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Abstract Perovskite oxides have provided magical

structural models for superconducting and colossal mag-

netoresistance, and the search for nano-scale and/or

atomic-scale devices with particular property by specific

preparations in the same systems has been extensively

conducted. We present here the three oxidation states of

manganese (Mn3+, Mn4+, Mn5+) in the perovskite oxide,

La0.66Ca0.29K0.05MnO3, which most interestingly shows

the rectifying effect as atomic-scale p–n junctions (namely

FY-Junctions) of single crystals and films. The family of

cubic perovskite oxides were synthesised by the so-called

hydrothermal disproportionation reaction of MnO2 under

the condition of strong alkali media. The new concept of

the atomic-scale p–n junctions, based on the ideal rectifi-

cation characteristic of the p–n junctions in the single

crystal, basically originates from the structural linkages of

[Mn3+–O–Mn4+–O–Mn5+], where Mn3+ t32ge1
g

� �
and Mn5+

t22ge0
g

� �
in octahedral symmetry serve as a donor and an

acceptor, respectively, corresponding to the localized Mn4+

t32ge0
g

� �
.

Introduction

Perovskite oxides with a general formula ABO3 (A = 12-

coordinated ions and B = 6-coordinated ions) provide

magical structural models for superconducting and colossal

magnetoresistance [1–3]. Among the most interesting issue

has been the creation of complicated mixed valence states,

which implies further new models with particular electron–

electron and electron–lattice interactions [4, 5]. Two oxi-

dation states of manganese are common in alkaline-earth

metal-doped lanthanum manganite perovskites and show

colossal magnetoresistance (CMR) by the double-exchange

(DE) mechanism [6, 7]. Finding more complicated oxida-

tion states of manganese in the perovskites is a great

challenge in the search for new materials with nano-scale

and/or atomic-scale functions through specific prepara-

tions. High-temperature solid state reactions [8], charge

disproportionation [9, 10] and fluctuation [11] have been

considered to be useful, but these preparative methods only

led to two oxidation states. Hydrothermal synthesis has

been successfully applied to the most important crystalline

materials, advantageous to perfect crystals and stabilizing

unusual oxidation states [12]. Our motivation for creating

complicated mixed valence of metal in perovskite system

comes from the consideration that complicated mixed

valence such as three oxidation states of a metal may

provide some kind of ‘‘junction’’ property in an atomic-

scale compared to a macro-scale p–n junction commonly

consisting of [P]–[Si]–[Ga], rather than the DE property

occurred between two oxidation states. We understand that

single electron system is also an important factor for pre-

paring a strong electron correlation solid; in our selected

system the single eg electron on 3d orbital of Mn in octa-

hedral environment of perovskite oxide may play an

important role in forming such a ‘‘junction’’. In the prep-

aration of complicated mixed valence compounds,

hydrothermal solution may serve such a place where redox

or disproportionation reaction may produce ions with at

least three oxidation states, and the following steps should

be how to stabilize and crystallize them into a solid.

S. Feng (&) � H. Yuan � Z. Shi � Y. Chen � Y. Wang �
K. Huang � C. Hou � J. Li � G. Pang � Y. Hou

State Key Laboratory of Inorganic Synthesis & Preparative

Chemistry, College of Chemistry, Jilin University, Changchun

130012, P.R. China

e-mail: shfeng@mail.jlu.edu.cn

123

J Mater Sci (2008) 43:2131–2137

DOI 10.1007/s10853-007-1988-9



Experimental

The synthesis of our sample involves a hydrothermal dis-

proportionation reaction of MnO2 at 260 �C for 2–3 days.

The initial materials were La(NO3)3 � 6H2O, MnO2,

Ca(NO3)2 � 4H2O, and KOH. Commercial agent MnO2 or

freshly prepared MnO2 was used in the synthesis. The

prepared MnO2 was produced by the reduction of an

aqueous solution of KMnO4 with fumaric acid

(HO2CCH=CHCO2H) [13]. The synthesis of MnO2 was

performed in 500 mL beaker. About 30 g KOH was added

into 260 mL 0.12 M KMnO4 to form an alkaline solution,

into which 3.62 g fumaric acid was added with stiring. The

obtained dark brown gel was filtered and dried at 50 �C for

24 h prior to use. In a typical hydrothermal synthetic

procedure for our sample 1.4 g so-obtained MnO2 were

added into 40 mL water to form a solution on stirring, to

which 20 mL 0.4 M La(NO3)3, 5 mL 0.4 M Ca(NO3)3, and

65 g KOH were in turn added. The reaction mixture was

stirred with a magnetic stirrer for 30 min and then trans-

ferred into an 80 mL teflon-lined stainless steel autoclave

with a filling capacity of 80%. The crystallization was

carried out under autogenous pressure at 260 �C for 3 days.

