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The effect of Co doping on the magnetic and transport properties of La .St Mn,_Co O, (0 <x <0.5) is in-
vestigated. The Co doping at Mn sites dilutes the double-exchange interaction between Mn* and Mn*
ions and changes the long-range ferromagnetic (FM) order of La ,Sr, MnO, (LSMO) to the spin glass
(SG) or cluster glass (CG) state for samples with x > 0.1. For x > 0.3, the paramagnetic (PM) metal to FM
metal transition of LSMO disappears and the temperature dependence of resistivity p(7) follows semi-
conducting behavior in the whole measured temperature region with the resistivity increasing by orders of
magnitude. An interesting result is that p(7) exhibits an obvious anomaly at 7* ~ 100 K, which is ascribed
to the spin-state transition of Co ions. For samples with x = 0.1 and 0.3, magnetoresistance (MR) effects
are markedly enhanced in the low-temperature region compared with undoped LSMO, which is suggested
to originate from the appearance of spin-dependent tunneling magnetoresistance. However, for samples
with x = 0.5, the MR effect is suppressed over the entire temperature region measured and an obvious ex-
change anisotropy phenomenon, characterized by the shift of the hysteresis loop, is also observed, which

is ascribed to the marked increase of the antiferromagnetic insulating phase.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The mixed valence perovskite manganites R, A MnO, (where R = La-Tb, and A = Ca, Sr, Ba, Pb, etc.)
have attracted much renewed attention due to the discovery of colossal magnetoresistance (CMR) [1-4].
Many theories have been proposed to explain the mechanism of CMR, such as double exchange (DE)
[5], polaronic effects [6] and phase separation combined with percolation [7]. These theories suggest that
the mixed valence of Mn**/Mn" is a key component for understanding the CMR effect and the transition
from the paramagnetic (PM) insulator—ferromagnetic (FM) metal.

To understand the CMR mechanism, it is very important to perform investigations into the doping of
transition elements at Mn sites because of the core role of Mn ions in CMR materials. Mn site doping
effects of transition elements have been extensively investigated [8, 9]. As is well known, Co ions in
perovskite-structure cobaltites can exist in three kinds of spin states, i.e. low spin (LS), intermediate spin
(IS) and high spin (HS), due to the fact that the crystal field splitting (10 Dq) of the Co d states (E£,) and
Hund’s rule coupling energy (E, ) are comparable for the cobaltites. The fact that £, and E_ are compa-
rable means that the thermal energy (k,7 ~ 10 meV) can induce the spin-state transition of Co ions by
thermal excitation of the ¢,, electrons into e, states [10]. Therefore, among all transition elements doping
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at Mn sites in perovskite-structure manganites, Co doping is more interesting because of the three kinds
of spin states of Co ions and the spin-state transition. However, there exist some open issues. Firstly,
whether the spin-state transition still exists for Co-doped manganites. Secondly, if it does, what is the
effect of the spin-state transition on the magnetic and electronic transport properties of manganites? In a
study of La ,Ca,,Mn, Co O,, Gayathri et al. did not observe the effect of the spin-state transition of Co
ions [11]. However, very recently, Srivastava et al. report that there is evidence of the spin-state transi-
tion of Co ions for compounds with similar compositions [12].

Therefore, to understand further the effect of Co-doping at Mn sites in manganites, in the present
paper we report an investigation of the magnetic and transport properties of La,.Sr,,Mn, Co O, (0 <x<0.5)
polycrystalline samples.

2 Experimental

La,.Sr,,Mn, Co O, (x=0,0.01, 0.1, 0.3, 0.5) bulk samples were prepared by the conventional solid-state
reaction method. Well-mixed stoichiometric amounts of high-purity La,O,, SrCO,, MnO, and Co,0O,
powders were calcined at 1000 and 1200 °C for 24 h each with an intermediate grinding. The powders
obtained were ground, pelletized and sintered at 1350 °C for 24 h with three intermediate grindings.
Finally, the furnace was cooled to room temperature.

The structure and phase purity of the samples were examined by powder X-ray diffraction (XRD)
using a Philips X pert PRO X-ray diffractometer with CuK,, radiation at room temperature. The magnetic
measurements were performed using a Quantum Design superconducting quantum interference device
(SQUID) MPMS system (2 < T <400 K, 0 < H <5 T). The resistance was measured using the standard
four-probe method from 5 to 390 K in an applied field in the range 0 <H <5 T.

