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The double manganite CaCu3Mn4O12 doped with 119Sn atoms (∼1 at.% with respect to manganese atoms) was
studied by use of Mössbauer spectroscopy. Formally tetravalent Sn4+ ions substitute for isovalent manganese ions
in the octahedral (Mn4+O6) polyhedra. The covalency effects on the magnetic interactions like superexchange
in Cu2+-O-Mn4+ and Mn4+-O-Mn4+ bonds and supertransferred hyperfine interactions of the 119Sn probe atoms
in the manganite structure are discussed. Using a semiquantitative nearest-neighbor cluster model relating the
hyperfine magnetic field on the 119Sn nuclei (HSn = 105 kOe at T = 77 K) to covalency parameters and angle
characterizing the Sn-O-M (M = Cu, Mn) bonds, it has been shown how such an analysis of supertransferred
hyperfine interactions of tin probe ions can get fruitful information about strength and sign of the superexchange
interactions between Mn4+ and Cu2+ magnetic ions. A consistent description of the results in the framework of
the Weiss molecular field model considering the specific local environment of tin atoms has made it possible to
estimate exchange integrals: JCuMn = −51.1 ± 0.3 K and JMnMn = −0.6 ± 0.2 K.
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I. INTRODUCTION

The manganite CaCu3Mn4O12 is the end member in the
series of the ferromagnetic perovskites CaCuxMn7−xO12 (0 �
x � 3), which have attracted the interest of the scientific com-
munity due to the interplay among their magnetic, electronic,
and structural properties.1,2 These correlations induce various
physical phenomena, like colossal magnetoresistance (CMR),
multiferroic properties, and colossal dielectric constants that
a subject of interest for basic research as well as for practical
applications.1–4

The correlation of the magnetic and crystallographic struc-
tures of CaCu3Mn4O12 presents several interesting trends.
In contrast with most manganites oxides with perovskites-
related structures, the corner-shared (MnO6) octahedra are
heavily tilted, which leads to an average Mn-O-Mn bond
angle ϑ1 = 142

◦
.1 This tilting is induced by the reduction

of the 12-fold oxygen coordination of Jahn-Teller Cu2+ ions,
which are stabilized in a square-coplanar (CuO4) coordina-
tion. Such arrangement gives rise to a complex magnetic
topology of superexchange paths, where the ordering results
from the competition of the Cu2+-O-Mn4+ and Mn4+-O-
Mn4+ exchange interactions. According to neutron diffraction
studies,5,6 the spins of Cu2+ sublattice are aligned antiparallel
to those of Mn4+ ions forming a common ferromagnetic
manganese sublattice. That is a question of the origin of the
ferromagnetic (FM) Mn-O-Mn coupling.

Two different situations can be encountered according to
the sings of the intrasublattice Mn4+-O-Mn4+ couplings. It is
well established that Mn-O-Mn bond angle ϑ1 is a critical
factor in determining the nature of magnetic interactions
in manganites.7 According to the Goodenough-Kanamori-
Anderson (GKA) rules, the d3-p6-d3 180 ◦ superexchange in-
teractions generally lead to antiferromagnetic (AFM) ordering
between Mn4+(d3) magnetic moments (viz., SrMnO3), while
90 ◦ superexchange interactions will result in FM ordering.

The Mn-O-Mn bond angle ϑ1 = 142 ◦ in CaCu3Mn4O12 is
nearly at half between 180 ◦ and 90 ◦, therefore, the observed
ferromagnetic ordering in Mn octahedral sublattice may be re-
lated to particular angle dependence of superexchange Mn4+-
O-Mn4+ interactions. In this case, no frustration effects appear
within the Mn4+ spins. Another possible cause of the parallel
Mn4+ spin arrangements may be associated with stronger
intersublattice Cu2+-O-Mn4+ couplings, which are enhanced
due to deviation Cu-O-Mn bond angle ϑ2 = 109 ◦ from 90 ◦
(undistorted perovskites). Assuming all the superexchange
interactions are antiferromagnetic with |JCuMn| > |JMnMn|
(where JCuMn, JMnMn < 0; indirect exchange integrals), the
Mn4+-O-Mn4+ superexchange couplings will be frustrated:
The strength of the Cu2+-O-Mn4+ interactions obliges the
Mn4+ spins, despite a weak AF coupling, to adopt a parallel
configuration. Thus, based only on a qualitative analysis, we
cannot decide what interactions make the largest contribution
to the formation of the magnetic CaCu3Mn4O12 structure.

In this work, we report the results of the Mössbauer study
of the magnetic hyperfine interactions of 119Sn probe atoms
in the CaCu3Mn4O12 lattice. Below Curie temperature (T <

TC), the magnetic moments of the Mn4+ (S = 3/2) and
Cu2+ (S = 1/2) ions produce spin polarization of the ns

electrons of the neighboring tin ions via an intermediate
O2− ion, which results in Zeeman splitting of the 119Sn
Mössbauer spectra. This magnetic hyperfine interaction is
measured as the supertransferred hyperfine field (STHF) seen
by the 119Sn nucleus. The measurement of the STHF on the
119Sn nucleus is easier because, in this case, except for a small
dipolar contribution, it is the only contribution to the observed
hyperfine field HSn value. Since the basic mechanisms of
the magnetic supertransferred hyperfine interactions are in
many respect analogous to that accepted in the theory of
magnetic superexchange interactions, studies of the STHF at
the diamagnetic 119Sn atoms can be quite useful in determining
the relative importance of the various mechanisms of spin
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transfer within the Mn4+-O-Mn4+ and Mn4+-O-Cu2+ bonds in
the manganite structure. Quantitative analysis of the obtained
Mössbauer data has been performed with the use of the Weiss
local molecular field model in comparison with the magnetic
measurements. The mechanisms of inducing hyperfine fields
by Mn4+

I Cu2+ cations, as well as the character of magnetic
intra- and intersublattice interactions, have been considered in
the framework of the unified approach based on analysis of the
overlap symmetry and the degree of filling of the 3d orbitals
of transition metal cations.

II. EXPERIMENTS

A sample of CaCu3Mn4O12 containing ∼1 at.% (of the total
amount of Mn atoms) of 119Sn probe atoms was prepared using
a precursor, synthesized in several stages. At the first stage,
a homogeneous stoichiometric mixture was prepared from
nitrates Ca(NO3)2·4H2O and Cu(NO3)2·3H2O and manganese
nitrate obtained by dissolving manganese metal in dilute nitric
acid. The required amount of a solution of 119Sn in diluted
nitric acid was added to an aqueous solution of the nitrates.
At the second stage, after thorough mixing of the resulting
solution, a citric acid excess was added, and the solution was
mixed for 15 min. At the final stage, this solution of citrates
was evaporated until the formation of an organic rubber, which
was first dried at 120 ◦C and then decomposed in an oxygen
flow at 650–700 ◦C for 12 h.

The homogeneous precursor thus prepared was mixed with
KClO3 (20% of the precursor weight) that serves as the
in situ oxygen source in synthesis at high pressure. This
mixture was placed in a platinum capsule and subjected to
high pressure (2 GPa) in the reaction cell of a Belt-type of
equipment at 1000 ◦C for 1 h. The product was washed with
distilled water to remove the resulting KCl issued from the
thermal decomposition of KClO3. X-ray diffraction analysis
was performed at 298 K on a STOE diffractometer using
CuKα radiation in the angle range 10 ◦ � 2ϑ � 80 ◦. The
magnetization was measured using a superconducting quan-
tum interference device magnetometer MPMS (5T Quantum
Design) in a temperature range of 5–400 K at 10 000 G after
zero-field cooling.

