygen vacancies compare with BFO film. 

A resistivity of the order of 1010 Ωcm has been reported for good BFO films with 

minimal oxygen vacancies, but the resistivity value of ~3x108 Ωcm has been observed in 

oxygen-deficient BFO films prepared in low oxygen pressures [16,17]. The low-voltage 

resistivity of our BFO crystals is of the order of 108 Ωcm and the resistivity decreases to 

an order of 107 Ωcm in high voltages. Thus, our BFO crystals appear to have a significant 

amount of oxygen vacancies which is consistence with our epsilon result.  

We have interesting results when we studied the poling-voltage dependence of 

rectification direction switching. The forming-voltage dependence of the rectification 

(Fig. III. 8) undoubtedly suggests that polarization flipping is necessary for rectification 

switching. Starting from the negative rectification state, a slowly-varying DC voltage was 

applied to BFO1 from zero to the positive maximum forming voltage (Vf), and then back 

to zero at room temperature. Subsequently, the I-V characteristic was measured in a low 

voltage range (within ± 5 V). In order to remove unwanted effects such as charging 

during the forming process, the specimen was discharged before the I-V measurement. 

The forward direction current at -5 V is slightly reduced until Vf=55 V, while the reverse 

direction current at +5 V sharply increases. The magnitudes of the currents at ± 5 V cross 

each other at Vf=60 V, and thus the forward and reverse directions switch each other for 

Vf>60 V. When Vf was swept beyond 60 V, the decrease of the original-forward-
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direction current speeds up while the increase of the original-reverse-direction current 

slows down. The features at Vf=55-60 V are rather evident, and this voltage (~10 kV/cm) 

is rather close to the ferroelectric coercivity at room temperature. 

We now discuss about possible scenarios for the dynamic switchable diode effect. 

First, we classify the source of this effect into two distinction: interface effect and bulk 

effect.  

 

 
 
 
 
 
FIG. III. 8. The forming-voltage (Vf) dependence of current. The orange and light blue 
colored circles indicate the current at + 5 V and – 5 V (maximum applied voltages for the 
I-V curves), respectively, after applying Vf at room temperature.  The clear feature at 55-
60 V is probably associated with the polarization switching field, demonstrating the 
importance of polarization flipping for switching the rectification direction.  
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electron affinity can be naturally influenced by electric polarization in ferroelectrics, 

inducing the reduction (increase) of the barrier height at the region of the polarization 

head (tail) [24]. If this barrier height reduction at the polarization head region is sufficient 

enough, then our Au/BFO/Au specimen can have Schottky-to-Ohmic contacts, which can 

lead to a rectification effect.  

Another way to have Schottky-to-Ohmic contacts is heavy doping at one of the 

Au/BFO/Au interface, which can lead to tunneling through the barrier. As mentioned 

before, a large amount of positively charged oxygen vacancies exist in our sample and 

they migrated and accumulated to the negative electrode side when a high electric field 

was applied. These accumulated oxygen vacancies are frozen when the electric field is 

removed. The large parts of voltage drop appear near the contact areas because of the 

large resistance in there. Then the sample is divided into heavily doped (N+) and N 

regions and N and lightly doped (N-) regions. Depletion regions similar to a P-N junction 

diode are established in the interfaces of the N+/N and N/N-. This oxygen vacancy 

migration was reported in Ca-doped BiFeO3 [18]. The accumulated oxygen vacancies in 

negative part produce a lot of electron charge carriers, which can easily move to the metal 

contact by the tunneling and/or reduced barrier until equilibrium is reached. 

This scenario is schematically depicted in Fig. III. 9, and with the Schottky-to-

Ohmic contacts in the figures, the diode forward direction becomes naturally opposite to 

the zero-bias photovoltaic current direction. Note that with this assumption of Schottky-

to-Ohmic contacts (i.e. only one Schottky barrier interface), apparent potential barrier 

height, Φapp, is estimated from the activation energy behavior of our temperature 

dependent I-V curves, and from the extrapolation of the Φapp vs V1/2 curve [23,25], the 
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barrier height is extracted to be ~0.46 eV. This value is somewhat smaller than the 

theoretical estimation of ~0.93 eV [11], suggesting the limit of our simple contact-effect 

model.  

As a bulk effect, three scenarios are available: optical rectifying effect, graded 

distribution of traps and space charge limited conduction (SCLC) mechanisms [7,26-30]. 

In the optical rectifying effect case, the nonlinear optical processes probably cannot 

explain the diode effect in dark. In the graded distribution of traps case, positively 

charged oxygen vacancies exist in our sample and they migrated and accumulated to the 

negative electrode side when a high electric field is applied. If the large electric field is 

applied uniformly through the bulk area, the trap density increases monotonically with 

distance from positive side. The schematic draw is shown in Figure. III. 10.  

Finally, SCLC mechanism by asymmetric impurity potential case, asymmetry 

traps can be appeared by chemical impurity such as oxygen vacancies in ferroelectric 

matrix. The higher barrier of impurity potential is located in polarization head side while 

the lower barrier is located in polarization tail side as shown in Fig. III. 11 and which 

asymmetric barrier can be switched by poling opposite direction [24, 26]. Free carriers 

induced by shallow impurities and defects can be present in BiFeO3, and can induce the 

Ohmic behavior (JE1) in low applied voltage. For large applied voltage, injected carrier 

density exceeds the free carrier density, and SCLC associated with deep trap centers 

become playing a main role. As a part of deep traps become filled, the abrupt increasing 

of current observed with increasing applied voltage. It is so called trap-filled limited 

region (JEn, with n>2). Further carrier injection with increasing the applied field more, 

injected carriers fill the all trap centers, and thus enter to trap-free space charge limited 
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conduction which leasing to square law characteristic(JE2). 

