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Abstract—Bulk ceramic samples of (Lag St 3)(Mn,; _ Cu,)O; . 5§ manganites are prepared by solid-state reac-
tions. The unit-cell parameters and Mn—O bond distances in the manganites are determined using the Rietveld
profile analysis method, and their magnetic properties are studied with the use of ferromagnetic resonance mea-
surements. The results attest to the formation of solid solutions. Their lattice parameters follow Vegard's law.
The way in which the saturation magnetization of the manganites varies with composition depends on x. For
x < 0.07, the saturation magnetization is a weak function of composition; for x > 0.07, it drops rapidly with
increasing x. These results can be understood under the assumption that the only oxidation state of copper in

(Lag7Srg3)(Mn; _,Cu, )03 4 5 IS 2+.
DOI: 10.1134/S0020168506030149

INTRODUCTION

There is wide research interest in La, _,AMnO,
(A = akaline-earth metal) manganites with a distorted
perovskite structure, motivated by the high sensitivity
of their electrical properties to an applied magnetic
field (colossal magnetoresistive response), which
makes these materials potentially attractive for magne-
toelectronic applications[1, 2]. In most instances, how-
ever, significant changes in their resistivity are only
observed in large fields or at low temperatures, which
limits their potential applications. Recent studies have
shown that combined cation doping of La _,A,.MnO;
manganites is an effective approach to enhancing their
magnetoresistive response [ 3, 4].

The properties of such materials are commonly
interpreted in terms of double exchange in the Mn3—
O-Mn** system. It has been shown, however, in anum-
ber of studiesthat Jahn—Teller e ectron—phonon coupling
and the tendency toward charge (orbital) ordering play
an important role in the physics of manganites [3-5].
The relative contributions of these effects can be varied
via substitutions on the lanthanum and manganese
sites, which, therefore, may have a strong effect on the
magnetic properties and magnetoresistive response of
the manganites, leading in some instances to drastic
changesin their behavior.

Considerable attention has been paid to the study of
the lattice effects arising from partial substitutions of
rare-earth metals with different ionic radii on the lan-
thanum site [6, 7]. Substitutions of both magnetic (e.g.,
Co, Ni, and Fe) and nonmagnetic (e.g., Ge, Al, and Cu)
elements for manganese [8-11] were investigated in
[8-11]. The results indicate that the magnetoresi stance
of the manganitesin question can be enhanced substan-
tially, in particular, by doping with copper [11].

The available information about the effect of copper
doping on the electrical and magnetic properties of
La, _,AMNO; (A = Ca, Sr) israther contradictory. On
the one hand, copper doping was reported to notably
enhance the magnetoresistance of these manganites,
especially the one in small magnetic fields [12, 13].
Moreover, Yuan et al. [14] were able to considerably
extend the temperature range in which the colossal
magnetoresistance of the Ca-doped manganite was
almost constant. On the other hand, the properties of
Cu-doped manganites proved very sensitive to synthe-
sis conditions. In particular, Ghosh et al. [15] and Tro-
yanchuk et al. [16] reported that doping with 5% Cu
reduced the resistivity of the La, ;Sr,sMnO; solid solu-
tion by as much as 50% and dightly reduced (by
=15 K) the temperature of its metal—insulator transi-
tion. An unusual influence of Cu doping on the electri-
cal properties of La,;Sr,sMnO; was described by Ser-
geenkov et al. [17]. They found that doping with a
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Fig. 1. Microstructures of L& ;S 3Mn; _ ,Cu,O5 4 5 ceramics with x = (a) 0, (b) 0.05, and (c) 0.10.

small amount of Cu (=5%) caused the peak in resistiv-
ity asafunction of temperature to split into two compo-
nents. Anomaliesin the el ectrical and magnetic proper-
ties of manganites lightly doped with copper and mag-
netic phase separation in such materials were reveaed
by various techniques, predominantly by resonance
spectroscopies [12, 18-20]. Thus, there are consider-
able datathat can be interpreted as evidence that copper
substitution for manganese not only weakens the dou-
ble exchange but also has a profound effect on the
entire system of competing interactions characteristic
of the manganitesin question.

The properties of Cu-doped manganites are difficult
to interpret or predict because the oxidation state of
copper in these materialsis still open to question. Typ-
ically, the copper ions in oxide compounds are in the
oxidation state 2+ [21], but Cu* and Cu®* may also be
present [22, 23]. Tikhonova [23] assumed that the
observed reduction in unit-cell volume was due to Cu®*
substitution for Mn®*. At the sametime, Yuan et al. [12,
14, 18] and Ghosh et al. [15] interpreted their results
under the assumption that all of the copper ionswerein
the oxidation state 2+. Structural data for polycrystal-
line La, _,Sr,Mn, _,CuO; (z=0, 0.1, 0.3; x = 0-0.5)
materialsled Tikhonovaet al. [ 24] to concludethat both
Cu?* and Cu®* ions were present. Similar conclusions
weremadein earlier studies[13, 25]. Thus, the reported
data on the oxidation state of copper in the manganites
under consideration are contradictory.

