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Méssbauer spectrometry, neutron diffraction, XANES, and XPS have led to the determination of the
cation distributions of the system CugsMn Fe,s_ O, (0 = x = L.5). The three cations are present in
both tetrahedral and octahedral sites, and the relative number of Fe ions on A- and B-sites remains
nearly constant in the whole range of x. It appears that for x = 0.5 manganese is divalent and copper
is in its two oxidation states. For x > 0.5 copper and iron are respectively divalent and trivalent; the

manganese is in +2 and +3 oxydation states.

I. Introduction

The investigation of ferrites containing
manganese and copper ions is very interest-
ing because the three ions can adopt more
than one valence state. The problem is the
determination of the valencies and the cat-
ion distribution of the ferrites in the system
Cuy sMn, Fe, s, 0, (0 = x = 1.5) among the
two spinel sublattices. The electrical prop-
erties of the copper—manganese ferrites se-
ries have been extensively studied, but this
paper is the first one devoted to the determi-
nation of electronic structure.

* To whom correspondence should be addressed.
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II. Experimental Procedure

The preparation of the different Cu, sMn,
Fe,;_, 0O, compositions was made by the
usual oxide-sintering method with CuO,
aFe,05,and MnO. The latter oxide was
freshly prepared from the calcination of
MnCO; under H, at 900°C. After dry mixing
of the starting oxides, the mixture was an-
nealed under vacuum in fused silica con-
tainer: 4 days at 1123 K and 48 h at 1423
K. Finally, the powder in its container was
rapidly quenched in isopentane liquid bath.
The X-ray powder diagrams showed that
all the samples have the same cubic spinel
phase with no evidence of separate phases.
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Mossbauer spectra were recorded at
room temperature or at 200 K in an external
longitudinal magnetic field of 6 T. The spec-
trometer was calibrated at 300 K with stan-
dard iron foil using ’Co in Rh matrix. The
spectra were fitted with Lorentzian-shaped
lines by the method of least-squares.

The neutron diffraction patterns of x = 1
and x = 1.5 were recorded respectively at
573 K and 473 K these temperatures were
chosen to suppress the magnetic contribu-
tion to the Bragg reflection intensity. The
wavelength of the monochromatic neutrons
was 0.246 nm.

X-ray photoelectron spectra were re-
corded at room temperature (p < 107% mm
Hg) on a Leybold Heraeus LHS 10 spec-
trometer with AIK,,, X-ray excitation
(1486.6 eV). All binding energies were refer-
enced to the C (1s) peak of pollution carbon
at 285 eV,

HI. Experimental Results
Méssbauer Study

Figure 1 shows the Mossbauer spectra for
various compositions at room temperature.
The hyperfine spectra are split into six broad
and unresolved absorption lines. They are
attributed to the superposition of several
sextets arising from the presence of multiple
hyperfine fields at Fe nuclei on the B-sites.
With an increase in manganese content the
evolution of the broad and asymmetric lines
is characteristic of a decrease in Fe?" ions
content (/, 2). The spectra of the compound
x = 0 have already been studied (Z, 2).
CugsFe, s0, has narrow A-site lines with
typical Fe’" parameters. Its B-site lines,
asymmetrically broadened, show a large
spreading toward zero fields, and the fit has
required the superposition of two field-
distributions (one with a ferric-like isomer
shift and the other one with an isomer shift
attributed to an average iron). The study of
Cu,Fe,; O, compounds (I, 2) has demon-
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FIG. 1. Méssbauer spectra at room temperature of
Cugy sMn,Fe,s_ O, compounds.

strated that a fit with one sextet for tetrahe-
dral iron and a distribution of hyperfine
fields for octahedral iron (components hav-
ing same adjustable isomer shift) already
gives interesting information.