The 119Sn Mössbauer spectra were recorded in the tem-
perature range 4.4–400 K using a conventional constant
acceleration MS-1104Em spectrometer. The radiation source
Ca119mSnO3 was kept at room temperature. All isomer shifts
refer to the SnO2 absorber at 300 K. The values for the
hyperfine magnetic fields HSn at 119Sn nuclei were obtained
using values of 23.8795 keV for the γ -ray energy and the ggr =
−2.09456 and gex = +0.422 values for the ground and excited
states. The experimental Mössbauer spectra were analyzed
using the methods of spectral simulation and reconstruction
of the distribution of hyperfine parameters of partial spectra,
which were realized in the MSTOOLS software package.8

III. RESULTS

A. X-ray diffraction data

The x-ray diffraction data (XRD) pattern of the synthesized
sample indicates the formation of CaCu3Mn3.96

119Sn0.04O12

and a small amount of a CuO impurity phase. The lattice pa-

rameter of the cubic cell [a = 7.2321(7) Å] obtained as a result
of indexing the XRD pattern (space group Im3̄) differs slightly
from the corresponding value a = 7.22793(6) Å for the Sn-
undoped CaCu3Mn4O12 sample.9 Such a difference between
the unit-cell parameters is consistent with the corresponding
data for the isostructural perovskite CaCu3Sn4O12 [a =
7.64240(8) Å]10 where Sn4+ ions (0.69 Å) fully substitute for
Mn4+ ions (0.53 Å) having the same valence but a smaller size.

B. Mössbauer and magnetic data

The 119Sn Mössbauer spectrum of the tin-doped
CaCu3Mn3.96

119Sn0.04O12 sample measured at T = 77 K
(� TC) can be described as a superposition of paramagnetic
and magnetic components [Fig. 1(a)].

In order to choose a model for representing such a spectrum,
we reconstructed two distribution functions of hyperfine
parameters: the quadrupole splittings p(�) for the param-
agnetic contribution [Fig. 1(b)] and the magnetic hyperfine
fields p(HSn) for the magnetic contribution [Fig. 1(c)].8,11 A
comparative analysis of the p(�) and p(HSn) profiles allows

Δ

Δ

(a)

(b) (c)

FIG. 1. (Color online) 119Sn Mössbauer spectrum of the sample
CaCu3Mn3.96

119Sn0.04O12 recorded at T = 77 K (a); distribution
functions of the quadrupole splitting p(�) (b) and the hyperfine
magnetic field p(HSn) (c).
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us to assume that the tin atoms occupy three magnetically
nonequivalent positions with the average magnetic hyperfine
fields H̄Sn(1) = 105 kOe, H̄Sn(2) = 86 kOe, and H̄Sn(3) =
123 kOe, which may correspond to one (only manganite)
or several (manganite+impurity phase) magnetic phases. As
shown below, the paramagnetic component with the average
quadrupole splitting �̄Sn(4) = 0.4 mm/s [Fig. 1(b)] can be
related with one of the nonmagnetic tin impurity phases.

Based on the results of the p(�) and p(HSn) profile
analysis, we described a series of spectra measured at
T � TC (where the resolved magnetic structure persists) as
a superposition of three Zeeman sextets and one unresolved
quadrupole doublet (Fig. 2). The best-fit hyperfine parameters
and relative intensities (Ii) partial spectra are listed in Table I.

To reveal the character of the change in the Mössbauer
spectra corresponding to the expected magnetic phase tran-
sition range of the sample, we carried out measurements in
the temperature range 300–360 K, which includes the Curie
temperature (TC = 355 K) of the tin-undoped CaCu3Mn4O12

manganite. In this temperature range, the spectra represent a
poorly resolved magnetic structure below the Curie point and
a slightly asymmetric paramagnetic structure above this point
(Fig. 3). To determine the magnetic phase transition temper-
ature, we reconstructed magnetic hyperfine field distributions
p(HSn) (Fig. 4). From the temperature dependencies of the
mean field H̄Sn(T ) and dispersion Dp(HSn) of the resulting
distributions, we determined the temperature at which the
magnetic hyperfine structure of the spectra completely disap-
pears (Fig. 5). The resulting temperature 337±3 K coincides
with the Curie temperature TC = 336 ± 1 K determined
by the Arrott method from the H/M versus M2 plot (inset
in Fig. 5).

IV. MODEL CALCULATION OF THE
SUPERTRANSFERRED HYPERFINE FIELDS

AT 119Sn NUCLEI

A. Local environment and electronic state of the Cu2+ and
Mn4+ cations in the CaCu3Mn4O12 structure

At any temperature, the manganite CaCu3Mn4O12 has a
cubic structure (space group Im3̄) with an ordered distribution
of Ca2+ and Cu2+ ions forming two different crystallographic
sublattices (Fig. 6). Spherically symmetric Ca2+ ions form
slightly distorted dodecahedra (CaO12). The Jahn-Teller ions
Cu2+(3d9) are located in distorted polyhedra (CuO12), where
three sets of Cu-O distances (ri) are observed: r1 = 1.90 Å,
r2 = 2.80 Å, and r3 = 3.20 Å.9 The difference in the Cu-O
distances is so strong that the Cu2+ ions can be conventionally
thought of as having a square (CuO4) oxygen environment with
the bond lengths 〈r〉 = 1.90 Å. In the local coordinate system
(x, y, z) of the Cu2+ ion [Fig. 7(a)] its single unpaired electron
is located on the dx2−y2 (b1g) orbital, whereas other 3d orbitals
(eg , a1g , b2g) are completely filled [Fig. 7(b)]. The Mn4+ (3d3)
ions forming the B sublattice are in almost undistorted oxygen
octahedra (MnO6). Three unpaired electrons of the manganese
ion in its local coordinate system (x ′, y ′, z′) are located on the
dx ′z′ , dy ′z′ , dx ′y ′ (t2g) orbitals, while two degenerate orbitals,
dz′2 and dx ′2−y ′2 (eg), remain vacant.

In the CaCu3Mn4O12 structure each octahedral Mn4+ ion
is linked with each other by six Mn4+-O-Mn4+ bonds in an

FIG. 2. (Color online) Modeling reconstruction of 119Sn
Mössbauer spectra of the sample CaCu3Mn3.96

119Sn0.04O12 recorded
at temperatures T � TC .

octahedral sublattice (Fig. 6). In addition, each Mn4+ ion has
six square polyhedra (CuO4) in its nearest environment, which
are linked through a shared oxygen ion by Mn-O-Cu bonds.
The ordering of the Ca2+ and Cu2+ ions leads to a cooperative
rotation of all (MnO6) polyhedra; as a result, the Mn-O-Mn
angle (ϑ1) decreases from 180 ◦ (as in the cubic perovskite
structure) to 140 ◦, while the Mn-O-Cu angle (ϑ2) increases
from 90 ◦ to 109 ◦ [Fig. 7(a)]. These changes in the ϑ1 and ϑ2

angles has a significant effect on both intrasublattice Mn4+-O-
Mn4+ and intersublattice Cu2+-O-Mn4+ exchange coupling.
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TABLE I. Hyperfine parameters of partial 119Sn Mössbauer spectra of manganite CaCu3Mn3.96
119Sn0.04O12.