The objective of this work was to synthesize
(Lay;Srp3)(Mn; _,Cu)O;.5 solid solutions and to
study their structural, magnetic, and resonance proper-
ties with the aim of determining the oxidation state of
copper ions in these manganites.

EXPERIMENTAL

Polycrystalline La,,Sr,sMn,_,Cu,0;.5 (LSMC)
(x= 0-0.15) samples for this investigation were pre-
pared by solid-state reactions, using extrapure-grade
La,0; and Mn,0O, and reagent-grade SrCO5; and CuO as
raw materials. The starting mixtures were homogenized
by milling with bidistilled water. After drying at 370—
390 K, the mixtures were screened through a 65 mesh
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nylon-6 sieve and then fired at 1270 K for 4 h. The
resultant powder was pressed into disks 12 mm in
diameter and 3 mm in thickness, which were then sin-
tered at Ty, = 1540-1600 K for 2 h.

X-ray diffraction (XRD) measurements were per-
formed on aDRON 4-07 powder diffractometer (CoK,,
radiation, 40 kV, 20 mA, 26 = 10°-150°, step-scan
mode with astep size A(20) =0.02° and acounting time
of 10 s per data point). Structural parameters were
refined by the Rietveld profile analysis method, using
the FullProf program. As external standards, we used
SO, (26 calibration) and Al,O5; (NIST SRM 1976 inten-

sity standard). The Mn®* and Mn** contents of the sam-
ples were determined by titrating iodine with a sodium
thiosulfate solution. lodine in a potassium iodide solu-
tion was replaced by chlorine rel eased upon dissolution
of a manganite sample in hydrochloric acid [26]. In
analyzing the structural aspects of copper substitution
for manganese, calculations were preformed as pro-
posed by Ullmann and Trofimenko [27], using Shan-
non’s system of ionic radii [28].

Magnetization was measured with a Quantum
Design MPMS-5S SQUID magnetometer. Ferromag-
netic resonance (FMR) studies were performed on a
RADIOPAN spectrometer (9.2 GHZz), using samples
1 x 1 x5 mmindimensions. The applied magneticfield
was paralel to the long axis of the sample.

RESULTS AND DISCUSSION

Figure 1 showsmicrographsof La,,Sr;Mn, _,CuO; . 5
ceramic samples sintered in air at 1300°C. The three
samples are seen to consist of fine grainsabout 2 um in
size. With increasing X, the porosity of the ceramics
increases slightly.

The La,,Sr,;Mn, _,Cu,0; , 5 ceramics prepared by
sinteringinair at 1300°C had adistorted perovskite struc-
ture (sp. gr. R3¢) with La(Sr) in position 6a (0 0 1/4),
Mn(Cu) in6b (000),and O in 18e(x 0 1/4). Thelattice

parameters of the samples were refined by the Rietveld
profile analysis method (Fig. 2). Copper substitution
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Fig. 2. Raw XRD data (points), calculated profile (continuous line), and difference plot (lower continuous line) for
(8) Lag 7Srg 3Mng g5Cuq 0503 and (b) Lag 7Srg.3Mng goCug 1903 a room temperature; the vertical tick marks show the positions of

allowed reflections.

for manganese was found to reduce the unit-cell vol-
ume and the positional parameter of oxygen (Table 1).

To determine the oxidation state of copper, the
Rietveld refinement results were compared with differ-
ent models for charge compensation in Cu-doped man-
ganites. In calculations, we took into account that man-
ganites may contain Mn* and Mn*. Mn?* may only

appear if the material contains an appreciable concen-
tration of lanthanum vacancies [29], whereas oxygen
vacancies do not lead to the formation of Mn?* [30].
According to chemical analysis data, the oxygen nons-
toichiometry inL g, ,Sr,sMn, _,Cu,0; ., s withx=0was
rather small, 8 = +0.035, which allowed Mn?* forma-
tion to be left out of consideration. In connection with

