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bstract

The polycrystalline CaMn0.99
57Fe0.01O3−δ compound was studied using powder X-ray diffraction, 57Fe Mössbauer spectroscopy, ac susceptometry,

c magnetometry, specific heat and electrical resistivity measurements. X-ray diffraction measurements performed between 70 and 300 K show
thermal expansion anomaly at the Neél temperature. A weak ferromagnetic component and a spin-glass behaviour below Neél temperature are

ound in magnetic measurements. The Mössbauer spectroscopy measurements performed between 30 and 300 K provided the Neél temperature
alue of 118 K, the same as obtained from dc magnetisation and close to that derived from the specific heat (119 K). The temperature evolution of

he Fe hyperfine field was analysed within a molecular field model and revealed equal strengths of the Fe–Mn and Mn–Mn exchange interactions
n this compound.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The compound CaMnO3 crystallises in the pseudo-cubic
tructure and has a simple G-type antiferromagnetic (AFM)
rder with TN between 110 and 130 K [1]. It is an insulator
ith the theoretically predicted energy gap of 0.42 eV [2] but

he activation energy (Ea) obtained from the electrical resistivity
easurement amounts to 0.071 eV only [3], which is attributed

o the thermal activation of charge carriers from impurity states
ssociated with chemical defects. The compound shows a ten-
ency to off-stoichiometry (CaMnO3−δ) due to the oxygen
eficiency δ which is structurally accommodated by the presence
f oxygen vacancies [4].

The main purpose of this work was to prepare the compound
aMn0.99

57Fe0.01O3 lightly 57Fe doped for Mössbauer mea-
urements and to study its magnetic, structural and electronic

roperties as well as to compare the results with those obtained
n mixed valence manganites [5,6].
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. Experimental results and their analysis

Polycrystalline sample of CaMn0.99
57Fe0.01O3−δ was prepared by the stan-

ard solid-state reaction method by mixing stoichiometric quantities of CaCO3

99.95%), MnO2 (99.9%) and 57Fe2O3. The mixture was heated at 1100 ◦C for
0 h in air and subsequently, at 1300 ◦C for 182 h, with several intermediate
egrindings and final annealing at 1000 ◦C in air for 20 h. X-ray powder diffrac-
ion (XRD) measurements were performed on a Siemens D5000 diffractometer
quipped with an Oxford Instruments gas flow cryostat using Cu K� radiation
nd a graphite monochromator. Powder XRD revealed no secondary phases.
he refinement of the XRD patterns was carried out with the Fullprof program

7] assuming the GdFeO3-type perovskite structure and using the Pbnm space
roup. The fitted XRD pattern at 300 K is presented in Fig. 1 and the unit cell
arameters are: a = 5.2716(2) Å, b = 5.2839(2) Å and c = 7.4621(2) Å. Measure-
ents performed between 70 and 300 K showed that the structure is preserved

n this temperature range and the a, b and c parameters show a similar tem-
erature behaviour. The temperature change of the unit cell volume V (inset of
ig. 1) shows an anomaly at 125 K reflected in different slopes of the polyno-
ial fits (denoted by dashed lines) to the points below and above the anomaly,

espectively.
The temperature dependence of the electrical resistivity R (not shown) was
easured by the standard four-probe ac method. Above 90 K it follows the
hermally activated behaviour R = AT exp(Ea/kBT), with the activation energy

a = 0.144(1) eV. Magnetic characterization of the compound was performed
ith a conventional ac susceptometer at the excitation field of 0.5 Oe and the

requency of 188.9 Hz as well as with a VSM magnetometer. The dc magne-
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Fig. 3. (a) Temperature variation of the selected Mössbauer spectra. Solid lines
denote the fits and dashed lines fitted contribution of paramagnetic phases (at
ig. 1. XRD pattern of the CaMn0.99
57Fe0.01O3−δ compound at 300 K. The

nset shows temperature variation of the orthorhombic unit cell volume V (open
ymbols).

ization (M) was recorded during heating in the applied fields of 100 Oe after
ero-field cooling (ZFC) and field cooling (FC) of the sample. Fig. 2a shows
emperature dependences of the ZFC and FC magnetizations, which reveal a
mall ferromagnetic (FM) component and a spin-glass behaviour. Defining the

