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ABSTRACT

Y1�xCaxCrO3 polycrystalline ceramics with 0.000 � x � 0.100 compositions

were studied by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy

(XPS). The results revealed that the hCr–Oi average bond length decreases with

increasing Ca content. This fact infers that the charge compensation is through

the change from Crþ3 to Crþ4 instead of oxygen vacancies. To confirm this

supposition, the high-resolution XPS study revealed that as the Ca is introduced

in the YCrO3 matrix, the Cr 2p 3=2 core-level is well fitted at 576.22 and 577.57 eV

belonging at Crþ3 and Crþ4 core-level, respectively. Furthermore, we found an

increase of the valence band XPS spectra at the Fermi energy as the Ca replaces

the Y site. This fact suggests an increase of the Cr 3d-state at the Fermi energy,

which is confirmed by the XPS valence band spectra and the electrical con-

ductivity measurements.

Introduction

There has been considerable interest in the ortho-

chromites in the past years as a result of biferroics

properties found in some members of this family

[1–3]. In these materials, the coupling between the

magnetization and the polarization allows an addi-

tional degree of freedom in the design of a novel

device for technological applications, such as

magneto-optic, spintronic, and data storage device

[4–6]. YCrO3, for example, has the following crys-

talline and physical properties: (i) crystallize in per-

ovskite-type compound, which has an orthorhombic

GdFeO3-type crystal structure at room temperature

with a space group Pbnm; (ii) the dominant spin–spin

interaction is through the Crþ3 (3d3: t3
2g

0
eg) states,

which is antiferromagnetically coupled with nearest
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neighbors of the Crþ3 moments at about TN = 142 K

[3, 7]; (iii) a slight displacement of Cr ions appears

to be responsible for the weak ferroelectricity at

room temperature, although its ferroelectric origin is

still under discussion [1, 3, 8]. On the other hand,

several studies are available in the literature [9–13]

on its magnetic and transport properties after dop-

ing with trivalent and divalent ions at the Y or La

site in the compounds (Y, La)CrO3. Usually, the

total solubility is obtained when the rare earth

replaces the no magnetic La or Y ions. Below of TN;

the partial La1�xR
0
xCrO3 R=Pr, Ce solubility have

shown exotic magnetic ground state [9, 14]. On the

other hand, the divalent ions (Ca, Sr) doped in the

(Y, La)CrO3 structures have shown a limited of

solubility in the host matrix. Furthermore, the anti-

ferromagnetic transition is suppressed with the

substitution of these divalent ions, whereas the

electrical properties showed the thermally activated

conductivity process [11, 12, 15, 16]. The number of

charge carriers increases as Ca or Sr ions are grad-

ually introduced in the YCrO3 matrix. The mobility

is exponentially temperature dependent, and in

many cases, the transport is via the hopping motion

of spatially localized charge carriers. For example,

the charge carriers’ mobility is believed to arise from

lattice distortion localization, i.e., small polarons

formation or by stoichiometric defects varying the

oxygen content (cation vacancies) in Y1�xCaxCrO3

[17]. We have recently argued that the charge com-

pensation takes place via the Crþ3 to Crþ4 ions

instead of charge compensation by the creation of

oxygen vacancies as Ca is replaced by Y ion [18].

This affirmation was established indirectly through

continuous decreasing of average hCr–Oi bond

length. However, it is essential to state the true

nature of the Cr environment as Ca is substituted by

Y site. To overcome this issue, we resort to X-ray

photoelectron spectroscopy technique which is

widely used in the analysis of the oxidation states

and the valence band of the involved chemical

species in the ceramic compound. Although the

electronic properties of YCrO3 have been well

studied [19, 20], details of the effect of substitution

of Ca in the Y sites on the electronic structure have

not yet been carried out. For this reason, we have

performed the X-ray photoelectron spectroscopy in

the Y1�xCaxCrO3 with 0.000 � x � 0.100. The

purpose is elucidated the chromium chemical

environment as well as the effect of Ca on the Cr

3d state at the energy Fermi level through the

valence band spectrum.

Experimental details

Polycrystalline samples of Y1�xCaxCrO3 with x =

0.000, 0.025, 0.050, and 0.100 compositions were

synthesized by combustion method. The synthesis

details can be found elsewhere [20]. Phase identifi-

cation of the samples was performed with a Siemens

D-5000 diffractometer with Cu Ka radiation and Ni

filter. Measurements were performed in steps of 0.02�

for 14 s in the 2h range of 5� – 120� at room temper-

ature. The crystallographic phases were identified

with the JCPDS database. Structural parameters were

refined by the Rietveld method using the QUANTO

program with multi-phase capability [21]. The elec-

tronic structure and the chemical analysis were car-

ried out by X-Ray photoelectron spectroscopy (XPS)

using a UHV system of VG Microtech ESCA2000

Multilab, with an Al K X-ray source (hm = 1486.6 eV)

and CLAM4 MCD analyzer. The surface of poly-

crystalline samples was etched for 10 min with 4.5 kV

Arþ at 0.33 lA mm�2. The XPS spectra were obtained

at 55o to the normal surface in the constant pass

energy mode (CAE), E0 = 50 and 20 eV for surface

and high-resolution narrow scan, respectively. The

peak positions were referenced to the C 1s core-level

of the hydrocarbon groups localized at 284.50 eV. The

XPS spectra were fitted using the SDP v 4.1 program

[22]. The quality of fit is determined by a parameter

called chi-square (v2), and for good fits, this value is

\2.0. The uncertainty estimated in XPS deconvolu-

tion analyzes is 5% (i.e., ± 0.05 eV). The electrical

conductivity was carried out using an LCR (HP 4284

A) bridge from 1 to 50 kHz.