INORGANIC MATERIALS Vol. 42 No. 3 2006
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Tablel. Crystal datafor Lay;SrgsMn; _,Cu, O3 5§ manganites
X 0.000 0.01 0.025 0.04 0.050 0.075 0.100 0.125 0.150
a A 55061(2)| 5.5070(1)| 5.5054(2)| 5.5057(2)| 5.5047(5) 5.5043(2) 5.5017(3)| 5.5017(2)| 5.5000(3)
c, A 13.3616(3)| 13.3592(2)| 13.3560(3)| 13.3556(2)| 13.3481(7)| 13.3470(3)| 13.3396(4)| 13.3371(4)| 13.3321(4)
v, A3 350.81(2) [350.86(1) [350.58(2) [350.61(2) [350.28(5) |(350.20(2) [349.67(3) |349.61(2) [349.26(3)
X0 0.464(3) | 0.464(2) | 0.464(2) | 0.461(2) | 0.460(3) | 0.457(2) | 0.456(2) | 0.456(2) | 0.456(2)
Rg, % 591 534 6.81 4.09 8.89 6.12 6.48 6.73 6.68
R:, % 7.7 6.01 8.72 5.73 8.92 7.73 7.40 8.34 7.92
Pmeass 5.12 5.10 5.06 5.00 4.98 4.94 4.9 4.84 4.76
g/cm?®
this, we assumed in calculations that manganese isin  Here,
the oxidation states 3+ and 4+, whereas copper may be
present in al of the possible oxidation states (1+, 2+, { = (A-Q) )
and 3+). The positive value of 6 in La, ;S ;Mn0O; , 5iS - ﬁ(B—O)' @)
attributable to the presence of cation vacancies. As
shown by Ullmann and Trofimenko [27], the general Vo _V
formulaof the solid solution can then be represented in v, = [mess__oee 3)
the form Vmeas

3+ 4+
(Lay7903)1-33Va,,MNo7-25-53MNo3+ 25V, O3

where V, and V are A-site and B-site vacanciesin the
ABO; perovskite. Based on temperature-dependent
thermopower data for strontium-doped manganites,
Hiroyuki Kamata et al. [31] showed that the Mn3* ions
in the Lay gSr, ,MNO; solid solution are present in both

high-spin (HS) and low-spin (LS) states, with MnﬁS :

Mn’s =3 : 1. The coexistence of Mn’s and Mn’s was

confirmed both experimentally [32] and theoretically
[33]. Therefore, the general formula of the strontium-
doped manganites studied here can be represented as

(L 80_7sro.3)1 - 6/3VA5/3

x(JMnizmns) MNg5 . 25Va,,Os.
4 4 0.7-25-3/3
Analyzing structural data  for many

A _ A B._pBy0;. 5 perovskite oxides, Ullmann and
Trofimenko [27] derived a relation between the free
volume per unit cell, V;, and the tolerance factor, t:

Vi =(1.20 £ 0.09) — (0.95 £ 0.09)t. (1)
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where (A-O) and (B-O) are the mean cation—-oxygen
bond distances for the A and B cations, respectively;
Vess 1S the experimentally determined unit-cell vol-
ume; and V. isthe occupied volume per unit cell, eval-
uated as the sum of theion and vacancy volumes deter-
mined using the ionic radii of A, B, and O. In calcula-
tions, we assumed the presence of La* (r = 1.36 A) and

Sr2* (144 A) in the A sublattice; Mn’g (0.645 A),

Mn’s (0.72 A), Mn** (0.53 A), Cu* (0.77 A), Cu?*
(0.73A), and Cu?* (0.54 A) in the B sublattice; and O*
(1.36 A) in the anion sublattice. The radii of cation
vacancies for 6 > 0 (oxygen hyperstoichiometry) were
evaluated by the formulas

v, =Tad/Vi, Ty, = rBW- 4)
From Egs. (1) and (3), we obtain
Vimeas = Voo (0.95t—0.2),
)

AV eas = Voee(0.09t —0.09)/(0.95t — 0.2)°
Equations (2), (4), and (5) were used to calculate the
unit-cell  volumes and bond distances in
Lay;SrsMn, _,Cu 0, 5 solid solutions using different
models for charge compensation in the Cu-containing
manganese sublattice. Figure 3 shows the experi-
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Fig. 3. () Unit-cell volume and (b) Mn—O bond distance as
functions of copper content for Lay 7Sy 3sMn; _,Cu,O5 4 5:

experimental data (points) in comparison with calculation
results in different models for charge compensation in the
manganese sublattice (numbers at the curves identify mod-
elsasreferenced in Table 2).

mentally determined unit-cell volumes and Mn-O
bond distances as functions of Cu content for
La,;SrysMn, _,Cu,0;. 5 in comparison with those cal-
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culated in different models for charge compensation in
Cu-doped manganites (Table 2). As seen in Fig. 3, the
experimental data agree best with the charge compen-
sation mechanism 2Mn** — Mn* + Cu?*.