At low bias voltage, slopes of 1 and 0.7 are observed in our BiFeO3 log- log plot 

for forward and reverse directions respectively. When the applied voltage is increased 

(small V), the forward direction enters the trap-filled limited region with the n value of 5. 

Meanwhile, there is no slope change in reverse direction. As the applied voltage is 

increased further (large V), a trap-free space charge limited conduction regime is 

followed with the n value of 2.3 (forward direction) and 2.4 (reverse direction) [7]. 

 

 

 

 

 
FIG. III. 10. (a) Schematic drawing of gradient trap-density distribution (b) the 
corresponding band profile (c) shallow-trap and (d) deep-trap case [27]. 
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two probe data between top contact (T1) and bottom contact (B1) and the four probe data 

between T2 and B2 are nicely show the diode effect. In order to measure 4 probe 

measurement, current applied between T1 and B1 and the voltage drop measured 

between T2 and B2. Our four point probe data show clearly bulk diode effect.  

 

 

 
 

 
 
 
FIG. III. 12. Schematic draw of sample preparation and two probe and four probe I-V 
characteristic data. Closed circles and opened circles indicate two probe between P4 and 
P1 and four probe between P3 and P2 respectively. Downward and upward poling cases 
are distinguished by red and blue color respectively.  
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The AFM vertical and lateral images clearly show the mountain and valley like 

features on the surface. The brightest areas and darkest areas in the vertical AFM image 

point out highest height and lowest height regions respectively. The bright areas in the 

lateral image indicate uphill, while dark areas indicate downhill. The PFM image is 

matched perfectly with that mountain and valley like features on the surface. It indicates 

the polarization flipping in an uphill area, which is connected with the Au contact, like 

Fig. III. 3. The inversion of the conduction between the domains also was observed by 

Conducive AFM (CAFM). The bright color indicates high current flow and the dark color 

indicates less current flow in CAFM image. The brightest lines between domains show 

obviously the domain wall conduction, while observed domain conduction is not clear 

because of that observed currents are near noise level and that noise level conduction can 

be induced by surface or charging of tip. 

 

4. Conclusions 

In summary, a significant rectification accompanies the FPV effect in BFO, and 

the direction of the rectification and photovoltaic current is reversely switchable by large 

external voltages. The forward bias direction is along the ferroelectric polarization 

direction and short circuit currents after positive poling is -1.26 µA/cm2, whereas Isc after 

negative poling is +0.95 µA/cm2 with a good retention and high stability over cycling. 

We confirmed that the polarization clearly plays an essential role in the rectification and 

photovoltaic effects by PFM and poling-voltage dependence of rectification direction 

switching measurement. The rectification effect is consistent with the presence of 

Schottky-to-Ohmic contacts, and the Schottky-to-Ohmic contacts appear to be switchable 
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with external voltages. The switching of Schottky-to-Ohmic contacts results from a 

combined effect of polarization flipping and electromigration of defects (oxygen 

vacancies) from one contact to the other. To verify an existence of the bulk diode effect, 

four probe measurements were performed in BFO sample and the rectification effect was 

observed clearly. As a mechanism of the bulk rectification effect, graded distribution of 

traps and SCLC mechanism were discussed. Further study of these effects, such as 

experiments involving different ferroelectric materials and controlled doping levels will 

be necessary to unveil the true origin. We also found that bulk absorption across the band 

gap determines the photovoltaic effect, and that external quantum efficiency of our 

simple device can be as large as ~1.5 % at ~2.9 eV. With this in mind, we consider BFO 

as a FPV material with a switchable diode direction. If engineered by band gap, carrier 

concentration, and device configurations, this novel “switchable diode and photovoltaic 

effects” has the advantage of producing photocoltaic and rectification effects while being 

a ferroelectric: giving fast state read-outs, and acting as a sensor or photocell. 
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1. Introduction 

The concept of magnetism-driven ferroelectricity has recently drawn a significant 

attention as a Multiferroics [1,2]. Magnetism and ferroelectricity are widely used in 

current technology such as a non-volatile memories, capacitors, memory storage, 

transducers, actuators and even ferroelectric photovoltaic devices. There is an enormous 

technological development if these two fascinating characters co-exist. Additional 

degrees of freedom in device functionality can be provided and also multistate memory 

devices can be realized. The multiferroics: the electric polarization effected by applying 

magnetic field and magnetization can be changed by applying electric field. To achieve it, 

blending method used such as attach two materials one is piezoelectric and magnetostrict. 

When a magnetic field is applied to the composites, firstly, there is a shape change in 

magnetostrictive material and then the mechanical stress is passed though the 

piezoelectric material. As a result, the electric polarization changed.  In magnetism-

driven ferroelectrics, development of inversion-symmetry-breaking magnetic order leads 

to the loss of the lattice inversion symmetry through exchange striction, thereby leading 

to the development of ferroelectricity. In these materials, external magnetic field 

influences the configuration of the magnetic order, naturally leading to changes in 

ferroelectric or dielectric properties. Spectacular cross-coupling effects, such as 

reversible flipping of ferroelectric polarization or drastic change of dielectric constant in 

applied magnetic fields, have been recently observed in magnetism-driven ferroelectrics 

[3-5]. Spiral magnetic order, resulting from magnetic frustration, is a common way to 

induce the loss of inversion symmetry, and ferroelectricity has been recently observed in 

a number of spiral magnets such as TbMnO3, Ni3V2O8, CuFeO2, (Ba,Sr)2Zn2Fe12O22, 
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CoCr2O4, MnWO4, and LiCu2O2 [6-12]. In the spiral magnets, the relevant exchange 

striction is associated with the antisymmetric part of the exchange coupling, which 

constitutes the so-called Dzyaloshinski-Moriya (DM) interaction [13-16]. 