After the autoclave was cooled and depressurized, the

powder products were washed thoroughly with distilled

water and sonicated by a direct immersion titanium horn

(Vibracell, 20 kHz, 200 w/cm2). The dark-green crystals

were obtained. Inductively coupled plasma (ICP) analysis

was performed on a Perkin-Elmer Optima 3300DV ICP

instrument. HRTEM observations were conducted with a

PHILIPS CM200 field-emission transmission electron

microscope operated at 200 kV and room temperature.

SEM was carried out on a field-emission JSM-6700F JEOL

microscope. The near IR absorption measurement was

performed using the UV-3100 Shimadzu ultraviolet-visible-

infrared spectrophotometer. The spectra of Mn K-edge

XANES were measured at the beamline of 1W1B of Beijing

Synchrotron Radiation Facility (BSRF). The storage ring

was operated at 2.2 GeV with a typical current of 100 mA.

The ixed-exit Si(111) flat double crystals were used as

monochromator. The spectra were recorded in transmission

mode with ionization chambers filled with nitrogen. The

NIR emission spectra were recorded at room temperature on

an Acton SpectroPro 2758 spectrograph with InGaAs NIR

detector. A spectra-Physics Quanta-Ray Nd: YAG was used

as excitation source (1,064 nm). The work function mea-

surement was carried out on a commercial Kelvin Probe

(KP Technology Ltd., England) at room temperature in

atmosphere. The Kelvin probe is vibrating capacitor device

for measuring the work function difference between the

simple and vibrating tip (gold tip with a work function of

5.1 eV is used in this work). The sample powders were

spread horizontally on polished Al substrate. In the CITS

test, Gold (99.99%) was thermally evaporated onto the

freshly cleaved silicon wafer at a pressure of 5 · 10�5 Pa to

make a gold film. Single crystals were spread on the gold

film of AFM sample holder. The load force of the gold tip

was maintained at 2 Nm�1. A bias voltage between the

substrate (gold film) and the gold tip of the conducting

cantilever for I–V measurements was scanned from �10 to

+10 V. Each time we conducted this experiment, we tested

the connection of the gold tip to the gold substrate (*zero

voltage) and to an insulator (*zero current). Before and

after each experiment the electrical conductivity between

the cantilever and gold film was verified by measuring the

tip current in order to monitor the possibility of whether the

tip had been broken during the scanning process.

Results and discussion

Hydrothermal disproportionation

Our study began with the synthesis of CMR manganese

perovskite oxides, and a cubic phase of La0.5Ba0.5MnO3

was synthesised under mild hydrothermal conditions [14].

With an aim towards stabilizing particularly mixed valen-

ces of metal in crystals, we carried out the hydrothermal

synthesis of normal manganese perovskite oxides through

the disproportionation reactions of MnO2. In this study we

obtained a family of manganese perovskite oxides,

La1�x�yCaxKyMnO3 (x = 0.74–0.18, y = 0.01–0.14)

through the partial substitution of Ca2+ and K+ for La3+

under the condition of strong alkali media. Single crystal

X-ray diffraction (XRD) structural analysis for one mem-

ber of the family, La0.66Ca0.29K0.05MnO3, compositionally

analysed by inductively coupled plasma (ICP), indicated its

cubic perovskite structure [15]. The scanning electronic

microscopic (SEM) photos and the crystal structure for

La0.66Ca0.29K0.05MnO3 are shown in Figs. 1 and 2. Since

the single crystal X-ray diffraction determination did not

distinguish the types of A-site atoms, we need to probe if

the composition of our single crystal sample consists with

the ICP analysis for elements of La, Ca and K. The high-

resolution transmission electron microscopy (HRTEM)

image (Fig. 3) firstly confirmed the cubic structure, and

then the energy dispersive X-ray spectroscopy (EDX) on-

line analysis on the same area clearly detected the exis-

tence and ratio of O, K, La, Ca, and Mn elements in the

lattice (Fig. 4). In addition, the element mapping illustrated

the uniform composition in the single crystals (Fig. 5).

Three oxidation states

Mn average oxidation state in La0.66Ca0.29K0.05MnO3 was

firstly measured by means of oxidation–reduction titration
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(Iodometry). The experimental average valence of 3.36 is

much close to its theoretical value of 3.38, which is cal-

culated by charge balance in A- (La3+, Ca2+, K+) and B-site

ions (Mn3+, Mn4+, Mn5+) according to Dalton law. The

Fig. 1 SEM photo of La0.66Ca0.29K0.05MnO3 crystal samples

Fig. 2 Single crystal structure of La0.66Ca0.29K0.05MnO3

Fig. 3 HR-TEM image of La0.66Ca0.29K0.05MnO3
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Fig. 4 HR-TEM-EDX compositional analysis of La0.66Ca0.29K0.05