Results and discussion

Figure 1 shows the powder X-ray diffraction patterns

of the polycrystalline samples Y1�xCaxCrO3 with x =

0.000, 0.025, 0.050, and 0.100 at room temperature. In

all samples, the patterns show a single phase that

corresponds to the distorted perovskite structure

with orthorhombic symmetry (ICSD N� 34-0365). The

X-ray diffraction patterns of the samples were
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Rietveld-fitted using a space group Pbnm (N� 62),

taken into account the possibility that Ca occupies Y

sites. The structural parameters obtained were

reported in the reference [18]. In the inset of Fig. 1, a

decrease in the unit cell volume as a function of Ca

content is observed, which is contrary to the expected

result, since the effective ionic radius of Yþ3 (1.019 Å)

is lower than that of Caþ2 (1.126 Å) ion with eight

coordination number [23]. This unexpected result

was attributed to the charge increased from Crþ3

(0.615 Å) to Crþ4 (0.550 Å) in the octahedral envi-

ronment [24]. The change of valence state was

experimentally deduced by decreasing of the volume

and particularly the hCr–Oi average bond length as it

is clearly shown in the inset of Fig. 1. This indirect

result needs to be elucidated; for this purpose, we

have studied the core-level by X-ray photoelectron

spectroscopy (XPS) to determine the valence state of

the ions in the doped structure.

Figure 2 shows the XPS survey spectra from 0 to

700 eV after Arþ etching for the polycrystalline

samples Y1�xCaxCrO3 , before performing high-res-

olution scan on the Cr 2p core-level (CL). The ele-

ments of Y, Ca, Cr, and O were detected in the doped

compound survey spectra. Additionally, the C 1s

signal is found presumably due to external contami-

nation. The high-resolution spectra for the Y 3d5=2, Ca

2p3=2, Cr 2p3=2 , and O 1s were measured (not shown)

and the core-level binding energies (CLBE) values are

summarized in Table 1.

For x = 0.000, the Y 3d5=2 and Cr 2p3=2 CLBE are

localized at 157.01 and 576.22 eV, respectively. The

value of Y 3d5=2 CLBE is higher than that the associ-

ated to Y2O3 (NIST XPS database [25]: Y 3d5=2: 156.4–

156.9 eV, average 156.65 eV), whereas the corre-

sponding Cr 2p3=2 CLBE is similar to the Cr2O3 (NIST

XPS database: Cr 2p3=2: 576.0–577.1 eV, average 576.55

eV). These values show that the ions are in states Y3þ

and Cr3þ. On the other hand, the O 1s CLBE is

localized at 529.51 eV, and similar results are

observed in the reference [26]. For x = 0.025, the Ca

2p3=2 CLBE is localized at 346.94 eV, indicating that

the ions are in valence Ca2þ.

Figure 3a shows the comparison of high-resolution

XPS spectra of Cr 2p CL fitted for x = 0.000 and 0.100.

From x = 0.025 to 0.100, the precise shape of Cr 2p3=2

CL is fitted assuming the contribution of two com-

ponents belonging to two different chemical states of

the Cr. The Cr 2p3=2 CLBE was localized at 576.22 eV

(FWHM 3.45 eV) and 577.57 eV (FWHM 3.42 eV) that

might be attributed to Cr3þ and Crþ4, respectively

(see Fig. 3(b)). The value of v2 obtained for Cr 2p XPS

spectra fitted was\0.9.

Table 1 Lattice parameters and unit cell volume for the samples

Y1�xCaxCrO3 Ref. [18]

Calcium a(Å) b(Å) c(Å) V(Å3)

content (x)

0.000 5.2437(3) 5.5235(3) 7.5360(2) 218.270

0.025 5.2467(3) 5.5221(2) 7.5366(3) 218.356

0.050 5.2445(1) 5.5196(1) 7.5337(2) 218.082

0.100 5.2477(2) 5.5090(2) 7.5287(3) 217.652

Figure 1 X-ray diffraction patterns for the polycrystalline samples

Y1�xCaxCrO3 with x = 0.000, 0.025, 0.050, and 0.100. The inset

shows the unit cell volume and the hCr–Oi average as a function of
calcium content.