The most interesting hyperfine parame-
ters obtained by fitting the experimental
spectra in this way are given in Table I. The
spectra of Fe on the B-sites are distributed
over 300 or 400 Koe (step of 20 Koe). The
full curve on Fig. 1 represents the least-
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TABLE 1

SUMMARY OF EXPERIMENTAL RESULTS FROM THE MOSSBAUER SPECTRA

X Tc (K) Temp. (K) 85 (mm/sec) 8 — 6, (mm/sec) Hi, (Koe) Iy (mm/sec) S, (%)

0 625 300 0.25 0.17 462 0.41 27.1

300010 TH(2) 0.34 0.16 462 0.48 27.0
0.25 619 300 0.27 0.11 468 0.46 30.9
0.50 609 300 0.28 0.07 472 0.50 31.6

200(6 T) 0.33 0.12 506 0.44 27.8
0.75 593 300 0.29 0.06 469 0.52 32.5
1 545 300 0.27 0.07 458 0.55 32.8

200(6 T) 0.32 0.13 494 0.47 31.7
1.25 495 300 0.28 0.07 439 0.59 3t.4
£.50 460 300 0.28 0.06 418 0.62 31.6

Note. T, Curie temperature; 8, isomer shift relative to Fe-metal at RT; T, full width at half maximum; S, area.
“ Each octahedral component has the same adjustable isomer shift.

squares fit of the experimental spectra; the
experimental points are represented by
circles.

In order to ensure that the results of such
a fit are significant, the A- and B-sextets of
the compounds x = 0.5 and x = | have been
separated under an external magnetic field
of 6 T applied parallel to the direction of
y-ray. Spectra are presented in Fig. 2. The

(MM/S) 12

(MM/S) 12

b ety

»

F1G. 2. Mossbauer spectra at 200 K, under applied
field of 6 T parallel to the y-beam: (a) Cuy sFe,Mn, <O,
(b) CUQ»jFCI'SMﬂXOA‘.

outermost pattern is related to the ferric ions
on the A-sites and the inner patterns arise
from the ferric ions on the B-sites. The large
linewidth of the B-site pattern confirms the
existence of various supertransferred hy-
perfine field contributions from the neigh-
boring sites.

In spite of the difficulty in distinguishing
very low Fe** ion concentrations in such
spinels, no B-site Fe?* ions are detected.
Internal magnetic fields, isomer shifts, and
areas are listed in Table I and fit well with
the former results obtained without field at
300 K.

The observed effective hyperfine fields
and the absence of Am = 0 lines, are in
agreement with the assumption of a collin-
ear, Neel-type spin structure.

The internal magnetic field H;, at 300 K
increases with the decrease in the concen-
tration of iron up to x = 0.5 then decreases
as rapidly as the Curie temperature (Fig. 3);
this is compatible with a decrease in A-site
Cu' ions content up to x = 0.5, because the
nonmagnetic Cu't ions modify the exchange
interaction (I, 2). The A-site Fe3' isomer
shift, 8, , is found to be nearly the same for
all the compositions. On the other hand, the
isomer shift of each component of the B-site
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F1G. 3. A site hyperfine fields (IJ) and variation be-
tween A-site and B-site isomer shift (®) at room tem-
perature.

field distribution decreases along with the
decrease in concentration of iron up to x =
0.5 (Fig. 3); this is in agreement with the
complete disappearance of Fe?' ions from
x = 0.5 and with the occupation of octahe-
dral sites by Fe®" ions.

Assuming the recoilless fraction of Fe®*
ions at A- and B-sites to be equal, the rela-
tive number of these ions is determined by
the areas under the resolved spectra due to
these ions. Areas for x > 1 are not accurate
enough to take into consideration the possi-
ble influence of the Jahn-Telter Mn’* ions
on the recoilless fraction. The percentage
of the total iron present on the A-sites is
indicated in Table 1. The variation of §, is
not significant, so it is reasonable to con-
clude that for 0 < x << 1.5, about 30% of the
iron goes to the A-sites and that 70% goes
to the B-sites.