T (K) Partial spectrum δ (mm/s) Ea (mm/s) HSn (kOe) I (%)

77 Sn(1) 0.15 ± 0.02 −0.01 ± 0.02 104.9 ± 0.2 55.8 ± 2.5
Sn(2) 0.13 ± 0.04 −0.02 ± 0.03 79.9 ± 0.6 25.6 ± 1.2
Sn(3) 0.15 0 133.0 ± 2.4 5.7 ± 0.6
Sn(4) 0.22 ± 0.02 0.42 ± 0.02 — 12.9 ± 0.3

100 Sn(1) 0.16 ± 0.02 −0.03 ± 0.02 99.8 ± 0.3 58.1 ± 2.4
Sn(2) 0.13 ± 0.05 −0.06 ± 0.03 75.4 ± 0.8 24.1 ± 1.3
Sn(3) 0.14 0 140.8 ± 3.0 4.9 ± 0.6
Sn(4) 0.23 ± 0.02 0.33 ± 0.02 — 12.9 ± 0.3

130 Sn(1) 0.14 ± 0.02 −0.01 ± 0.02 93.1 ± 0.3 55.0 ± 2.6
Sn(2) 0.17 ± 0.03 −0.04 ± 0.03 71.8 ± 0.7 28.7 ± 1.7
Sn(3) 0.14 0 118.6 ± 4.9 3.3 ± 0.7
Sn(4) 0.21 ± 0.02 0.31 ± 0.02 — 13.0 ± 0.3

aε = 1
2 � for the paramagnetic partial spectrum of Sn(4); � is the quadrupole splitting.

B. Partial contributions of the Mn4+ and Cu2+ cations to the
STHF at the 119Sn nuclei

In the perovskite-like CaCu3Mn4O12 oxide, diamagnetic
119Sn probe atoms are bound to the nearest Mn4+ and
Cu2+ magnetic cations through oxygen anion; therefore, the
magnetic hyperfine field at the 119Sn nuclei (HSn) appears

as a result of the overlapping of electron shells and spin
transfer in the Sn-O-Mn and Sn-O-Cu chains. To estimate
the sign and magnitude of the partial contribution to the HSn

value from each of the six Mn4+ (hMn) and Cu2+ (hMn)
cations surrounding tin ions, we used the cluster method of
molecular orbitals, which was previously used for calculating

FIG. 3. Characteristic 119Sn Mössbauer spectra of CaCu3Mn3.96
119Sn0.04O12 in the temperature range around the Curie temperature

(TC = 335 ± 3 K).
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FIG. 4. (Color online) Distributions p(HSn) of hyperfine mag-
netic fields at 119Sn nuclei in the CaCu3Mn3.96

119Sn0.04O12 manganite
at various temperatures.

the magnetic hyperfine fields at the nuclei of 57Fe and 119Sn
atoms in different magnetically ordered compounds.12–14

The calculations were performed with inclusion of two
bonding molecular orbitals (see the appendix) localized in
the {Sn-6O-(6Mn, 6Cu)} cluster in which the angles in
Sn4+-O-Mn4+ (ϑ1) and Sn4+-O-Cu2+ (ϑ2) were taken to be
equal to the corresponding values for the Mn-O-Mn (ϑ1 =
142 ◦) and Mn-O-Cu (ϑ2 = 109 ◦) in tin undoped manganite
CaCu3Mn4O12.9

According to the theory developed in Refs. 12–14, the
partial field hMn induced by one Mn4+(t3

2ge
0
g) cation can

be conventionally represented by a superposition of the
contributions hσ

Mn and hπ
Mn that are caused by the involvement

of both: the empty eg orbitals (σ bonds) and the half-filled t2g

orbitals (π bonds) of Mn4+ cations in the spin polarization of
the ns electrons of the neighboring tin ions via an intermediate
O2− ion. These contributions can be calculated by use of the
following equations:12–14

hσ
Mn = 525(N↑

ON
↓
O)2

(
−

4∑
n=1

snsϕns(0) + b5sϕ5s(0)

)2

× [(a↑
σ,Mn)2 − (a↓

σ,Mn)2] cos2 ϑ1, (1a)

hπ
Mn = 525(N↑

ON
↓
O)2

(
−

4∑
n=1

snsϕns(0) + b5sϕ5s(0)

)2

× (a↑
π,Mn)2 sin2 ϑ1, (1b)

where sns = 〈pz |ns〉 are the pair overlap integrals of the ns

orbitals of Sn4+ cation with the 2p orbital of O2− anion in
the Sn4+-O bonds; b5s is the covalency parameter describing
the electron transfer from the 2p orbital of O2− anion into an
empty 5s orbital of Sn4+ cation; (a↑(↓)

σ,Mn)2 and (a↑
π,Mn)2 are the

covalence parameters for individual σ - and π - Mn4+-O bonds,
that depend on the direction ↑(↓) of the Mn4+ spin (hereafter,

FIG. 5. (Color online) Temperature dependencies of the mean
field Hp(HSn) and dispersion Dp(HSn) of the distributions p(HSn). The
inset present the result of our analysis of the magnetic measurements
for a CaCu3Mn3.96

119Sn0.04O12 sample by the Arrott method.

the positive direction is that of the spins of the Mn4+ cations
surrounding Sn4+); ϕns(0) stands for the wave functions of ns

orbitals (n = 1–5) at the nuclei of Sn4+ cations;15 and N
↑
O and

N
↓
O are normalizing constants for the corresponding directions

of electron spins localized in the 2p orbitals of oxygen anions
(the expressions for them were reported in Refs. 13 and 14).

FIG. 6. (Color online) Crystal structure of manganite
CaCu3Mn4O12 (the octahedra shown in the figure are centered
by Mn4+ cations).
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(a)

(b)

FIG. 7. (Color online) Schematic representation of the nearest
environments (a) and the energy diagrams for the Mn4+ (b) and Cu2+

(c) in manganite CaCu3Mn4O12.

There are no reliable computational methods to indepen-
dently determine the b5s , (a↑(↓)

σ,Mn)2 and (a↑
π,Mn)2 parameters

entering Eq. (1). Therefore, to estimate the first of them (b5s),
we used the equation relating this parameter to the population
of the 5s orbital (n5s) of the octahedrally coordinated Sn4+
cations:

b5s =
(

1

6

n5s

(N↑
O)2 + (N↓

O)2

)1/2

. (2)

The n5s value was obtained from the expression for the
isomer shift δSn as a function of populations of the atomic 5s

and 5p orbitals of the tin cations:16

δSn(300 K) = −0.433 + 3.01n5s − 0.20n2
5s − 0.17n5sn5p. (3)

The valence orbitals of the octahedrally coordinated Sn4+
cations formally belong to the sp3d2 hybrid state; therefore,
we can assume that n5p = 3n5s . In this case, the substitution of
the experimental value δSn(300 K) = 0.09 mm/s into Eq. (3)

allowed us to determine the population n5s = 0.182 for
the Sn4+ probe cations in the CaCu3Mn4O12 structure. The
substitution of this value into Eq. (2) leads to the charge transfer
integral, b5s = 0.161.