Spiral magnetic order is not the only possible route towards magnetism-induced 

ferroelectricity. In RMn2O5 (R=Tb – Lu), for example, a nearly-collinear acentric 

magnetic order with broken inversion symmetry was proposed to be responsible for the 

ferroelectricity [17]. In this mechanism, the ferroelectricity results from lattice relaxation 

through exchange striction associated with the symmetric superexchange coupling. 

However, a model where ferroelectricity is induced by a spiral spin configuration along 

the Mn4+ spin chain has been also discussed for RMn2O5 [18,19]. Thus, the true origin of 

multiferroicity in RMn2O5 is currently uncertain. Another promising example is the so-

called E-type magnetic order. This collinear order, combined with alternating oxygen 

cage rotations, has been suggested as the origin of ferroelectricity in the orthorhombic 

HoMnO3 [20]. Polycrystalline HoMnO3 has been experimentally studied to test this 

theoretical prediction [21], but the induced polarization turned out to be too small to 

support the proposed theory. Identification of non-spiral magnetism-driven ferroelectrics 

remains, therefore, an important task. Among those, systems driven by the potentially 

large symmetric superexchange are, clearly, of special interest.  

A simple and conceptually important model in which a collinear spin order 

induces ferroelectricity through symmetric superexchange can be constructed using an 

Ising spin chain with competing nearest-neighbor ferromagnetic (JF) and next-nearest-

neighbor antiferromagnetic (JAF) interactions [2]. For |JAF/JF|>1/2, the ground-state 

magnetic order is of the up-up-down-down ( ) type [22]. If the charges of magnetic 
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ions alternate along the chain, this magnetic ordering breaks inversion symmetry on 

magnetic sites and can induce electric polarization via exchange striction. The exchange 

striction associated with symmetric superexchange shortens the bonds between the 

parallel spins, while stretching those connecting the antiparallel spins. As a result, electric 

polarization, P, is induced in the direction of the chain. There are two ways to combine 

the  order with the ionic charge order, giving rise to the opposite electrical 

polarization vectors. Experimental realization of such a simple model system would be of 

a significant importance in the field. Herein, we report discovery of a chain magnet in 

which this model is remarkably realized.  

 

2. Experimental Method 
 

To find the appropriate experimental system, we have identified Ca3Co2O6–

derived compounds as possible candidates because Ca3Co2O6 is an Ising chain magnet 

where about a half of Co ions can be replaced by Mn ions [23,24]. The structure of 

Ca3Co2-xMnxO6 contains spin chains consisting of magnetic ions with alternating oxygen 

cages of face-shared trigonal prisms and octahedra along the c axis. The spin chains are 

separated by Ca ions, and form a triangular lattice in the ab plane. Mn ions have a strong 

tendency to avoid the trigonal prismatic oxygen coordination. Thus, for example, for x=1, 

all the Co ions are located in the trigonal prismatic sites, and all the Mn ions occupy the 

octahedral sites [24]. We prepared single-phase polycrystalline Ca3Co2-xMnxO6 with x up 

to 1 by using standard solid state reaction method [23]. Since single crystals are 

necessary for conclusive measurements of the ferroelectric properties, we have attempted 

to grow single crystals of Ca3(Co,Mn)2O6 by utilizing the known technique (KCl-K2CO3 
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flux method) for the growth of Ca3Co2O6 crystals [25]. With increasing Mn 

concentration, the crystal growth was found to be increasingly more difficult. However, 

single crystals with maximum x approaching 0.96 (as determined by comparing x-ray 

diffraction patterns of crushed crystals with those of polycrystalline samples) were grown 

successfully. 

DC magnetic susceptibility (χ=M/H) was measured in a SQUID magnetometer, 

specific heat (C) and AC magnetic susceptibility (χ’ and χ’’) measurements were carried 

out in he Quantum Design PPMS, and dielectric constant () was measured using an LCR  

meter at f=44 kHz. The temperature (T) dependence of electric polarization (P) was 

obtained by the integration of pyroelectric current with the T variation of 2 K/min after       

poling a specimen from 40 K to 2 K in a static electric field of E≈6.7 kV/cm. For  and P 

measurements, a c-axis needle-shaped crystal was cut and polished with the ab plane 

cross-section of ~0.64 mm2 and thickness of ~0.15 mm, and then annealed at 650 °C for 

5 hours to remove strain built up during polishing. Neutron powder diffraction 

measurements were performed on polycrystalline Ca3Co2-xMnxO6 (x=0.95) at the BT-1 

beamline at NIST Center for Neutron Research. Monochromatic neutrons (λ=2.079 Å) 

were produced by a Ge(311) monochromator, and the data were collected for T=1.4, 8, 

and 20 K.  