On the basis of the Mdssbauer results,
without external applied field, Gupta er al.
(3), suggested the cation distribution of the
compound x = 0.5 as Fe*[Cuj,Mnj}
Fe’*]10,. They did not detect Fe?* ions,
however, their distribution of Fe}* ions on
the two sites is not consistent with the re-
sults of this study. Nevertheless, the lack of
information about the heat treatment of the
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samples cannot allow a quantitative com-
parison.

Neutron Diffraction Study

For the cation distribution, the distinction
can be made between neighboring elements
from the neutron diffraction intensity data.
In the present study, the scattering ampli-
tude of the manganese (b = —0.36 x 10712
cm) is quite different from that of iron (b =
0.96 x 10712 ¢m) and that of copper (b =
0.76 x 107!2 cm).

Since the compounds are ferrimagnetic,
at room temperature, the neutron diffraction
spectra have been observed above the Curie
temperature and therefore indicate only the
nuclear contribution to the patterns (ther-
momagnetic analysis reveals reversible Cu-
rie temperature for the compounds Cu, sMn,
Fe, 0, and Cuy;Mn, sFe,0,, so the cation
distribution and valence states remain un-
changed in the range 273-573 K).

When the iron is substituted by the man-
ganese in Cuy sMn Fe, s O, (x = 1;x = 1.5)
(Fig. 4) the intensity of the (222) refiection,
which is sensitive to the cations in B-sites,
Is varying; this variation shows that a more
important fraction of the octahedral sites are
occupied by Mn.

The intensity of the (220) and (422) reflec-
tions, sensitive to the cations in A-sites, re-
mains unchanged and therefore indicates
few changes in the tetrahedral environment.
Least-squares refinements with isotropic
temperature factors give the cation distribu-
tions, which are in Table VII,

x=1
CugpsMng soFeo 4<[Cuo hsMng 5oFed 5510,
x=1.5

2+ 2+ 343+
CugsMng’,Fe 032[CU0 52Mn;"Fep]O,

(these results are in excellent agreement
with those deduced from other measure-
ments: XPS, XANES, and Mossbauer stud-
ies and confirm the conclusion issued from
thermomagnetic analysis).
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F1G. 4. Neutron diffraction patterns of CugsMn,Fe,s_O,, A = 0.246 nm: (a) x = 1, T = 573 K; (b)

x=15T=473 K.

XANES Study

The study of chemical effects in X-ray
spectra provides valuable information re-
garding the electronic structure and bonding
in chemical compounds. The measurements
of the X-ray absorption spectra were re-
corded for iron, copper, and manganese in
the mixed ferrites with the synchrotron radi-
ation of LURE-DCI (Orsay). The more
characteristic K-edges are presented in
Fig. 5.

From chemical shifts (see Table II), it
may be inferred that in the range 0 = x <
0.5 iron and copper are in their two possi-
ble oxidation states. For x > 0.5, copper

and iron are respectively divalent and tri-
valent.

In conclusion, the copper—manganese
ferrites for x < 0.5 are iron and copper mixed
valence oxides such as the Cu, Fe,_, O, spi-
nels (4, 5). In Cy, sMn, sFe,O,, copper(Il) is
mainly octahedral.

It had been observed that the chemical
shifts of the K X-ray absorption discontinu-
ity of manganese depend on various factors
like valency, coordination number, and type
of chemical bonding, and may be correlated
with the effective charge g on the absorption
ion in Mn(II) compounds (6—8). Experimen-
tal data relative to reference compounds and
mixed ferrites are listed in Table III.
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F16. 5. Fe, Cu, and Mn K-XANES in different compounds of the CugsMn Fe,s_ Oy system.