The highest uncertainty in the estimation of the hσ
Mn

and hπ
Mn contributions is associated with the choice of the

covalence parameters (a↑(↓)
σ,Mn)2 and (a↑

π,Mn)2, which have a
considerable effect on computation results [see Eq. (1)].
To estimate these parameters, we used the results of earlier
Mössbauer studies of magnetic hyperfine interactions at
the nuclei of 119Sn probe atoms in Sr1−xCaxMnO3 solid
solutions.17,18 According to structural data, a change in the
composition of these compounds leads to a monotonic change
in the angle ϑ of the Mn-O-Mn chains, and the Mn4+-O bond
lengths remaining unaltered, rMn−O = 2.01 Å.19 Analysis
of the hyperfine fields HSn for solid solutions of various
composition showed18 that the angular dependence HSn(ϑ) is
described by the following equation:

HSn(ϑ) = H180 cos2 ϑ + H90 sin2 ϑ, (4)

where H180 = −20 kOe and H90 = 609 kOe are the hyperfine
field values at ϑ = 180 ◦ and 90 ◦, respectively. The substitution
of the H180 and H90 values into Eq. (1), as well as taking
into account the dependence of the covalence parameters on
the Mn4+-O bond length a2

σ ,Mn ∝ 1/r7
Mn−O,20 allowed us to

calculate the parameters expected for CaCu3Mn4O12 (rMn−O

= 1.915 Å)21: (a↑
π,Mn)2 = 0.167 and (a↑

σ,Mn)2 − (a↓
σ,Mn)2

= −0.008 (the negative sign means that spin density with
predominantly positive spin direction (↑) is transferred to the
vacant eg orbitals).

Substituting the corresponding values of the b5s, (a↑
π,Mn)2,

and (a↑
σ,Mn)2 − (a↓

σ,Mn)2 parameters into Eq. (1), we obtain the
partial contributions hσ

Mn = −2.9 kOe and hπ
Mn = 37.2 kOe to

the magnetic hyperfine field at the 119Sn nuclei induced by one
Mn4+ cation.

Using an analogous computational scheme, we calculate
the partial contribution hCu to the hyperfine field HSn from one
Cu2+ cation:

hσ
Cu = 525(N↑

ON
↓
O)2

(
−

4∑
n=1

snsϕns(0) + b5sϕ5s(0)

)2

× (a↓
σ ,Cu)2 cos2 ϑ2. (5)

As in the case of calculation of hMn contribution, there is
the highest uncertainty in choosing of the covalence parameter
(a↓

σ ,Cu)2 of the σ bond Cu2+-O. Inasmuch as no information

on the covalence parameter (a↓
σ ,Cu)2 is available, we used the

corresponding value for the σ bond Fe3+-O (a↑
σ ,Fe)2 = 0.28,

determined for Fe3+ cations in the tetrahedral environment
with rFe−O = 1.89 Å,12 which is close to rCu−O = 1.91 Å.9

Close values of the (a↓
σ ,Cu)2 and (a↑

σ ,Fe)2 parameters (provided
that rCu−O ≈ rFe−O) are confirmed by estimates of these
parameters with the use of the relation a↓(↑)

σ ∝ tpdσ /�, where
tpdσ is the resonance integral [tpdσ (Fe3+-O) = 1.5–1.8 eV,
tpdσ (Cu2+-O) = 1.3–1.5 eV]22 and �σ = (εd − εp) is the
difference between the one-electron energies of the 2pσ

orbitals of the O2− anion (εp) and the 3d orbitals (εd ) of the
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Cu2+ cation of the corresponding transition metal (�Fe = 3–4.5
eV, �Cu = 2.2–3 eV).22 The substitution of the values of all
necessary parameters into Eq. (5) gives the partial contribution
to the hyperfine field from one Cu2+ cation, hσ

Cu = −17.4 kOe.
Note that the values of the bond covalence parameters

(which introduce the main error) used in the model calculations
of partial contributions hσ

Mn, hπ
Mn, and hσ

Cu are determined
accurately to a percentage except for parameter (a↓

σ ,Cu)2, which
has an error that is significantly higher. Thus, we expect that the
calculation error reaches 10%. Therefore, the combinations of
the partial contributions that will be compared to experimental
date are given as accurate to the first two significant digits.

V. DISCUSSION

A. Supertransferred hyperfine fields at 119Sn probe atoms

The isomer shift δ values of the four components
(in the range 0.13–0.22 mm/s) correspond to the tin atoms
in the formal oxidation state +4 with an octahedral oxygen
environment.16 Since the 119Sn Mössbauer spectra shown
in Fig. 1 were recorded well below the magnetic ordering
temperature T � TC of the tin-doped CaCu3Mn4O12 sample,
the weak paramagnetic component Sn(4) (Table I) corresponds
to the Sn4+ ions stabilized in one of the nonmagnetic impurity
oxide phases (including tin phases) which was not detected in
the x-ray diffraction pattern.

An analysis of the temperature dependence of the dispersion
Dp (HSn) for distribution p(HSn) demonstrates that the major
magnetic contribution to the experimental spectra vanishes at
a temperature of ∼337 K (Fig. 5), which is close to the Curie
temperature TC = 355 K of Sn-undoped manganite.4 This
result seems to be independent experimental evidence for the
stabilization of the most Sn4+ ions in the magnetically ordered
CaCu3Mn4O12 matrix. The lower value of this temperature
as compared with TC can be due to magnetic dilution, which
leads to the rupture by tin atoms of the magnetically active
Cu-O-Mn and Mn-O-Mn bonds. It should be noted that an
analogous decrease in magnetic ordering temperature was
previously observed when 57Fe atoms were introduced into
the structure of CaCu3Mn4O12.23 However, in this case, the
most probable reason for a decrease in TC is connected with
specifics of the charge compensation of impurity Fe3+ ions
leading to the stabilization of a small amount of Mn3+ ions in
the A′ sublattice.23

The weakest magnetic component Sn(3), which is not
observed in the spectra at higher temperatures, can be assigned
to Sn4+ cations stabilized in any of the magnetic impurity
phases (CaMn2O4, Mn3O4, Mn2O3, and so on) or located at
the surface of manganite grains. Taking into account that the
contribution of the Sn(3) component is small (with the relative
intensity ISn(3) ∼ 5%, Table I), it is difficult to accurately
determine its hyperfine parameters; therefore, the behavior of
this contribution is not discussed in the following parts.

The major magnetic components of the spectra are Sn(1)
and Sn(2) (Table I). Since the magnetic contribution vanishes
at a temperature close to the Curie temperature of the undoped
manganite, both components Sn(1) and Sn(2) correspond to
tin atoms stabilized in the CaCu3Mn4O12 structure.

The Sn4+ cations are known to be always stabilized in
positions with octahedral oxygen coordination, which is due

to their size and specifics of their spherically symmetric elec-
tronic configuration 3d104s0. Therefore, we can assume that,
in the structure of manganite CaCu3Mn4O12, the Sn4+ probe
ions will selectively substitute isovalent manganese cations in
octahedral coordination (Mn4+O6). This assumption is consis-
tent with the existence of the proper tin phase CaCu3Sn4O12,
which is isostructural to manganite CaCu3Mn4O12 in which
all octahedral positions are occupied by Sn4+ cations.10

The first component, Sn(1), with the highest hyperfine field
value (Table I) evidently corresponds to the Sn4+ cations
surrounded by six Mn4+ ions and six Cu2+ ions, so the
experimentally observed HSn(1) value can be represented by
the sum of two groups of partial contributions as follows:

HSn(1) = 6hMn + 6hCu, (6)

where hMn and hCu are the partial contributions to HSn(1)

from the Mn4+ and Cu2+ ions linked with tin by indirect
Sn-O-Mn and Sn-O-Cu bonds. As will be clear below, the
sign and magnitude of the resulting field HSn(1) relate to
(i) the electronic configuration of magnetic ions (Mn4+ and
Cu2+), (ii) the degree of covalence of Mn4+-O and Cu2+-O
bonds, and (iii) the ϑ angles in the Sn-O-Mn and Sn-O-Cu
chains.