 

3. Result and Discussion 
 

Search for the ferroelectricity was performed in the crystal with the highest Mn 

concentration, x=0.96, and ferroelectric polarization along the chain direction was indeed 

found. FIG. IV. 1 shows that the polarization smoothly emerges below the transition 
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temperature of 16.5 K, increases rapidly below ~10 K, and reaches ~90 μC/m2 at 2 K. 

The appearance of the polarization at 16.5 K coincides with the onset of the magnetic 

order, which is signified [24] by a broad peak in the magnetic susceptibility, χ(T), shown 

in FIG. IV. 2(a). Specific heat also exhibits an upturn at this temperature. The 

temperature dependence of the dielectric constant along the c axis, c(T), starts deviating 

from its high-temperature behavior at the onset temperature of the polarization without 

showing any sharp anomaly, see FIG. IV. 2(b). Instead, c(T) reveals a broad peak at ~8 

K followed by a sharp decrease at lower temperatures. The electric polarization decreases 

in a magnetic field applied along the c axis. There is an additional magnetic anomaly at       

T3 K, which can be seen in the behavior of the derivative dχ(T)/dT shown in FIG. IV.   

2(a); it is discussed in more detail below. The Ising character of this compound is clearly 

reflected in the large anisotropy of χ(T). 

Studies of Ca3Co2-xMnxO6 polycrystalline samples suggest that a similar behavior 

is expected in a wide range of x near x=1. FIG. V. 5(a) and (b) display χ(T) and 

ε(T)/ε(T=20 K) for various Mn concentrations, x=0.85, 0.9, 0.95 and 1.0. These data 

exhibit the same features as those of the corresponding quantities of the x=0.96 single 

crystal, strongly suggesting that the observed properties of the single crystal are 

representative for large Mn concentrations. The temperatures of the maxima in χ(T) and 

(T), shown in the insets in FIG. IV. 3(a) and (b), decrease with increasing x, indicating 

the corresponding decrease in the magnetic transition temperature. The corresponding 

temperatures in the single crystal (dotted lines in the insets) agree well with the Mn 

concentration x=0.96, corroborating our x-ray results. 
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FIG. IV. 1. Electric polarization of single crystal Ca3Co1-xMnxO6 (x=0.96) along the chain 
direction (P//c), taken upon warming. The samples were poled upon cooling from 40 K to 
2 K (filled circles), and to 3.1 K (open circles) before the measurement. The data for the 2 
K poled sample were collected in various applied magnetic fields, as shown. 
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The structure of Ca3Co2-xMnxO6 (x=0.95) was determined using neutron powder 

diffraction. The possible magnetic structures (including those with ab-plane components) 

were constructed using the magnetic symmetry analysis, and the diffraction data were 

refined using the FULLPROF program package [26]. The spins point along the c axis, as 

indicated by the absence of (003) magnetic peak, and the structure is of the   type. 

The accuracy of the final refinement result was independently estimated by the Simulated 

Annealing process, which shows that the deviation of the spins from the c axis cannot 

exceed 3º. The refinement results for T=1.4 K are shown in FIG. V. 6: good agreement 

factors, χ2 =1.44, RB=2.4 %, Rf=2.7 %, and Rmag=9.8 %, are obtained. The obtained three- 

dimensional magnetic structure is shown in the inset in FIG. IV. 4. In agreement with 

[24], the Mn ions occupy the octahedral sites. The ordered magnetic moments of Co and 

Mn ions are 0.66(3) μB and 1.93(3) μB, respectively, and the estimated valences of the 

cations from Bond-Valence calculation are 1.814(2) for Co and 3.997(3) for Mn. Thus, 

the magnetic chains consist of alternating low-spin Co2+ and high-spin Mn4+ ions. 

Combined with the   spin order, this makes Ca3(Co,Mn)2O6 an experimental 

realization of the magnetoelectric model system described above. In the unit cell shown 

in FIG. IV. 4, all the chains possess the same polarization direction according to this 

model. We note that the (101) magnetic peak appears to be slightly broadened (see the 

inset in FIG. IV. 4. This indicates that the magnetic order is not truly long-ranged. 

Measurements on yet unavailable large single crystals are needed to determine the 

magnetic correlation length with any adequate precision. On warming to T=8 K, no 

qualitative changes are observed in the magnetic structure, and no magnetic order is 

present at T=20 K. 



 

 

72

 

 

0 5 10 15 20 25

30

45

0.0

0.5

1.0

0

1

2
  

(b)

T (K)

 

 

H=0 T

C
/T

 (
J/

m
ol

e-
K

2 )  (10
-1em

u/m
ole)


c

Ca
3
Co

1.04
Mn

0.96
O

6

 

(a) H//c

Hc

 

Single crystal

d/dT

 

 

 

FIG. IV. 2. (a) Temperature dependence of magnetic susceptibility, χ(T)=M/H, measured 
in an applied magnetic field H=0.2 T along and perpendicular to the chain direction. The 
temperature derivative dχ/dT, and zero-field heat capacity (C/T) are also shown. (b) The 
c-axis dielectric constant, c. Dashed line shows the high-temperature behavior of c.  
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FIG. IV. 3. (a) χ(T) of polycrystalline Ca3Co1-xMnxO6 for H=0.2 T. (b) (T) of 
polycrystalline Ca3Co1-xMnxO6 for H=0, normalized at T=20 K. The insets in (a) and (b) 
show peak positions of χ(T) and (T), respectively, for different Mn concentrations. The 
dashed lines indicate the corresponding peak positions in the x=0.96 single crystal. 
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While the magnetic origin of the ferroelectricity, and its description in the 

framework of the  chain with alternating ions, are established by the above data, the 

temperature dependences of both the electric and the magnetic properties are rather 

complicated. To gain insight into this complexity, we have measured temperature-

dependent AC magnetic susceptibility in the x=0.96 single crystal. FIG. IV.5 (a) and (b) 

reveal that both of the magnetic temperature anomalies (peaks) exhibit strong frequency 

indicative of magnetic freezing, which may range from simple superparamagnetism to 

complex spin-glass transition [27]. As shown in the inset in FIG. IV. 5(a), the lower-

temperature peak Tmax of χ’(T) exhibits the Arrhenius behavior, f=f0exp[–Ea/kBTmax], with 

physically reasonable values of the activation energy, Ea/kB60 K, and f060 MHz [27]. 