TABLE II
CHEMICAL SHIFTS OF Fe AND Cu K-EDGES

AEg (eV)
Reference
compounds Cug sFes s Mn, Oy
CuFe,04  Fes04 x =0 025 0.50  0.75
Fe K-edge 9.1 7.6 8.5 9 9.4 9.4
Cu K-edge ~6 3.5 33 ~575 6

TABLE III

CHEMICAL SHIFTS AND FINE STRUCTURE OF Mn
K-EDGE XANES

AEg (eV) Energy of
transitions (eV)
Mn(l)  MnCr,O, 6.7 75 116 17.2
Reference MnGa,O, 5.9 76 106  16.8
Compounds

Mn(Il)  Mn,O4 8.2 18.4

ZnMn,0, 9.0 13 18.8

Mn;0, 7 82 127 181

Cugy sMn, Fe,_,0, x =905 6.8 7.8 116 16.8
system 0.75 6.8

1 7.1 7.6 123 174

1.25 7.2 7.9 131 17.8

XANES of insulating transition metal
compounds can be separated into two parts:

(a) the first ~10 eV energy, where the
weak features called pre-edge peaks are
due to transitions to unoccupied bound
antibonding orbitals;

(b) the continuum part, where the peaks
have been identified as multiple-scatter-
ing resonances due to the plotoelectron
sensitive to both coordination geometry
and interatomic distances.

Belli et al. (6) have published a study of
Mn K-XANES in simple oxides and com-
plex compounds in which the Mn atom is
octahedrally coordinated. These authors
find good agreement between their experi-
mental NES peak separation and Tossell’s
calculated MO levels for the Z + 1 cluster
(FeOg)'~ (9). They assign the NES peaks of
the first part of the Mn K-edge as follows:
the weak pre-edge peaks are transitions to
the 2t,, and 3e, MO’s of primarily Mn 3d
character, and the pre-edge hump is a transi-
tion to the a,,, 1, MO of mostly Mn 4p
character. The main absorption maximum
is not a MO transition but rather a ‘‘shape
resonance.’’
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F1G6. 6. Mn K-XANES in (a) MnCr,0, and (b) Cuy sMn, sFe,0,.

The prepeak of Mn(Il) in tetrahedral envi-
ronment is very similar to that of Fe(IIl) in
shape and intensity (see Table 1V).

The fine structure of the Mn K-edge spec-
trum in Cu, sMn, sFe,0, (prepeak and main
peak) is quite similar to that of tetrahedral
Mn?" in spinels (Fig. 6). The shoulder at 7eV
above the prepeak is relative to the 1s —
7ay, 8t, transition. The broadening of the
main peak and the weaker resolution of the
spectra for MnGa,0, and Cu,;Mn, ;Fe,0,
are due to a slight amount of Mn(II) on octa-
hedral sites (20% in MnGa,0O, and ~10% in
Cug sMn, sFe,0,).

For x > 0.5, the structures of the contin-
uum part are shifted to higher energy as in
Mn;0,. These mixed ferrites are manganese
mixed valence oxides with Mn(II) tetrahe-
dral and Mn(III) octahedral.

XPS Study

XPS study of copper ferrite spinels Cu,_,
Fe,, O, (0 < x = 0.5) gave information
about valence states and cationic distribu-
tion of copper in matrix spinel (5). The cop-
per binding energies reveal that copper is
monovalent and divalent and that Cu?* and

TABLE IV

FINE STRUCTURE ANALYSIS OF REFERENCE COMPOUNDS

Parameters of the
reference structure®

Decomposition of the
pre-edge peak

ion 3d® in Td Ref. FWMH (eV) in 2 Lorentzian lines ACE - °Ty)
Fe*in NiFeCrO, 10) 1.7 0.5 eV
Mn?*in MnCr,0, b 1.8 to
MnGa,0, 1.8 energy separation 0.7 eV

of 0.6 eV

¢ According the molecular (Z + 1) analogy.
b This study.
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TABLE V
CHARACTERISTIC XPS PARAMETERS OF COPPER (5)

Binding FWMH
energy (eV) (eV) I/L,°
Cu?* tetrahedral  936.2 £ 0.2 2.9 = 0.1 0.85 % 0.05
Cu?* octahedral  934.0 £ 0.2 2.9 = 0.1  0.55 = 0.05
Cu* tetrahedral 932.8 £ 0.2 1.6 = 0.1 0
Cu* octahedral 931.3 £ 0.2 1.6 = 0.1 0

¢ Intensity ratio of the satellite to the main line.