MnO3

Fig. 5 SEM-EDX map of La0.66Ca0.29K0.05MnO3
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important issue of oxygen defect in our sample was con-

sidered at the very beginning of this study. Thermal

analyses showed no thermal effect as well as weight loss at

temperature measured up to 1,200 �C, which is very much

consistent with the normal sense, e.g., hydrothermal system

gives equilibrium defect of crystal as in the case of quartz

hydrothermal production. The identification of Mn5+ in our

sample was made by its characteristic near infrared (IR)

absorption at 625 nm due to the 3T1(t2
2) ? 1A1(t2

2) excita-

tion according to Noginov et al. [16] (Fig. 6). Mn K-edge

X-ray absorption near-edge spectroscopic (XANES) spec-

tra for La0.66Ca0.29K0.05MnO3, different from the known

manganese perovskite oxides [17], evidenced an additional

peak centred at 6564.3 eV, the energy of the band edge of

1s to 4p transitions for Mn5+ (Fig. 7). The same peak at ca

6565 eV was found in the K-edge XANES spectrum of the

synthetic apatite, Ba5(PO4)2.5(MnO4)0.5Cl, where all of the

Mn ions have +5 oxidation state, and it has been taken as a

reference of Mn5+ in tetrahedral coordination [18]. In our

case, a slight decrease in the K-edge absorption energy is

expected since the octahedral Mn5+ has less effectively

positive charges than the tetrahedral Mn5+. An additional

evidence showing the existence of Mn5+ is the laser-

induced (1,064 nm) luminescence spectroscopy for our

sample compared with the mineral sample K0.1Sr0.9MnO3,

where all of the Mn ions are in +5 oxidation state. The

typical emissions at 1,143, 1,169, and 1,224 nm for Mn5+

ion in K0.1Sr0.9MnO3 were also found in our sample (Fig. 8)

[19], whereas the Mn3+–Mn4+ sample we made before

showed no emissions at the above three wavelengths. The

formation of the three mixed valence of Mn3+–Mn4+–Mn5+

in the perovskite oxide is thermodynamically allowed

based on the hydrothermal disproportionation reaction,

2MnIVO2 þ 2OH� = MnIIIO3�
3 þMnVO�3 + H2O, where

MnO2 itself was dissolved in solution first, MnIVO2þ
2OH� ¼ MnIVO2�

3 þ H2O.

In fact, the intermediates of Mn3+, Mn4+, Mn5+, and

Mn6+ in solution were detected, and interestingly Mn5+ was

formed at the early stage of the oxidation–reduction reac-

tions of MnO�4 with carboxymethyl cellulose

polysaccharide at pH > 12 [20]. These intermediates were

considered to be short-lived, but could be stabilized in

solids, such as in Mn5+-based solid state lasers [21] and

satirically rigid olefins [22]. The single crystal of the

perovskite Ba1 + xNaxMn1�xO3 with 1:1 of Mn4+ and Mn5+

was prepared by electro-synthesis in molten NaOH [23]. In

our specific hydrothermal synthesis, the strong alkaline
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Fig. 6 Near IR spectrum of La0.66Ca0.29K0.05MnO3
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Fig. 7 Mn K-edge XANES spectra of La0.66Ca0.29K0.05MnO3 and

reference MnO2

Fig. 8 Laser-induced luminescence spectra of K0.1Sr0.9MnO3,

La0.66Ca0.29K0.05MnO3, and La0.5Ca0.5MnO3
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media created the possibility of the occurrence of the dis-

proportionation reaction and the formation of multivalent

Mn ions as well. The stabilization of three oxidation state

Mn ions into solid states further enhanced the reaction.

Structurally, the charges of the three oxidation state Mn

ions at B-sites were compensated by their three corre-

sponding A-site ions of La3+, Ca2+ and K+ to maintain the

charge neutrality in the perovskite oxide.

Atomic-scale p–n junctions

We have been very interested in revealing experimentally

the nature of the three oxidation states of manganese in the

perovskite oxides. Apparently, the current-voltage (I–V)

measurements on single crystal may give accurate infor-

mation; we thus measured I–V curves on our single crystals

by conductive atomic force microscopy (C-AFM), which is

useful in detecting the electrical properties of small sized

crystals (in our case 20–40 lm ‘‘cubic’’ crystals) by the

well-established point-contact modes [24–27]. To ensure

the ohmic contact of the gold tip (ca 5 nm in diameter)

with the single crystal surface, we tested the work function

of our sample (4.9 eV), which is very close to that of the

reference gold (5.1 eV). Figure 9 shows the three-dimen-

sional plot of work function for our sample. We repeatedly

measured I–V curves on more than thousand single crystals

and statistically found two types of I–V curves as shown in

Fig. 10. Clearly, the ideal rectifying characteristics of p–n

junctions as tunnel diodes were devised by the I–V mea-

surements on the single crystals. These ideal I–V

characteristics of p–n junctions found in our single crystals

illustrate the nature of the atomic-scale p–n junctions. They

are almost the same as the I–V characteristics of the

molecular rectifier theoretically calculated by Aviram and

Ratner [28]. Experimentally, we do distinguish clearly the

compositional controlled structures as the HR-TEM image

shown in Fig. 11, which may be correlated to the aniso-

tropic electrical properties in the I–V measurements.