This behavior with Ea/Tmax20, together with the numerical value of the slope parameter 

∆Tmax/Tmax∆ln[f] of 0.21, signals superparamagnetic blocking (freezing of poorly-

correlated magnetic clusters) at low temperatures [27]. The behavior of the higher-

temperature anomaly, associated with the magnetic ordering transition, is more 

complicated. For example, Tmax (>16 K) of χ’(T) does not exhibit the simple Arrhenius 

behavior (see the inset of FIG. V. 7(a)). The data of FIG. V. 7, combined with the neutron 

data, show that only finite-size magnetic domains develop at the magnetic transition, and 

that these domains exhibit an additional freezing at a lower temperature. This behavior 

deserves further investigation since it is likely related to the one dimensionality of the 

magnetic chains and the geometrical frustration in the ab-plane triangular lattice.  

While complicated, the observed magnetic behavior provides a consistent 

explanation of the unconventional temperature dependence of the electric polarization in 

FIG. IV. 1. Magnetic disorder and freezing naturally lead to the corresponding 
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FIG. IV. 4. Observed (symbols) and calculated (line) powder neutron diffraction patterns 
for polycrystalline Ca3Co1-xMnxO6 (x=0.95) for T=1.4 K. The first row of bars below the 
diffraction pattern indicates the positions of the nuclear Bragg peaks and the second row 
depicts the locations of the magnetic Bragg peaks. The blue line shows the difference 
between the observed and calculated diffraction patterns. The insets show the low-angle 
patterns for T=1.4 K, 8 K and 20 K, and the refined spin structure.  
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FIG. IV. 5. (a) and (b) Real and imaginary parts of the AC susceptibility, χ’(T) and χ’’(T), 
of the x=0.96 single crystal. The AC magnetic field is 5 Oe, and the frequencies are 0.1, 1 
and 10 kHz, as shown. The inset in (a) shows log[f] vs. inverse temperature for the peak-
like features of χ’. The low-temperature feature is shown with blue dots, and the high-
temperature feature with orange dots. 
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phenomena for the ferroelectric properties in our system. Local clusters exhibiting the 

two different variants of the spin order give rise to the opposite electrical polarization 

vectors. Thus, on warming from 2 K, the frozen poled magnetoelectric domains should 

quickly become dynamic, leading to decreased macroscopic polarization. This is 

consistent with the rapid reduction of the polarization with increasing temperature. An 

additional confirmation of this scenario is obtained by observation of thermal history 

effects, which are characteristic to frozen states. As shown in FIG. IV. 1, the polarization 

of the system poled on cooling down to T=2 K (filled   circles) significantly exceeds the 

polarization of the sample poled at T=3.1 K (open circles), when the polarization is 

subsequently measured on warming in zero field. This is a typical behavior of a frozen 

system undergoing slow relaxation processes. This scenario is also consistent with the 

absence of any sharp anomaly of c(T) at the magnetic transition. We conclude, therefore, 

that in Ca3(Co,Mn)2O6, thermal fluctuations of the magnetoelectric clusters tend to 

suppress the macroscopic polarization, leading to the complex temperature dependences 

and thermal history effects observed in the experiments.  

 

4. Conclusion 

We report discovery of an unambiguous example of magnetism-driven 

ferroelectricity with a collinear magnetic order in the Ising chain magnet Ca3Co2-xMnxO6 

(x0.96). The ferroelectricity originates from the simultaneous presence of the alternating 

order of Co and Mn ions and the spin order with the   configuration. This provides 

the first experimental realization of theoretically predicted ferroelectricity in a frustrated 
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Ising chain with an ionic order. Unlike in well-known spiral magnetoelectrics, symmetric 

exchange striction is expected to drive the ferroelectricity in this system. 
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Chapter V 
 
 
 
 
 
 
 

Giant Magnetic Coercivity change induced by  

co-operative freezing in Ca3Co2O6 
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1. Introduction 

Materials with large coercivity are widely used in our daily lives as a magnetic 

recording, sensors, motors and even medical applications. It is reported that the saturated 

magnetization is removed by the rotation of spin direction and the growth of reverse 

domains or nucleation with the energy of the external field. To achieve large coercivity, 

these mechanisms must be impeded. The rotation of magnetization is controlled by 

crystal anisotropy. The growth of reverse domains can be encumbered with defects as 

pinning centers [1]. By this reason, the large coercivity value is usually achieved from 

polycrystalline samples and alloys [2]. It is interesting to note that the large coercivity 

value is observed in Ca3Co2O6 single crystal. Recently, many studies in Ca3Co2O6 have 

been performed due to its peculiar magnetic properties. These properties are closely 

related with the geometrical frustration and low dimensionality. The rhombohedral 