Cu™ cations are found respectively in the
tetrahedral and octahedral O>~ anion envi-
ronments; the characteristic parameters are
presented in Table V (no reduction of the
Cu?* component in Cu 2p,, spectra has been
observed during XPS measurements on the
mixed ferrites which are more stable than
Cuy sFe; s0,).

In mixed copper—-manganese spinels with
Mn(III) and Mn(IV), the 2p core levels of
different copper species showed a negative
chemical shift of about 1.5-2eV compared
with those in copper ferrites (//-13). For
x > 0.5, copper XPS data (FWHM and I/
I, values) show copper(II) mainly in octahe-
dral environment.

In the present study, Mn 2p, Fe 2p, Cu
2psy, and O 1s lines were recorded for all
samples quoted in the introduction (0 =< x =
1.5). All determined energy parameters are
summarized in Table VI. The Cu 2p-, spec-
tra are shown in Fig. 7.

In the CuysMn,Fe,_ O, series, the ex-
perimental results enable us to draw the fol-
lowing conclusions:

for x < 0.5:
(i) the copper is monovalent and divalent:
Cu* in octahedral sites (Ey = ~931 eV)
and Cu?* mainly octahedral;
(i1) the manganese(1l) is tetrahedral.

for x > 0.5:

(i) the copper is divalent and mainly octa-
hedral;
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(ii) the manganese is in two oxidation

states: +2 in tetrahedral sites (satellites at

6-8 eV above the main peak as in

MnCr,0,) and probably +3 in octahedral

sites (increase of A (Mn 2p,,—0O 1s)).

From the foregoing results (XPS and
XANES), the ionic configuration of
Cu, sMn, sFe,O, can be deduced to be

24 N2+ Fal~

Cug™Mngskepss-,
24 24 madt 2- -
[Cug’s_ MngosFeiis: o103~ a~0.05.

IV. Discussion

The cation distribution deduced from neu-
tron diffraction measurements, Mdssbauer,
XPS, and XANES studies are shown dia-
grammatically in Fig. 8.

Simsa and Andrejev (/4) have studied the
electrical properties of copper—-manganese
ferrites: the electrical resistivity and the
Seebeck coefficient were measured in the

Cu 2p3p

0.0

0.2

0.4
v.a.
0.6

1 ) 2 i 1 1 1

L
944 942 940 938 936 934 932 930

F1G. 7. Cu 2p;» photoelectron spectra in Cug sFe, 50,4
and CuysMn Fe,s_ O, spinels.
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TABLE VI
XPS Data of Cuyg;Fe, ;O AND MIXED FERRITES

Binding energy (eV)

Compound
(x =) Mn 2p3y, AE (Mn 2p3,-O 1s) Fe 2p;»  AE (Fe 2p3»-0 1s) Cu 2p;, FWMH [I/I,}
0 711.3 181.1 933.8 6.1 0.42
0.2 641.4 111.3 711.3 181.1 934.1-931.5¢ 4.0
0.25 641.3 111.2 711.3 181.1 933.8 4.4 0.50
0.4 641.5 111.4 711.2 181.0 934.2-931¢
0.5 641.7 111.4 711.5 181.3 934.3 4.5 0.57
0.6 641.8 1L.s 711.6 181.3 934.3
0.75 641.6 111.7 711.5 181.6
1 641.6 111.7 711.6 181.7 934.3 4.8 0.60
1.25 641.7 111.8 711.6 181.7 934.3 4.8 0.60

@ Shoulder.

b Intensity ratio of the satellite to the main line.

temperature range 80-800 K on single crys-
tals and polycristals from the system
CugysMn,Fe,s_ 0, (0 = x < 1).