To assess the effect of the oxidation state of copper
on the physical properties of the manganites, we mea-
sured their saturation magnetization M, and FM R spec-
traat different copper concentrations. Figure 4 showsthe
10-K M—H hysteresis loops of Lg,,Sr,;Mn,_,Cu,05, 5
samples. In al of the samples except
L&y 7SrpsMng g5CU, 1505, Magnetization saturates for
H > 400 kA/m.

Figure 5a shows the composition dependence of
10-K saturation magnetization Mg measured in a mag-
netic field of 4000 kA/m. The My(x) behavior isseen to
change sharply at x = 0.07: for x < 0.07, the saturation
magnetization gradually decreases with increasing X;
for x> 0.07, it decreases far more steeply, remaining an
almost linear function of x. Also shown in Fig. 5aisthe
My(X) line calculated in model Ill. In calculations, the

magnetic moments were taken to be 4ug for M nﬁs (S=

2), 2ug for Mn’s(S=1), and 3us for Mn’s (S=3/2) [3)].
As seen, the experimental data and calculation results
agree reasonably well for x < 0.07 but differ markedly
for x> 0.07.

To rationalize these findings, we analyzed the frac-
tion of Mn* (with respect to total manganese) as a
function of copper content. The fraction of Mn** was
evaluated from chemical analysisdatafor x=0[26] and
using the model scheme 2Mn* —» Mn* + Cu?* for
x>0 (Fig. 5b). Sr-doped manganites are known to con-
tain aferromagnetic phaseif the fraction of Mn* liesin
the range 0.18 to 0.50 [34, 35] (dashed region in
Fig. 5b). Beyond this range, there is atendency toward

Table 2. Modelsfor charge compensation in Lay7SrgsMn; _,Cu,Os3 5

Cation vacancies e Anion vacancies

Model (oxygen hyperstoichiometry: CrEmal Cu contfnt*_for (cation hyperstoichiometry:
8p=+0.035 (X, =6 =0)
X< X, 8> 0) 0= TROS e X>X,, 8 < 0)

I Mn3+ . Cu3+**
I 3Mn®* — 2Mn* + Cu*
" 2Mn¥* —= Mn** + Cu?*
v 2Mn** —— 2Cu3* — 1/3(VA + Vg) 0.070 2Mn* ——= 2Cu3* + Vg
\Y 2Mn3* —— 2Cu?* — 1/3(Va + Vg) 0.070 2Mn3* —» 2CU2* + Vg
\Y Mn3* ——= Cu*—1/3(Va + Vg) 0.035 Mn®* —= Cu*+ Vg
VIl Mn* — Cu?*—1/3(V, + Vp) 0.035 Mn* — Cu? + V('
VIII 2Mn* — 2Cu*— (Va +Vpg) 0.024 2Mn*t — > 2Cu* + SVE,'

* With increasing copper content, 6 remains unchanged in models |11 and decreases, down to zero at X, in models IV=VIII.

** |n calculations, we assumed a constant M n,3_|+S : Mnﬁg ratio in the Cu-doped manganites.

INORGANIC MATERIALS Vol. 42 No. 3 2006
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antiferromagnetic ordering, which results in antiferro-
magnetism or more complex magnetic ordering [34, 35].
It follows from Fig. 5b that, for x > 0.07, the magnetic
phase is likely to decompose into two phases, one
of which has a low magnetization with no saturation
in a magnetic field of 4000 kA/m. To verify this
hypothesis, we measured the FMR spectra of
La,;SrosMn, _,Cu,O;, 5 samples.

Figure 6 illustrates the effect of copper content on
the FMR spectrum. At x = 0 and 0.025, the spectrashow
a single signal whose parameters correspond to ferro-
magnetic ordering of the manganites and agree well
with earlier data for La,;SrysMnO; (resonance field
B, = 220 mT, linewidth w = 105 mT) [36, 37]. At x =
0.050, the signa is dightly broadened, attesting to
magnetic inhomogeneity. The salient feature of the
magnetic resonance in the sampleswith x > 0.070 isthe
presence of two, well-resolved signals, corresponding
to two distinct magnetic phases. These findings corre-
late well with the assumption that the sampleswith x <
0.07 consist of a homogeneous ferromagnetic phase,
whereas those with x > 0.007 consist of two magnetic
phases. Moreover, they lend support to the charge com-
pensation mechanism 2Mn¥* — Mn* + Cu? in
Lay;SrysMn, _,Cu,0; ., 5, according to which the cop-
per in the manganitesisin the oxidation state 2+.

CONCLUSIONS

The unit-cell volume, Mn—-O bond distances,
saturation magnetization, and FMR spectra of
La,,Sr,;Mn, _,Cu,0; . 5 manganites indicate that the
mechanism of charge compensation in the manganese
sublattice containing copper ions can be represented by
the scheme 2Mn** — Mn* + Cu?*, according to
which the copper isin the oxidation state 2+.
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