Although we have the cubic structure, this image shows

clearly the double layers along the (010) direction. Possi-

bly, these two types of I–V curves may have resulted from

the super-lattice structures, but this needs further study. All

Fig. 9 Three-dimensional plot of the work function for the sample
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Fig. 10 I–V characteristics of the atomic-scale p–n junctions for

single crystals

Fig. 11 HR-TEM image for a super-lattice sample of La0.66Ca0.29

K0.05MnO3
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of the phenomena, reflected from the single crystal struc-

ture and its I–V measurement, lead to the conclusion of the

existence of the atomic-scale p–n junctions in our crystal.

In addition, our materials show high thermal stability,

giving the same I–V curves after treatment at 1,200 �C for

10 h, implying possible high-temperature applications.

Figure 12 illustrates the model for the proposed atomic-

scale p-n junction. In the three mixed valence perovskite

oxide, the structural linkages such as Mn3+–O–Mn4+, and

Mn3+–O–Mn4+–O–Mn5+ (the linkage of Mn3+–O–Mn5+ is

hardly considered, because at high temperature the com-

proportionation reaction may takes place) are expected

according to its structure and composition. The most pos-

sible array of Mn3+–O–Mn4+–O–Mn5+ gives rise to the

construction of an atomic-scale p–n junction, similar to a

macroscopic p–n junction in a semiconductor. In the

atomic-scale p–n junction, Mn3+ t3
2ge1

g

� �
and Mn5+ t22ge0

g

� �

in the octahedral site symmetry may serve as a donor and

an acceptor, respectively through the localized Mn4+

t32ge0
g

� �
. A built-in field may be set up by eg electron

tunnelling from Mn3+ t3
2ge1

g; donar
� �

to Mn5+ t2
2ge0

g;
�

acceptor
�

over an energy barrier. The above I–V mea-

surements on the single crystals strongly support the

arrangement of the atomic-scale p–n junctions. When a

forward bias is applied to a p–n junction, the potential

barrier is reduced if the p-side is made positive. It is fairly

obvious qualitatively that the number of electrons flowing

from p-side to n-side is not affected in either case, but the

flow of electrons from n-side to p-side is seriously affected.

So we can see qualitatively that the total current flowing for

a positive voltage will differ from the current flowing at a

negative voltage. Our model may provide the basis for

further theoretical study on the atomic-scale p–n junctions.

Conventionally it is possible to turn a crystal such as

pure silicon into a moderately good semiconductor by

adding impurity phosphorus for an n-type semiconductor or

gallium for a p-type semiconductor. Useful applications

start to happen only when a single semiconductor crystal

contains both n-type and p-type regions, consisting of a

macroscopic p–n junction. Moreover, since the silicon with

a bandgap of 1.12 eV can effectively use only the wave-

lengths in the range of ca 0.4–1.1 lm, more complex

photovoltaic devices with multi-junctions can use more of

the spectrum and should be operated at high efficiencies

than the single-junction devices. In our case, as the junc-

tions may be connected in three dimensions, the switching

voltage of each junction must match; hence the device

switching voltage will be determined by the junction

numbers. Although some of the individual molecules of the

type donor-spacer-acceptor between two electrodes would

behave as molecular rectifiers under an electrical voltage

bias, our current study promises potential applications of

the atomic-scale p–n junctions operated on a macroscopic

crystal. The ready operation on macroscopic crystals with

microscopically electric features guides the future trend for

new materials applications and fundamental study.

Conclusions

Our results have clearly presented for the first time the

three oxidation states of manganese in perovskite oxides

obtained by hydrothermal disproportionation reaction, and

revealed the unique features of the atomic-scale p–n

junctions based on the three valence states of manganese in

the perovskite oxide. The atomic-scale p–n junctions of the

single crystals naturally formed from hydrothermal systems

may serve as a variety of electric devices for chip, memory,

solar cell, and even water decomposition. In fact, the

atomic-scale p–n junctions, beyond the nano-scale, provide

potential applications of the atomic-scale electric devices

operated through macroscopic crystals. Moreover, they

may give rise to entirely new atomic-scale devices for

applications to the atomic-effective processes on the pho-

toelectric conversion [29] as well as the quantum

information [30]. This study has experimentally revealed

extraordinary phenomena of the three valence states of

manganese. Further studies may open to other transition

metal oxides and theoretical considerations as well.
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