Taking into account the temperature
course of p and 6 and their dependence on
the chemical composition the authors con-
cluded that the system studied might be di-
vided into three regions:

for x < 0.3, the behavior of the electrical
properties is analogous to Cu,sFe, 0O,
(15, 22) and nmanganese ferrites
Mn,Fe,_,,O,, with x" < 1, and is charac-
teristic for the simultaneous presence of

15 | Fe3on

—

MNP+ Td or Oh

05 10 15 X

Fic. 8. Cation distribution for CuysMn Fe, s .O,.

bi- and trivalent iron ions on the octahe-
dral sites of the spinel lattice.

for 0.3 < x < 0.7, an increase of p, 6,
and activation energy is observed, but the
increase is much slighter than an analo-
gous one in the series of manganese fer-
rites at x' = 1.

for x > 0.7, the conduction mechanism is
rather different from that observed with
manganese ferrites for x > 1: the contribu-
tion of positive charge carriers is appar-
ent. A similar conduction mechanism has
been observed in ferrites close to the cop-
per ferrite CuFe,0, (15, 16).

The model established in this study for
the cation distribution is in good agreement
with the investigation of the electrical prop-
erties. By substituting manganese for iron
in Cu, sFe, 0,, it can be expected that re-
placement Mn?* — Fe?* will occur first;
Mn?" ions mostly enter the tetrahedral posi-
tions thus taking the place of copper.

The cation distributions for 0 < x = 1 are
summarized in Table VII, along with the
literature data (for qualitative comparison).

The existence of two solid-state charge
transfer redox systems may be postulated in
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CATION DISTRIBUTIONS FOR CugsMn Fe, ;. O, SYSTEM ISSUED FROM THIS STUDY
AND FOUND IN THE LITERATURE

Cation distribution

Composition Td Oh Ref.
CugsFe, 0, Cug,Fegs [CujssFejicFeisl 07 7
CugyCuheFed% [Cug oCugigFesFeisl O 2)
Cuy sMny 5Fe; 0, Cug sMnj5,Fei [CuisMnigFeigsFeis] O (14)
Cug sMng sFe; 05 Cug sMngy Feg sy [CugisMnjsFegsFel ] O3 17)
CujyMniyFeds [Cud3Mnj;Fef ) 05 us)

CugsMngsFep o [Cug3sMngosFe) 5] 03" This study

Cu, sMn,Fe, s0, CudgsMn33Fedis [Cu3sMng 3oFets] O;” This study

Cug sMn, sFe,0, CujsMni5Fedsn [Cuj3-Mni Fell o7 This study

order to explain the evolution of the formal
valence configuration in the range 0 = x =
0.5:

Cut + Fe3*

Fe?* + Mn3*

2+ 2+
2 Cuyl, + Fe
2 Fe't + MnZ!

tetra *

The introduction of Mn?" in tetrahedral sites
involves the migration of copper on octahe-
dral sites: the two redox systems are dis-
placed on the right-hand side corresponding
to the more stable configuration of the spinel
lattice,

2+ 3+
Mn;;, + Fe’".

For x > 0.5, copper(Il) is mainly octahe-
dral. For still higher manganese content, the
concentration of iron(Il) drops to zero and
manganese(11l) replaces iron on octahedral
sites. The Cu?f, + Mn}},, configuration is
stable, unlike the Cu,, + Mn3},, configura-
tion. In mixed valence copper manganites
‘uch as CuMn,0, ({19, 20, 13,) and CuMn,_,
M O, (M = Cr, Fe) (13, 21), the redox equi-
ibrium

+ 4+ 2+ - 3+
Cutetra + Mnocta =2 Culetra + Mnocla

s all the more displaced toward the left-
1and side, as the tetrahedral copper concen-
ration is larger.
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