Ca3Co2O6 structure consists of chains, which is formed by the CoO6 octahedral and the 

trigonal prism alternatively. Ferromagnetically ordered Co chains, which spin within one 

dimension chain, are separated by nonmagnetic Ca ions. These Co spins are aligned in a-

b plane with geometrically frustrated honey comb structure (six triangular lattices). The 

Ca3Co2O6 has complex magnetic ordering states. Ferromagnetic short range spin ordering 

in intra chain starts from ~200 K, while 2-D short range antiferromagnetic ordering in 

inter chain starts from ~100 K. As temperature reaches 24 K, Partially Disordered 

Antiferromagnetism (PDA) state appears [3]. And Magnetic Quantum Tunneling (MQT) 

and Hysteresis are reported at low temperature [4,5]. In here, we will focus on the 

relation between spin freezing-like features and coercivity change.  
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2.  Experimental Method  

In order to examine the coercivity change and spin freezing like features of 

Ca3Co2O6 single crystal, the magnetic properties like D.C. susceptibility (χdc = dM/dH) 

and magnetization (M(H)) were studied at various temperatures as well as a.c. 

susceptibility and specific heat. These measurements were performed on Quantum 

Design MPMS and PPMS system.    

We studied a Ca3Co2O6 single crystal sample grown by the flux method using 

polycrystalline Ca3Co2O6 with K2CO3 and KCl [4:1] as the flux mixture [3]. The 

Ca3Co2O6 polycrystalline sample was prepared using the solid reaction method with 

several intermediate grinding and sintering. The mixture of polycrystalline Ca3Co2O6, 

K2CO3 and KCl was heated at 1193 K for 10 hours in air, and then cooled down to 1073 

K with 1 K/h cooling rate. Needle shape samples were successfully obtained. The phase 

stoichiometry of our samples was confirmed by powder X-ray diffraction measurement.  

 

3.  Results and Discussion 

The zero field cooling (ZFC) and field cooling (FC) susceptibility (χ (T)) curves in 

an applied field (parallel and perpendicular to c-direction) of 2 kOe are shown in Fig. IV. 

1(a). With decreasing temperature from the paramagnetic region, the sharp slope change 

was observed at 24 K (Tc), which corresponds to long range ferromagnetic ordering in 

intra-chain [3].  As the temperature fell further, irreversibility features between ZFC and 

FC susceptibility curves were observed at 12 K (Tsp).  

The irreversibility feature is a common signature of a spin freezing like system. 

Another spin freezing like feature is reported below 5 K (Tsf) [4], which corresponds to 
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FIG. IV. 1. (a) Temperature dependence of the magnetic susceptibility, the magnetic field 
(2 kOe) was applied along c direction (blue color and black color as a ZFC and FC, 
respectively) and perpendicular c direction (red), two shading regions indicate the 
approximate region in which the spin freezing like features appear. (b) C/T versus 
temperature specific heat data, while the inset picture shows the C/T3 versus temperature. 
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the highest slope in our ZFC curve. The strong crystal anisotropy is also shown in FIG. 

IV. 1(a). The easy axis is along the (Co2O6)∞ chain direction. The susceptibility of an 

easy axis is two orders larger than that of hard axes. The specific heat clearly indicates 

the Tc at 24 K, as shown by the peak in FIG. IV. 1(b), C/T versus T graph. The C/T (T) 

curve shows a little hump at 12 K and also a linear contribution γT below ~ 6 K in 

agreement with other papers [6].  The low temperature specific heat data will be 

discussed later in this paper.  

To analyze spin freezing like (irreversibility) features at 12 K and 5 K, 

respectively, a real and an imaginary part of a.c. susceptibility measurement was 

performed on this sample. The χ’ of the frequency dependent magnetic susceptibility is 

shown in FIG. IV. 2(a) and (b), respectively. In the case of spin freezing like feature at 12 

K, as the frequency changes from 10 Hz to 10 KHz, the χ’ and χ” data shows a clear 

change in Tfmax (temperature|highest χ’ ). The log (f(Hz)) versus Tf
-1 curve is shown in the 

inset FIG. IV. 2(a). The Ca3Co2O6 shows physically reasonable Arrhenius behavior, 

which is defined in terms of f = f0exp(-Ea/KBTf), values with a f0 = 1GHz (f value for 

infinite temperature) and an activation energy of Ea ~240 K. The quantified frequency 

variation value, which is defined in terms of P = ΔT fmax /Tfmax Δlog(fAC), was 

approximately 0.16. This large p value indicates that the 12 K spin glass like feature 

comes from superparamagnet phenomena [7,8]. It is hard to find a distinct peak and 

frequency dependence for a spin freezing like feature at 5 K despite a broad little hump in 

the χ’’ data of the corresponding 10 Hz case. Many researches claim to have observed  a 

spin freezing state below the 5 K state with their M(T), specific heat and various waiting 

time M (H) data [6, 9, 10] , even though the transition temperature is not well defined 
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FIG. IV. 2. (a) Real part of the a.c. susceptibility with function of temperature at different 
frequencies (10, 30, 100, 300, 1 K, 3 K, and 10 KHz). The inset picture shows the 
measurement frequency (log scale) versus the inverse of the freezing temperature. (b) 
Imaginary part of the a.c. susceptibility in terms of temperature. 
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(differs from 4 K to 8 K). Our M (T) data shows the highest slope in ZFC curve at 5 K. 