The second Zeeman sextet Sn(2) can be attributed to
the tin atoms in which nearest surrounding one of six
manganese ions is replaced by the Sn4+ cation. Tak-
ing into account an additivity of the contributions to
the hyperfine field HSn from the nearest magnetic ions,
the difference in the hyperfine fields HSn(1)–HSn(2) ≈
25 kOe will correspond to the partial contribution of one
Mn4+ ion to the magnetic hyperfine field HSn(1). It is worth
noting that the experimental relative intensity of the Sn(2)
component (I2 ∼ 30%) is well above the theoretical value
(∼6%) calculated using a binomial law, which implies a
statistically uniform distribution of atoms. Such a discrepancy
can indicate that our synthesis conditions do not provide a
completely uniform distribution of impurity tin atoms over the
octahedral sublattice of the sample. The tendency to form the
Sn-O-Sn bonds is consistent with the existence of the tin phase
CaCu3Sn4O12.10

According to the scheme in Fig. 8(a), the partial field hCu =
hσ

Cu caused by the Cu2+(b1
1g) cation with only one unpaired

electron in the 3d orbital forming a σ bond with the 2p orbital
of oxygen has the same direction as the total spin SCu = 1/2 of
the copper cation. When the hyperfine field is induced by the
Mn4+(t3

2ge
0
g) cation, the situation is more complicated since

an electron from the 2p orbital of the oxygen anion can be
transferred either to the vacant eg orbitals (σ bond) or to half-
filled t2g orbitals (π bond) of manganese [Fig. 8(b)]. According
to the Hund rule, the electron transferred to the empty eg

orbital must have the same spin direction as the total spin
of the Mn4+ (SMn = 3/2) cation. In this case, the unpaired
electron remaining in the 2p orbital of the O2− anion induces
the partial field hσ

Mn < 0 at the 119Sn nuclei directed in an
opposite direction to that of the total spin of the Mn4+ cation
inducing this field. If an electron is transferred to the half-filled
t2g orbitals of Mn4+, the electron remaining at oxygen will have
the positive spin direction and, hence, the partial field induced
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(a)

(b)

FIG. 8. Schematic diagram for the mechanism of inducing
partial hyperfine magnetic field hCu by Cu2+ cations (a) and hMn

by Mn4+ cations (b) (the wavy line corresponds to overlapped
orbitals).

by this electron hπ
Mn > 0 also must have a positive direction

(with respect to the SMn direction) [Fig. 8(b)].
It should be noted that, in addition to the different signs, the

hσ
Mn and hπ

Mn contributions depend differently on the ϑ1 angle
value. As follows from the scheme in Fig. 8(b), the t2g −π p −σ ns

overlap in the Mn-O-Sn chain is the most efficient and, hence,
the field hπ

Mn induced by this overlap is maximal at ϑ1 = 90 ◦.
Conversely, spin density transfer due to the eg −σ p −σ ns overlap
is most efficient at ϑ1 = 180 ◦. Thus, the sign and magnitude
of the resulting contribution hMn = hσ

Mn + hπ
Mn is determined

by the overlap of the orbitals involved in the σ and π bonds
and, hence, by the value of the indirect bond angle ϑ1 in the
Mn-O-Sn chain.

The value of hMn =hσ
Mn(<0) +hπ

Mn(>0) ≈ 34 kOe obtained
on model calculations (see Sec. IV) is qualitatively consistent
with the experimental value HSn(1)–HSn(2) ≈ 25 kOe (Table I),
which, as we assume, is equal to the partial contribution
to HSn from one Mn4+ cation. The observed discrepancy
between the calculated and experimental values can be due
to the nonadditivity of the contribution to HSn from the
nearest cationic environment of tin caused by a change in
the degree of electron transfer and overlap of wave functions
on the substitution of Sn4+ for Mn4+. The positive sign of the
calculated hMn value shows that, in CaCu3Mn3.96

119Sn0.04O12

(at a given ϑ1 angle of the indirect exchange bond in the
Sn-O-Mn chain), the magnetic hyperfine field at 119Sn nuclei
is mainly induced due to electrons localized in the t2g orbitals
of manganese.

FIG. 9. (Color online) Angular dependencies of the contributions
hπ

Mn and hσ
Mn to the partial field hMn (a) and the various contributions

to the exchange integral JMnMn (b).

Using Eq. (1), we can estimate the critical value ϑcrit
h of ϑ1

angle at which hσ
Mn ≈ hπ

Mn, i.e., the overall partial contribution
hMn changes its sign [Fig. 9(a)]:

cos ϑcrit = −
(

(a↑
π,Mn)2

(a↓
σ ,Mn)2 − (a↑

σ ,Mn)2 + (a↑
π,Mn)2

)1/2

. (7)

It is worth noting that the value ϑcrit
h = 168 ◦, calculated by this

equation, is rather close to the assumed value ϑ ∼ 140 ◦ (see
below) at which indirect exchange interactions Mn4+-O-Mn4+
become ferromagnetic.

To determine the sign of the partial contribution hCu = hσ
Cu

from one Cu2+ cation to the total field HSn, we have to take into
account that the spins of Mn4+ and Cu2+ cations are involved
in antiferromagnetic exchange coupling Cu2+-O-Mn4+. Based
on the symmetry and spatial distribution of the 3d orbitals of
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these cations (Fig. 7), we can assume that their interaction
is due to the overlap of the half-filled dx2−y2 (b1g) orbital
of the Cu2+ cation (forming σ bonds with the 2p orbitals
of the four nearest O2− anions) and one of the three dx ′z′ ,
dy ′z′ , and dx ′y ′ orbitals of the Mn4+ cation (forming π bonds
with the 2p orbitals of six O2− anions). According to the
GKA rules,24 indirect interactions involving the half-filled
3d orbitals should lead to antiferromagnetic ordering of the
spins of interacting cations. Thus, the spins of the Mn4+
and Cu2+ cations in CaCu3Mn4O12 are involved in antifer-
romagnetic π/σ interaction t2g −π p −σ dx2−y2 . This means that
the partial contribution hCu = hσ

Cu(< 0) should be opposite
in sign to the above contribution hMn(> 0) from one Mn4+
cation.

The substitution of the contributions hMn = hσ
Mn + hπ

Mn
(> 0) and hCu = hσ

Cu (< 0) thus calculated into Eq. (6) leads
to the hyperfine field HSn(1) ≈ 100 kOe, which is close to the
experimentally determined value of ≈105 kOe (Table I). Our
calculations show that the magnetic structure suggested earlier
on the basis of neutron diffraction data, as well as the above

mechanism of inducing magnetic fields HSn, is consistent
with the experimentally determined parameters of hyperfine
coupling of 119Sn nuclei in manganite CaCu3Mn4O12.