N as the temperature corresponding to the minimum of dM/dT the value equal
o 118 K was obtained. For a comparison, the temperature dependence of the
eal part of ac susceptibility (χ′

ac) is also plotted in Fig. 2a. It shows an unusually
harp and asymmetric cusp with maximum at the temperature 109 K, which is
ypical for spin-glass and is associated with the spin-glass freezing. The inset in
ig. 2a shows a hysteresis loop measured at 80 K. One should note a low values
f M and a lack of saturation at the highest available magnetic field strength H.
The specific heat (cp) measurement was carried out by the standard semi-
diabatic heat pulse method in the temperature range from 80 to 300 K on
arming. Fig. 2b shows that the cp(T) curve exhibits a peak at TN. In order

o separate the lattice contribution and to estimate the magnetic contribution to

ig. 2. (a) Zero-field (ZFC) and field cooled (FC) magnetization M and ac sus-
eptibility χ′

ac as a function of temperature for CaMn0.99
57Fe0.01O3−δ. Dashed

urve is a guide for eye. In the inset M vs. magnetic field H at 80 K is shown.
b) Temperature dependence of specific heat cp and magnetic contributions to
he specific heat cm for CaMn0.99

57Fe0.01O3−δ. The meaning of dashed line is
xplained in text.

300 K two paramagnetic phases are shown). The base lines of the T > 30 K spec-
tra are arbitrarily off-set. (b) Temperature dependence of mean hyperfine field
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hf for the majority (full circles) and minority (open circles) sites, and of the
aramagnetic fraction F (open squares) obtained from Mössbauer spectra. The
eaning of dashed line is explained in text. Dotted line is a guide for eye.

he specific heat (cm) the points below 86 and above 145 K (far from the magnetic
ransition temperature) were fitted with a polynomial (denoted by dashed curve
n Fig. 2b). The TN value inferred from this measurement and defined as the
emperature corresponding to the inflection point of the cm(T) amounts to 119 K
nd is in a good agreement with TN obtained from magnetic measurements.

The 57Fe Mössbauer spectroscopy (MS) study was performed in the trans-
ission geometry using a constant acceleration type spectrometer employing
57Co in Rh source at 295 K. The sample studied was placed in a cryodyne

efrigeration system (CTI-Cryogenics) and measurements were performed at
he temperatures between 30 and 300 K. The representative Mössbauer spec-
ra are shown in Fig. 3a. From room temperature down to 125 K the sample is
aramagnetic (PM) and two quadrupole doublets can be fitted, as shown for the
00 K spectrum in Fig. 3a. At room temperature, the main doublet has the follow-
ng hyperfine parameters: isomer shift IS = 0.310(1) mm/s, quadrupole splitting
S = 0.126(4) mm/s (IS values are given relative to �-Fe at 300 K) and line
alf-width Γ = 0.158(3) mm/s. A second doublet with large QS = 1.010(6) mm/s,
maller IS = 0.278 ± 0.002 mm/s,Γ = 0.160(5) mm/s and contribution 18.0(7)%,
ad to be included to obtain a good fit. The IS values indicate that the Fe ion is in
igh spin (S = 5/2, 3d5) 3+ state. Nonzero QS has its origin in the orthorhombic
istortion of the ideal perovskite structure and small value of QS for main dou-
let reflects the pseudo-cubic structure of a stoichiometric CaMnO3 compound.
he QS of the second doublet reflects a very distorted site, which is possibly
ue to vicinity of oxygen vacancy.

At 30 K a six-line spectrum for the AFM state is observed but some broaden-
ng and asymmetry of the lines is visible. The two sites model has been applied

n the analysis of this spectrum. For the minority sites a contribution of 22(3)%,
roader lines, but smaller effective hyperfine field (�Bhf = 30(3) kGs) and iso-
er shift (�IS = 0.06(2) mm/s) were found. Nearly zero values of the first order

erturbation theory quadrupole shift parameter ε for both sites were found. To
etermine the temperature evolution of the hyperfine parameters and to model
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he static distribution of the magnetic hyperfine fields (Bhf), the magnetically
plit spectra were fitted by an arbitrary number of magnetic sextets and PM dou-
lets (up to 12), divided in two groups to maintain the two sites model. In all the
ts common values of the IS, ε and Γ parameters were assumed for the sextets
elonging to the same group but their contributions and Bhf parameters were
reated as fitted parameters. Additionally, the total contributions for these two
roups were constrained to 4:1 ratio and the largest Bhf of the minority group
as checked to be smaller than all the Bhf in the majority group. A contribution
f the PM phase was taken into account in the vicinity of TN assuming the same
alues of QS and Γ parameters as in the spectrum measured above TN at 130 K.
he weighted mean values of Bhf (including PM component) for both sites and

he contribution of the PM phase to the spectrum as a function of temperature
re shown in Fig. 3b. The both Bhf curves show slightly different temperature
ehaviour. Defining the MS Neél temperature as the inflection point of the Bhf(T)
or the majority sites, the TN value of 118 K was obtained. For T ≥ 115 K rapidly
rowing contribution of the PM phase to the spectra is observed, which possibly
esults from local inhomogeneities caused by oxygen vacancies.