Figure 2 XPS survey spectra after Arþ etching for the polycrys-

talline samples Y1�xCaxCrO3.
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These results are consistent with values obtained

for the chromium trioxide (Cr2O3) and chromium

dioxide (CrO2) thin films deposited by RF sputtering

[27, 28]. On the other hand, it is observed that the

intensity of the contribution Crþ4 respect to Crþ3 is

increased as Ca content increases. Thus, the XPS

analysis shows that the Ca content induces a mixed

valence in the Cr ions, which explain the decreases of

the hCr–Oi average bond length obtained by the

Rietveld refinement. To obtain deeper insight into the

relationship of the mixed valence state with the

electronic structure, we analyze the XPS valence band

spectra (Table 2).

Figure 4 shows the XPS valence band spectra for all

samples. For a better interpretation of the spectro-

scopic data, the XPS valence band spectra are com-

pared with the theoretical electronic density of states

(DOS) of YCrO3 determined from the band structure

calculations [20]. The contributions of the O 2p states

to DOS are localized between �1:9 and �6:4 eV,

whereas the DOS between �3:1 and �6:0 eV is due to

the Y 3d states. Finally, near the Fermi level, the cal-

culated DOS is formed mainly by Cr 3d states. As

expected, a good correspondence between XPS

valence band and DOS is obtained. It is observed that

the DOS at the Fermi level N(EF) has slight increase

as a consequence of increase calcium content. This

fact suggests that the charge population of the Cr 3d

state is increased with the induced mixed valence

(Crþ3, Crþ4) with Ca doping. This result shows a

good correspondence with the transport properties,

particularly with the conductivity measurements.

Figure 5 shows the conductivity values for Ca

content at 300 and 400 K. The conductivity was cal-

culated considering the capacitance, and the dielec-

tric loss as was obtained in Ref. [15]. The AC

conductivity is increased with the Ca content and

temperature. The increase of the conductivity at room

temperature (300 K) with increasing Ca content is

due to the change Crþ3/Crþ4, which is also evidenced

by the increasing of the XPS valence band at N(EF) as

seen in the inset of Fig. 4. The primary parameter that

affects the electronic structure is the octahedral-site

distortion which is deduced from the decrease of the

average hCr–Oi bond length as calcium ions substi-

tute yttrium sites. J. S. Zhou et al. [29] have shown

that the CrO6 octahedral in the orthorhombic per-

ovskite is not rigid and the octahedral-site distortion

tunes the electronic properties. In this case, the

change from Crþ3 to Crþ4 observed by XPS explains

(a) (b)

Figure 3 a Comparison of XPS spectra of Cr 2p fitted for x =

0.000 and 0.100. Arrows indicate the peak position. b Deconvo-

lution of high-resolution XPS spectra of the Cr 2p core-levels of all

samples. The shadowed area in the Cr 2p panel corresponds to

Crþ4.

Table 2 Core-level binding energies (CLBE) the polycrystalline

samples Y1�xCaxCrO3. All values are in eV

Calcium Y 3d5=2 Ca 2p3=2 Cr 2p3=2 O 1s

content (x) Cr3þ Crþ4

0.000 157.01 – 576.22 – 529.51

0.025 157.69 346.94 576.22 577.57 530.04

0.050 157.69 347.21 576.22 577.57 530.04

0.100 157.87 347.26 576.22 577.57 530.33

Figure 4 Comparisons of XPS Valence band and electronic

density of states for Y1�xCaxCrO3. The scale on the right side

corresponds to DOS and the left to XPS Valence band. Inset shows

the zoom from �0:1 to 0.1 eV in the Valence band.
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the decrease of the cell volume and particularly the

decreasing of average hCr–Oi bond length which in

turn increases slightly the XPS valence band at Fermi

level via the octahedral-site distortion. On the other

hand, the AC electrical conductivity is thermally

activated above of 300 K, and the activation energy is

consistent with conduction by small polarons [15].

These quasiparticles increase with Ca content, and

they are activated with temperature resulting in an

increasing in the electrical conductivity. W. J. Webber

[12] showed that the small polarons as charge carrier

are the principal mechanism participating in the

temperature dependence of the electrical conductiv-

ity in Y1�xCaxCrO3 and La1�xCaxCrO3 [17]. This fact

occurs if the charge carriers are self-trapped in the

distort surrounding lattice, which in this case are

localized in the Crþ4 environment. Thus, the XPS

study indicated that the charge compensation of the

Yþ3 by Caþ2 occurs through the Cr mixed valence

instead of oxygen vacancies.

Conclusions

In this paper, polycrystalline samples of Y1�xCaxCrO3

with x = 0.000, 0.025, 0.050, and 0.100 were studied by

X-ray diffraction (XRD) and X-ray photoelectron

spectroscopy (XPS). High-resolution XPS spectra of

the Cr 2p3=2 CL show experimental evidence of mixed

valence states of Crþ3/Crþ4. Analysis of the valence

band using XPS reveals that the calcium doping

induces a systematic increase in the DOS at the Fermi

level. Accordingly, the electrical conductivity

increases because of the increase of the self-trapped

charge as small polarons in the Crþ4 environment.
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