The specific heat plot shows constant value below ~6 K, as mentioned before. This 

constant region in C/T versus T is related with linear behavior in C versus T. At low 

temperature, the linear behavior of the specific heat value is argued as a starting point for 

the spin glasses [6, 8]. To clearly observe the low temperature specific heat data, the C/T3 

versus T graph is plotted as an inset of FIG. IV. 1(b).  The a/T2 ( a is a constant) curve fit 

well with C/T3 versus T curve until 5 K from 2 K, which is corresponding with the linear 

region in C versus T. This region is mentioned as a starting point of spin freezing state.  

The M (H) data shows a plateau at 1/3 of the saturated magnetization value 

(1/3Ms) from the Tc to the Tsf. Below Tsf, the number of steps increases with decreasing 

temperature as shown in FIG. IV. 3(a). As shown in FIG. IV. 3(b), there are 5 steps for 2 

K. The M (H), dM/dH, and χ” at different frequencies versus H consistently show 

constant field spacing of 1.2 T among steps. These M (H) steps at 2 K are defined in 

terms of QTM [4,5]. The 1/3 Ms plateau also comes from the peculiar magnetic properties 

of Ca3Co2O6. One incoherent chain is induced by the triangular geometrical frustration, 

while other two chains are antiferromagnetically coupled. As the external field increases, 

the 1/3 incoherent chain aligned along the external field. By this reasoning, the 1/3 Ms 

plateau state is expressed in terms of a PDA or ‘dynamic ferromagnetic’ state [3,11]. 

The inset of FIG. IV. 3(a) shows the normalized M(H) curves at various 

temperatures. The data shows the slope change at 1/3 Ms, with decreasing temperature.  

The slope decreases from 24k to 12 K and then increases again until 5 K. As the 

temperature fells down from 5 K, sharp slope increasing is observed. The applied field 

(H1/3Ms) corresponds to 1/3 Ms versus temperature is plotted in FIG. IV. 5(b). From Tc to 
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FIG. IV. 3. (a) Normalized magnetization versus applied magnetic field at different 
temperature. (b) Imaginary part of a.c. susceptibility with function of applied magnetic 
field at various frequencies.  
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FIG. IV. 4. (a) Hysteresis loop at T = 2 K.  (b) dM/dH versus applied magnetic field. 
Dashed lines in figure shows n multiply H/1.2 Tesla (where n is integer).  
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about 5 K, whole M(H) curves meet at 2 Tesla, which is corresponding to H value for 1/3 

Ms. This point merging feature of H1/3Ms is consistent with Monte Carlo simulation result 

[12], even though, the H1/3Ms merged at 1.8 Tesla in simulation case. As mentioned in the 

introduction of this paper, Ca3Co2O6 has a honey comb structure in a-b plane. As the 

temperature crosses the Tc, the six chains, which surround undetermined spin, start to 

align up and down alternately. Then surrounding spins are fully aligned at Tsp. During this 

alignment process, the magnetization of this system more easily reaches the 1/3 Ms value 

and the plateaus become broader with decreasing temperature. As the temperature is 

lowered further from the Tsp to the Tsf, the slope increases and the plateau decreases 

again, because the system undergoes the freezing. As passing the Tsf (below 5 K), the 

slope sharply increases and H1/3Ms value also increases up to 2.32 Tesla at 2 K. It means 

that we need keep increasing the external field to reach the H1/3Ms value, while decreasing 

temperature. This observation indicates the co-operative interactions among clusters or 

nano-particles exist in this spin freezing state and the co-operative interactions make it 

harder and harder to reach the H1/3Ms value, as temperature decreases.  

We now turn to the coercivity data. As shown in FIG. IV. 5(c), no coercivity is 

observed until 12 K, while negligible coercivity is observed from 12 K to 5 K. From 

about 5 K and below, the coercivity increases dramatically up to 1.38 Tesla at 2 K. The 

region showing the giant change in the coercivity is consistent with the temperature 

region showing an increasing in the applied field for the H1/3Ms value. This region also 

matched well with the large slope change region as shown in FIG. IV. 6. This analysis 

indicates that the co-operative spin freezing plays an important role in the giant coercivity 

change in Ca3Co2O6.The magnitudes of multiple energy barriers increased below spin  
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FIG. IV. 5. (a) Slope at 1/3 Ms (dM/dH|1/3Ms) versus applied magnetic field, while the 
inset plot shows the magnetization with function of applied magnetic field at various 
temperatures. (b) The applied field (H1/3Ms) corresponds to 1/3Ms value versus 
temperature. Tc, Tsp, and Tsf indicate the long range ordering, superparamagnet, and 
spin freezing temperature, respectively. (c) Coercivity versus temperature. Inset, 
magnetization versus applied field at different temperature. Red spots indicate the 
coercivity value.  
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freezing temperature in the co-operative spin glasses [8]. The increased energy barriers 

encourage that the co-operative spin state is less affected by external perturbations. There 

is an observation of coercivity increasing below freezing temperature in a co-operative 

spin glasses. But the coercivity does not exceed 200 Oe at their lowest temperature (1.2 

K) [14], while the coercivity increased up to 1.38 Tesla at 2 K in our case. At this point, 

we note that the low dimensionality of Ca3Co2O6 plays a role in large coercivity with 

giant coercivity change.  