Temperature dependence of the experimental Bhf for the majority sites was
tted with the theoretical function (dashed line) based on the molecular field
odel [5,8]. It was assumed that in the Ca(Mn0.99

57Fe0.01)O3, the Fe3+ impu-
ity ion with SFe = 5/2 is surrounded by 6 nearest-neighbours Mn4+ ions with

Mn = 1.5 and its magnetic moment is antiferromagnetically coupled to those
f adjacent Mn atoms. Assuming that the temperature dependence of the 57Fe
yperfine field, which reflects the local 〈SFe〉, also follows the local manganese
agnetisation, the following expression for Bhf(T) was obtained:

hf(T ) = Bhf(0)BSFe

[
3SFe

SMn + 1

(
JFe–Mn

JMn–Mn

)(
T ∗

N

T

)(
MMn(T )

MMn(0)

)]
,

here BSFe is the Brillouin function, JFe–Mn, JMn–Mn are exchange integrals and

Mn denotes the manganese magnetization in the host lattice. Fitting this func-
ion to experimental points in Fig. 3b provided the value of the T ∗

N equal to
21.4(2) K and the JFe–Mn/JMn–Mn ratio equal to 1.07(2) was obtained. This
eveals the same strength of the Fe–Mn and Mn–Mn superexchange interac-
ions (SE) in this compound. The T ∗

N can be compared to the magnetic ordering
emperature obtained from the extrapolation of the maximal slope of the FC

agnetization M(T) curve to zero, which amounts to 122 K.

. Discussion and conclusions

Our structural study of CaMnO3 showed the pseudo-cubic
erovskite structure with a good crystallinity but with larger
nit cell volume (�V = 0.72 Å3) than expected for stoichio-
etric compound [3]. This indicates an oxygen deficiency of

he compound. Larger TN values, 130.8 K [9] and 125 K [3]
eported for stoichiometric CaMnO3 give further support for
ome oxygen deficiency δ in our compound. Electrical trans-
ort measurements on CaMnO3−δ compounds with different
parameter showed a decrease of activation energy Ea from

.071 eV for δ = 0 to about 0.022 eV for δ = 0.11 [3]. This results
tay in disagreement with a large Ea value (0.144(1) eV) obtained
or our Ca(Mn0.99

57Fe0.01)O3−δ compound. The origin of this
nconsistency is not clear. A small FM component observed

n magnetization measurements, large disparity between FC
nd ZFC curves and a cusp in the ac susceptibility indicate a
pin-glass behaviour. It can be related to the existence of oxy-
en vacancies which create local structural distortion and lead

[
[

[
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o formation of Mn3+ sites. This can result in the occurrence
f the Mn3+–O–Mn4+ double exchange (DE) FM interactions
nd a possible magnetic frustration. Therefore, it is natural to
ssign the observed minority sites with a large QS value in
össbauer spectra to the Fe3+ ions occupying distorted sites
ith one oxygen vacancy in the octahedron (square pyramidal

oordination). Assuming that oxygen vacancies are randomly
istributed, one can correlate the fitted contribution of minor-
ty sites to the spectrum (18.0(7)%) with the oxygen deficiency
arameter δ and estimate the stoichiometry of the compound as
a(Mn0.99

57Fe0.01)O2.90.
Comparing the results with our earlier NMR and Mössbauer

tudies of mixed valence La0.67Ca0.33Mn1−xMxO3 compounds
with M = 57Fe, 119Sn) [5,6] some clear differences should be
oticed. The 55Mn, 57Fe and 119Sn hyperfine fields remain
nite at the Curie temperature determined from bulk magne-

ization measurements. This reveals a discontinuous character
f the transition and the occurrence of the FM and PM phase
egregation. In addition, the Bhf of Fe showed much different
emperature behaviour than Bhf of host lattice Mn, which indi-
ates a much different strength of the Fe–Mn SE and Mn–Mn
E interactions (JFe–Mn/JMn–Mn ≈ −0.5). Also the T ∗

C values
erived from the mean field model were much higher than the
orresponding TC obtained from magnetization measurements.
o the present study reveals a clear difference between the
lectronic and magnetic properties of the phase segregated FM
ixed valence La1−xCaxMnO3 compounds and the insulating
FM parent CaMnO3−δ compound.
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