B. Magnetic exchange interactions in CaCu3Mn3.96
119Sn0.04O12

Figure 10(a) shows the temperature dependence of the
hyperfine field H max

Sn corresponding to the maximum value
of the p(HSn) distribution, which corresponds to the hyperfine
field at the 119Sn nuclei surrounded by six Mn4+ ions and
six Cu2+ ions [see Eq. (6)]. Taking into account that the
partial contributions hMn(T ) and hCu(T ) are due to the spin
polarization of the ns orbitals of the tin cations by the
neighboring Mn4+ and Cu2+ cations, the temperature-induced
changes in each of them should be related to the tem-
perature dependence of the reduced magnetizations σMn(T )
and σCu(T ) of the corresponding magnetic sublattices. The
temperature dependencies of these magnetizations can be
described in the framework of the Weiss local molecular field
theory:25

σMn(T ) = B3/2

(
2SMn

zMn(Mn)JMnMnSMnσMn(T ) + zMn(Cu)JMnCuSCuσCu(T )

kBT

)
, (8a)

σCu(T ) = B1/2

(
2SCu

zCu(Mn)JCuMnSMnσMn(T )

kBT

)
, (8b)

where BS( . . . ) is the Brillouin function for the spins SMn

= 3/2 and SCu = 1/2; JMnMn and JCuMn = JMnCu are the
indirect exchange coupling integrals for Mn4+-O-Mn4+ and
Cu2+-O-Mn4+, respectively; kB is the Boltzmann constant;
zMn(Mn) and zMn(Cu) are the numbers of, respectively, the
Mn4+ and Cu2+ cations in the environment of a man-
ganese cation; and zCu(Mn) is the number of Mn4+ cations
in the environment of a copper cation. For the chemical
composition of the CaCu3Mn3.96Sn0.04O12 manganite, these
numbers should be taken to be zMn(Mn) = zCu(Mn) = 5.94 and
zMn(Cu) = 6.

Assuming that the magnetic moments of the Mn4+
and Cu2+ cations are collinear,4 we can express their
reduced overall magnetization σ (T ) through the reduced

magnetizations σMn(T ) and σCu(T ) of the corresponding
sublattices:

σ (T ) = 1

nMnSMn − nCuSCu
[nMnSMnσMn(T )

+ nCuSCuσCu(T )], (9)

where nMn = 3.96 and nCu = 3 are the numbers of the
manganese and copper atoms per formula unit.

Inasmuch as the hMn(T ) and hCu(T ) partial contributions
are proportional to the magnetic moments of the nearest
neighbors of the tin probe atoms, i.e., manganese and copper
cations for which one of the six magnetically active indirect
bonds is replaced by the bond to a diamagnetic atom, these
contributions can be calculated by the following equations:

hMn(T )

|hMn(0)| = B3/2

(
2SMn

(zMn(Mn) − 1)JMnMnSMnσMn(T ) + zMn(Cu)JMnCuSCuσCu(T )

kBT

)
(10a)

hCu(T )

|hCu(0)| = B1/2

(
2SCu

(zCu(Mn) − 1)JCuMnSMnσMn(T )

kBT

)
. (10b)

The set of Eqs. (8)–(10) makes it possible to describe the
experimental temperature dependencies of the manganite hy-
perfine magnetic field HSn(T ) [Fig. 10(a)] and magnetization
σ (T ) [Fig. 10(b)], with the exchange integrals JMnMn and
JCuMn being fitting parameters. The same figures show the

calculated HSn(T ) and σ (T ) plots obtained for the exchange
integrals JMnMn/kB = −0.6 ± 0.2 K and JCuMn/kB = −51.1
± 0.3 K, as well as the contributions of the corresponding
sublattices to the hyperfine magnetic field and magnetization
[see insets in Figs. 10(a) and 10(b)]. To better describe the
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(a)

(b)

FIG. 10. (Color online) Temperature dependence of the
hyperfine magnetic field H max

Sn corresponding to the maximum
value of the distribution p(HSn): the dots and the curve represent
the experiment and the calculation, respectively. The inset shows
the calculated temperature dependencies of the partial contributions
to the hyperfine field HSn from the manganese and copper atoms
(a). Temperature dependence of the reduced magnetization σ

for the CaCu3Mn3.96
119Sn0.04O12 manganite in a field H =

1000 Oe: the dots and the curve represent the experiment and
the calculation, respectively. The inset shows the calculated
temperature dependencies of the partial contributions to the reduced
magnetization from the manganese and copper atoms (b).

experimental HSn(T ) data at low temperatures (T → 0), the
partial contributions were corrected: hMn(0) = 40 kOe and
hCu(0) = −22 kOe; however, they remain very close to the
corresponding theoretical values.

The considerable difference between the exchange integral
values, |JCuMn| 
 |JMnMn|, points to the dominant role of in-
tersublattice Cu(↓)-O-Mn(↑) antiferromagnetic interactions in
formation of the manganite magnetic structure. The JCuMn/kB

value that we obtained is smaller than the value predicted at
the functional density theory level, JCuMn = −20 meV,5 but
considerably exceeds typical values for the exchange integrals
of indirect magnetic coupling involving other 3d-metal cations
(5–30 K).26 Such a discrepancy is likely due to the anomalously
high, for oxide compounds, degree of covalence of Cu-O bonds

formed by the Cu2+ cations with the square-planar oxygen
coordination in the CaCu3Mn4O12 structure.

It is worth noting that the JMnMn exchange integral has
a small negative magnitude, which is evidence of the weak
antiferromagnetic character of the Mn4+-O-Mn4+ intrasublat-
tice indirect interactions. This result is seemingly inconsistent
with the electronic configuration of Mn4+ cations (t3

2g), for
which overlap of half-filled t2g orbitals should lead to strong
antiferromagnetic coupling. This can be demonstrated by
perovskite oxides CaMnO3 (TN = 123 K, JMnMn/kB ≈
−10 K)27 and SrMnO3 (TN = 233 K, JMnMn/kB ≈ −16 K)28 in
which antiferromagnetic ordering of Mn4+ magnetic moments
is exclusively due to Mn4+-O-Mn4+ indirect π bonds. This
puzzle could be resolved if we take into account the specificity
of the electronic configuration of octahedrally coordinated
Mn4+ cations (t3

2ge
0
g). Indeed, according to the GKA rules,

when the ϑ angle in Mn-O-Mn chains tends to 180 ◦, the
antiferromagnetic π/π interaction t2g −π p −π t2g involving the
half-filled t2g orbitals of manganese cations should dominate
[Fig. 11(a)]. In addition to the indirect π/π interaction (which
depends only slightly on the ϑ angle), the antiferromagnetic
indirect σ/σ interaction eg −σ p −σ eg involving the empty eg

orbitals, referred to as semicovalent exchange,24 should be
taken into account [Fig. 11(a)]. Theoretical estimates show
that, as the angle ϑ decreases to 90 ◦, the σ/π interaction
eg −σ p −π t2g between the vacant eg orbitals and half-filled t2g

orbitals of Mn4+ cations [Fig. 11(b)] can give a significant
ferromagnetic contribution to the exchange interactions Mn4+-
O-Mn4+. It can be assumed that, below the critical value
(ϑcrit

J ), the σ/π interaction can be so strong that magnetic
order of the spins in the Mn-O-Mn chains change its sign
and becomes ferromagnetic. However, no oxygen-containing
system has been found so far in which the existence of the
indirect σ/π interaction leading to ferromagnetic order of
Mn4+ cations was proved. In order to verify this assumption
we calculate the angular dependence of the exchange Mn4+-
O-Mn4+ interactions each of which consists of two π/π

interactions, one σ/σ interaction, and two σ/π interactions.
According to the perturbation theory,29 the antiferromag-

netic (AF) π/π interactions t2g −π p −π t2g involving the half-
filled t2g orbitals of manganese cations [Fig. 11(a)] can be
expressed as{