 

4.  Conclusions 

In conclusion, the geometrically frustrated and disordered one dimensional chain, 

Ca3Co2O6, system is analyzed. Spin freezing like features were observed in M(T) and 

specific heat data at 12 K and below 5 K respectively. The spin freezing like state for 12 

K is concluded to be a superparamagnet state, which has no co-operative spin interactions 

among clusters or nano-particles. That for below 5 K is analyzed as a co-operative 

magnetic freezing state. With decreasing temperature in the co-operative magnetic 

freezing state, the coercivity dramatically increases from zero to 1.38 Tesla. Meanwhile 

the slope values of M(H) curves at 1/3Ms also sharply increases with increasing in 

applied magnetic field value at 1/3Ms. These observations mean that the large coercivity 

with giant magnetic coercivity change in Ca3Co2O6 is induced by the co-operative spin 

freezing with a low-dimensionality. This result is clearly distinct from previously known 

mechanism for large coercivity. Because the observation of coercivity is limited in spin 

freezing state and also the amount of defects in our single crystal sample is negligible. 
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We propose the co-operative spin freezing with a low-dimensionality as a new 

mechanism for large coercivity. We hope that this new and promising mechanism will 

help to spur enhancement of the coercivity and also theoretical efforts in this field.  
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 In this chapter, I summarized key points of this thesis and discuss the future study 

in this field.  In chapter I, we have discussed the definition, applications, and 

classification of fascinating usage of transition metal oxide materials.   

In chapter II, we report cryogenic-temperature phase-change random access 

memory (cryoP-RAM) effect in TMO material. Cryogenic-temperature electronics 

technologies with, e.g., many types of quantum computers, Superconducting Rapid 

Single Flux Quantum (RSFQ) devices, and cryogenic detectors are a practical promise 

for continuing demand for high performance electronics. One of the critical bottle necks 

for cryo-electronics is low-temperature memories. By utilizing the unique hysteretic 

behavior of perovskite (La,Pr,Ca)MnO3 in the variation of temperature and applied 

electric fields, we have discovered 1) low-temperature phases with metallic and 

insulating resistance values (different by >105) can be repeatedly switched by applying 

various voltage pulses, 2) the resistance value of each phase is highly repeatable through 

cycling and also stable with time, and 3) intermediate phases with intermediate resistance 

values can be also repeatedly stabilized. These behaviors can enable cryoP-RAM 

applications, compatible with, e.g., the RSFQ technology.  

In chapter III, we report the ferroelectric photovoltaic (FPV) effect in BiFeO3 and 

significant rectification effects exist in BiFeO3, and the direction of the rectification and 

photovoltaic current is reversely switchable by large external voltages. The forward bias 

direction is along the ferroelectric polarization direction and short circuit currents after 

positive poling is -1.26 µA/cm2, whereas Isc after negative poling is +0.95 µA/cm2 with a 

good retention and high stability over cycling. We confirmed that the polarization clearly 

plays an essential role on the rectification and photovoltaic effects by PFM and poling-
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voltage dependence of rectification direction switching measurement. As a possible 

scenario, the switchable Schottky-to-Ohmic mechanism was proposed. To verify a 

existence of the bulk effect, the four probe measurement was performed in BFO sample 

and rectification effect observed clearly. Further study of these effects, such as 

experiments involving different ferroelectric materials and/or controlled doping levels 

will be necessary to unveil the true origin. By engineering the band gap, carrier 

concentration, and device configurations, this fascinating switchable diode and 

photovoltaic effects need to be further exploited for novel technologies such as fast 

readout of ferroelectric state, ferroelectric solar cells, or ferroelectric sensors. 

In chapter IV, we report discovery of collinear-magnetism-driven ferroelectricity 

in the Ising chain magnet Ca3Co2-xMnxO6 (x0.96). Neutron diffraction shows that Co2+ 

and Mn4+ ions alternating along the chains exhibit an up-up-down-down (  ) 

magnetic order. The ferroelectricity results from the inversion symmetry breaking in the 

( ) spin chain with an alternating charge order. Unlike in spiral magnetoelectrics 

where antisymmetric exchange coupling is active, the symmetry breaking in 

Ca3(Co,Mn)2O6 occurs through exchange striction associated with symmetric 

superexchange. 

In chapter V, we discussed the high coercivity in Ca3Co2O6. The large coercivity 

– large external field which is required to fully remove the saturated magnetization in 

material - has been extensively researched with its attractive character in application. The 

large coercivity is usually realized when crystal anisotropy and pinning center by defects 

are satisfied. Herein, we report new mechanism for increasing coercivity. The large 

coercivity is observed in a Ca3Co2O6 single crystal, which has a one dimensional chain 
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structure. The giant change in coercivity is observed from zero to 1.38 Tesla with 

decreasing temperature. This coercivity change is performed in a co-operative spin 

freezing state. We propose the co-operative spin freezing with a low dimensionality as a 

new and promising mechanism to enhance the coercivity.  

There are still many things we have to overcome to realize a genuine application 

to real life.  The first thing is that the temperature range in which the most interesting 

effects can be observed is still too low to be useful in practice specially in multiferroic 

and high coercivity. The second thing will be that it usually requires pretty high electric 

fields to manifest a high on-off switch in existing cryo-PRAM using LPCMO and 

photocurrent direction switching in BiFeO3. Another obstacle is that the exact mechanism 

for switchable photovoltaic effect is very subtle to extract from the data. In the 

experimental point of view, although the effect of oxygen deficiency migration and 

polarization is pretty well known, the understanding of the exact mechanism origins from 

whether combined two effects or existence of dominant effect is still immature. More 

research in interface between electrode and bulk can surely bring about our better 

understanding and help to develop new photovoltaic materials. 
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