J kin
ππ + J semicov

ππ

}
AF

∝ t4
pdπ

�2
π

(
4

Ud

+ 8

2�π + Up

) (
1 − 1

2
sin2 ϑ

)
, (11)

where tpdπ is the cation-anion electron-energy transfer integral
corresponding to the π/π interactions; Ud is the on-site
electron-electron Coulomb energy required to excite an elec-
tron from one d3 manifold to another; Up is the Coulomb
repulsion energy between two holes on the same oxygen ion;
and �π is the energy to excite an electron from an 2pπ (O2−)
orbital to the lowest unoccupied d orbital of d3 manifold.
The first term in Eq. (11) corresponds to the conventional
Anderson kinetic superexchange (J kin

ππ ), and the second is the
semicovalent exchange (J semicov

ππ ) associated with the transfer
of two electrons from the same oxygen 2pπ orbital, one
to Mn4+ on one side and the other to the Mn4+ cation
on the opposite side of the O2− ion.29 The spin of the
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(a)

(b)

FIG. 11. Relative position of the 3d orbitals of Mn4+ cations and
the 2p orbitals of O2− anions (for the case of their maximum over-
lapping) that results in an antiferromagnetic (a) and ferromagnetic
(b) interactions in the Mn-O-Mn chains and the schematic diagram
illustrating the application of the Goodenough-Kanamori-Anderson
rules.

transferred electron is conserved, and the Pauli exclusion
principle restricts transfer to a state antiparallel to the spin
on the acceptor cation.

In the case of the eg −σ p −σ eg interaction, the two empty
eg orbitals of manganese cations [Fig. 11(a)] give an an-
tiferromagnetic σ bond spin-spin interaction via a purely
semicovalent exchange (J semicov

σσ ), which can be expressed as

{
J semicov

σσ

}
AF ∝ t4

pdσ

�2
σ

2JMn
H

(2�σ + Up)2
cos2ϑ, (12)

where �σ is the energy to excite an electron from an 2pσ (O2−)
orbital to the unoccupied eg orbital of the Mn4+ cation;
J Mn

H is the intra-atomic Hund’s energy. In the case of the
Mn4+ cations having three electrons with parallel spins, the
Hund’s energy equals to triple usual atomic value of JH ∼
0.8 eV for 3d metal series with total spin S = 1. Since the
two 2pσ (O2−) orbitals have antiparallel spins by the Pauli
exclusion principle and intra-atomic ferromagnetic exchange
of the manganese cations stabilizes transfer of a spin parallel
to the preexisting t3

2gspins, the virtual transfer of opposite spins

from the same 2pσ (O2−) orbital couples the two Mn4+ cation
spins antiferromagnetically.

The last eg −σ p −π t2g contribution to the total Mn4+-O-Mn4+
exchange interaction is coming from the virtual hopping
from the occupied t2g to the empty eg orbital, as shown in
[Fig. 11(b)]. Since Hund’s rule coupling J Mn

H tends to orient
spins at an ion parallel, this σ/π contribution will result in
ferromagnetic (FM) exchange,{

J kin
σπ + J semicov

σπ

}
FM

∝ t2
pdσ t2

pdπ

�σ�π

(
4J Mn

H

U 2
d

+ 8J Mn
H

(�σ + �π + Up)2

)
sin2ϑ. (13)

To our knowledge, there are not yet photoemission ex-
periments nor constrained calculations yielding the tpdσ (π),
�σ (π), Ud , and Up energies for the CaCu3Mn4O12 perovskite.
Therefore, these parameters were taken as an average in wide
variety of values for Mn4+ cations presented in the literature:
tpdσ = 1.5 eV, tpdπ = 0.7 eV, �σ ≈ �π = 2 eV, Ud = 7.8 eV,
and Up = 1 eV.

According to the angular dependence of exchange integrals
Eqs. (11)–(13), at Mn-O-Mn angles close to 180 ◦, the coupling
of Mn4+ cations will be antiferromagnetic. With an increase
in the angle ϑ (→ 90 ◦), coupling first becomes weaker and
then, at a certain critical value ϑcrit

J , changes the sign and
becomes ferromagnetic. The ϑcrit

J value can be estimated from
the following equality:{

J kin
ππ + J halfcov

ππ

}
A�

+ {
J halfcov

σσ

}
A�

= {
J kin

σπ + J halfcov
σπ

}
FM.

(14)

The substitution of all necessary parameters and the
solution of Eq. (14) into Eqs. (11)–(13) gave the critical
angle value ϑcrit

J = 138 ◦, which is rather close to ϑ1 =
142 ◦ corresponding to the Mn-O-Mn angle in unsubstituted
manganite.4 Despite the absence of reliable experimental
values of the parameters in Eqs. (11)–(13), the estimated value
(ϑcrit

J ≈ ϑ1) is a semiquantitative proof that the Mn-O-Mn
angle in the CaCu3Mn4O12 structure falls within the range
of values [Fig. 9(b)] at which antiferromagnetic interactions
between the manganese cations first become weaker (ϑ �
ϑcrit

J ) and then change the sign and become ferromagnetic
(ϑ � ϑcrit

J ).
According to our results, despite a weak antiferromagnetic

Mn4+-O-Mn4+ interactions (JMnMn < 0), it is mainly the
Cu2+-O-Mn4+ couplings which force the Mn4+ spins to
be parallel, inducing some frustration in the octahedral B

sublattice. This conclusion is well corroborated with magnetic
data for another double perovskites: CaCu2.5Mn4.5O12

6 and
TbCu3Mn4O12.30 The observed decrease of the Curie tempera-
ture for CaCu2.5Mn4.5O12 (TC = 345 K)6 is due to stabilization
of the trivalent (Mn3+)A cations at the A positions together
with Cu2+ cations. Taking into account that the (Mn3+)A
cations are coupled to octahedral (Mn3+/Mn4+)B ones by
much weaker interactions, such stabilization increases the
competition/frustration between A-B and B-B couplings [the
(Mn)B spins adopt a noncolliner configuration to minimize
frustration effects].6 The ferrimagnet TbCu3Mn4O12 has a
higher Curie temperature TC = 395 K30 with respect to
the CaCu3Mn4O12. This may be a result of the electronic
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injection (Mn4+ → Mn3+)B in octahedral B sublattice on Ca2+
replacement by Tb3+ cations, reinforcing the ferromagnetic
contribution in octahedral manganese sublattice due to the
double exchange mechanism between (Mn3+)B and (Mn4+)B
cations.30

It may seem unusual that, despite the weak exchange
coupling Mn4+-O-Mn4+ (JMnMn/kB = −0.6 K), the partial
contribution to the hyperfine magnetic field at the Sn4+ nuclei
made by each of the surrounding Mn4+ cations [hMn(0) =
40 kOe] noticeably exceeds the corresponding hCu(0) =
−2 kOe contribution of the copper cations. Like the exchange
integral JMnMn, the hMn(0) quantity can be represented as
a superposition of the hπ

Mn and hσ
Mn contributions of oppo-

site sign, having different angular dependencies [Fig. 9(a)].
However, as distinct from the exchange integrals [Fig. 9(b)],
the critical value ϑcrit

h = 168 ◦ at which hπ
Mn ≈ hσ

Mn, i.e.,
the overall partial contribution hMn changes the sign, is
considerably higher than ϑ1 = 142 ◦. The physical reason
for this is a considerable difference between the covalence
parameters (a↑

σ,Mn)2 − (a↓
σ,Mn)2 = −0.008 and (a↑

π,Mn)2 =
0.167 corresponding to the σ and π Mn-O bonds.

VI. CONCLUSIONS

In summary, by means of 119Sn probe Mössbauer spec-
troscopy, we have shown how information about strength
and sign of the superexchange interactions in perovskite
CaCu3Mn3.96

119Sn0.04O12 can be obtained from an analysis
of supertransferred hyperfine interactions of tin probe ions. It
has been demonstrated that

(a) the probe tin atoms are stabilized in the manganite
structure with the formal oxidation state “+4” by substituting
for Mn4+ cations in the octahedral oxygen environment;

(b) the magnetic hyperfine field HSn at the nuclei of Sn4+
cations is a superposition of partial contributions hMn(> 0) and
hCu(< 0) of different sign due to spin transfer involving the
Mn4+ and Cu2+ cations from different structural sublattices;

(c) not only intersublattice antiferromagnetic interactions
Cu2+(↓)-O-Mn4+(↑) but also intrasublattice ferromagnetic
interactions Mn4+(↑)-O-Mn4+(↑) play a noticeable role in
the formation of the magnetic structure of CaCu3Mn4O12;
as in other perovskite-like manganites, the magnitude and
sign of indirect exchange coupling between octahedrally
coordinated Mn4+ cations depend on the angle in the Mn-O-
Mn chains and the covalence parameters of Mn4+-O chemical
bonds.
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APPENDIX

The supertransferred hyperfine field HSn is caused by the
overlap distortions of doubly occupied ns-orbitals (n = 1–4)
and spin transfer into the empty 5s-orbital of the Sn4+ cations
by the ligand orbitals which have been unpaired by transfer into
unoccupied 3d-orbitals of the neighboring magnetic (Mm+)

cations. The basic theoretical principles of the supertransferred
hyperfine interactions which were developed in Refs. 12–14
are in many respects analogous to that accepted in the theory
of superexchange.

To obtain HSn we consider the central Sn4+ cation sur-
rounded by six oxygen ions, each of which has a magnetic
Mm+ (= Cu2+ or Mn2+) cation as a nearest neighbor. Molec-
ular orbitals of the {Sn-6O-(zM)} cluster may be constructed
on the basis of atomic (filled or empty) orbitals: 3d orbitals
of the magnetic Mm+ cations; ns orbitals (n = 1–5) of
the nonmagnetic Sn4+ cation; and 2p orbitals of the O2−
ions. Sawatzky with coworkers12 have taken into account the
contribution from the bonding �

↑(↓)
O molecular orbitals, which

have the same symmetry (A1g) as the ns orbitals of the central
Sn4+ cation:

�
↑(↓)
O = N

↑(↓)
O

(
χ

↑(↓)
2p +

z∑
k

D
↑(↓)
k ϕ

↑(↓)
3d + B

↑(↓)
5s φ

↑(↓)
5s

−
4∑

n=1

S↑(↓)
ns φ↑(↓)

ns

)
, (A1)

where χ
↑(↓)
2p is a combination of the 2p orbitals of the O2− ions;

φ
↑(↓)
ns and φ

↑(↓)
5s are ns orbitals (n = 1–5) of the Sn4+ cation;

ϕ
↑(↓)
3d is a combination of the 3d orbitals of the neighboring

Mm+ cations; B
↑(↓)
5s is group 2p6(O2−) → 5s0(Sn4+) transfer

integral and S
↑(↓)
ns = 〈χ↑(↓)

2p |φ↑(↓)
ns 〉 are group overlap integrals

which, for octahedral symmetry of the {Sn4+-(O-Mm+)6}
clusters, are related with the proper single bond b

↑(↓)
5s and s

↑(↓)
ns

integrals:

B
↑(↓)
5s =

√
6b

↑(↓)
5s and S↑(↓)

ns =
√

6s↑(↓)
ns . (A2)

Parameters D
↑(↓)
k are introduced to consider the electron

transfer from the filled 2p orbitals of the O2− ions to the
vacant 3d orbitals of the neighboring Mm+ cations and the
overlapping of the wave function of these ions as well. These
parameters strongly depend on whether the 3d orbitals are
filled or empty:

D
↑(↓)
k =

{
B

↑(↓)
3d , for empty 3d orbitals

−S3d , for occupied 3d orbitals
,

where B
↑(↓)
3d is the parameter describing the electron transfer

2p6(O2−) → 3d(Mm+) and S
↑(↓)
3d = 〈χ↑(↓)

2p |ϕ↑(↓)
3d 〉 is the

overlap integral. According to Refs. 12–14, the product
of these group integrals by ϕ

↑(↓)
3d wave functions can be

related with the transfer integrals (b↑(↓)
σ and b↑(↓)

π ) and the
overlap integrals (s↑(↓)

σ and s↑(↓)
π ) of single σ and π bonds

Mm+-O:

S
↑(↓)
3d φ

↑(↓)
3d = s↑(↓)

σ cos ϑ(φ↑(↓)
3d,σ ) − s↑(↓)

π sin ϑ(φ↑(↓)
3d,π )

(A3)
B

↑(↓)
3d φ

↑(↓)
3d = b↑(↓)

σ cos ϑ(φ↑(↓)
3d,σ ) − b↑(↓)

π sin ϑ(φ↑(↓)
3d,π ),

where ϑ is angle in the Sn-O-M chains.
The hyperfine field at the nucleus of the 119Sn4+ ion

HSn = 8π

3
μB

{
�

↑2
O (0) − �

↓2
O (0)

}
(A4)
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is considerably dependent on the values of the normal-
ization constants N

↑
O and N

↓
O for the molecular orbitals

(A.1). The evaluation of these constants presents cer-
tain difficulties mainly due to the problem of the ade-
quate description the ground-state electron configurations

of the Mm+ cations. In our case of the octahedral {Sn-
6O-(6Mn)} and {Sn-6O-(6Cu)} clusters, containing the
Mn4+ (4A1g) and Cu2+ (2B1g) cations with nondegenerate
electronic configurations, the normalization constants are
given by

N
↑
O =

[
1 + SZZ − s2

σ cos2 ϑ − s2
π sin2 ϑ + 6b2

5ss5s − 6
3∑

n=1

(s↑
ns)

2

]−1/2

(A5)

N
↓
O =

[
1 + SZZ + (

b2
σ + 2bσ sσ

)
cos2 ϑ + (

b2
π + 2bπsπ

)
sin2 ϑ + 6b2

5s + 12b5ss5s − 6
3∑

n=1

(s↓
ns)

2

]−1/2

. (A6)

In determining the normalization constants N
↑
O and N

↓
O we take into account the oxygen-oxygen overlap group Szz =

1
6

∑
i,j 〈pzi

|pzj
〉 integral.

The final expression for the partial contributions from the Mm+ cations to the hyperfine field at the 119Sn nucleus is given by

HSn = 525(N↑
ON

↓
O)2

(
−

4∑
n=1

s↑(↓)
ns φ↑(↓)

ns (0) + b
↑(↓)
5s φ

↑(↓)
5s (0)

)2 ∑
i

zi[(a
↑(↓)
σ,i )2 cos2 ϑi + (a↑(↓)

π,i )2 sin2 ϑi], (A7)

were (a↑(↓)
σ,i )2 = (b↑(↓)

σ,i + s
↑(↓)
σ,i )2 and (a↑(↓)

π,i )2 = (b↑(↓)
π,i + s

↑(↓)
π,i )2 are the commonly used covalency parameters, respectively, for σ

and π bonds of the Mm+ cation with surrounding O2− ions; ϕns(0) are the wave functions of ns orbitals (n = 1–5) at the nuclei
of Sn4+ cations.
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