3 Results and discussion

The XRD patterns at room temperature shown in Fig. 1 indicate that all samples of La ,Sr,,Mn, Co O,
(x=0,0.01, 0.1, 0.3, 0.5) are of the same structure. All peaks can be indexed with a rhombohedral struc-
ture with space group R3¢ (no. 167) over the whole doping concentration range. The relevant structural
parameters obtained by fitting the experimental spectra using the Rietveld refinement technique [13] are
listed in Table 1. The Co doping does not change the crystal structure, but the Mn—O bond length and
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Fig.1 X-ray diffraction patterns for La .Sr, Mn,_Co O, (x = 0, 0.01, 0.1, 0.3, 0.5) samples. The inset
shows the shift of the (024) peaks due to variation of the Co doping concentration.
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Table 1 Refined structural parameters of La Sr,Mn,_Co O, (0 < x < 0.5) at room temperature. The

space group is R3c.

x=0 x=0.01 x=0.1 x=03 x=0.5

a (A) 5.5037 5.5045 5.5001 5.4776 5.4688
c (A) 13.3657 13.3678 13.350 13.3058 13.2820
\% (Az) 350.609 350.69 349.746 345.742 344.017
Mn-O (A) 1.960 1.961 1.958 1.951 1.947
ZMn-O-Mn (°) 163.86 163.86 163.85 163.86 163.86
Rp (%) 8.869 7.965 7.881 6.152 5.661
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Fig. 2 Temperature dependence of dc magnetization measured at 0.01 T for La ,Sr, Mn,_CoO,: a) x = 0,
0.01 and 0.1; b) x = 0.3 and 0.5. The open symbols represent the ZFC data and the filled symbols the FC
data. The arrow denotes the freezing temperature 7 (see text). The inset shows the ac susceptibility (y') of
La0v7sr0v3MnU.7C00.303'
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the unit cell volume increase initially for the sample with x = 0.01 and then decrease with increasing Co
doping content. The results are consistent with the fact that the Co ion has a smaller ionic radius. How-
ever, Co doping has little influence on the Mn—O—Mn bond angle.

The temperature dependence of the dc magnetization M (7T) measured in the zero-field-cooled (ZFC)
and field-cooled (FC) modes at an applied field of 0.01 T is shown in Fig. 2 for all samples. The Curie
temperature 7. (defined as the peak temperature of the dM/dT vs. T curve) as well as the low-tempe-
rature magnetization decrease monotonically with increasing Co doping level. It is noteworthy that T,
shows a rapid drop even with a very small amount of Co doping (from 376 K for undoped La ,Sr,,MnO,
(LSMO) to 367 K for the doped sample with x = 0.01). However, the M(T) curve of the x = 0.01 sample
is rather similar to that of the undoped LSMO, i.e. they both show a sharp PM to FM transition. For
x 2 0.1, the PM-FM phase transition becomes broader with increasing Co doping level implying the
appearance of magnetic inhomogeneity. This kind of magnetic inhomogeneity is also shown by an obvi-
ous deviation between the FC and ZFC magnetization curves below a certain temperature (defined here
as the freezing temperature, T}) for the samples with x > 0.1. The phenomenon of the discrepancy be-
tween FC and ZFC magnetization curves is usually ascribed to the appearance of the spin glass (SG) or
cluster glass (CG) state induced by the competing interaction between FM and antiferromagnetic (AFM)
exchange interaction. The glass state can be further proved by the temperature dependence of the ac
susceptibility y' as shown in the inset of Fig. 2b: the susceptibility becomes frequency dependent below
T.. Figure 2 shows that the deviation between FC and ZFC magnetization curves becomes larger and 7,
shifts to lower temperature with increasing Co doping level, implying an enhanced AFM exchange inter-
action due to increased Co doping at Mn sites.

In order to analyze quantitatively the variation of the magnetic susceptibility due to Co doping, we
plot the temperature dependence of the inverse of y, i.e.  '(T), and observe that y '(T) follows the
Curie—Weiss law well above T for all samples except for x = 0.5. By fitting () according to the
Curie—Weiss law, y(T) = 3k,(T — O)N," u;:, where k,, N,, i, and @ are the Boltzmann constant,
Avogadro’s constant, the effective magnetic moment and the Weiss temperature, respectively, x4, and @
are obtained [14]. The variation of x, and @ with Co doping level x is listed in Table 2. This shows that
both x4, and @ decrease with increasing Co doping level, which means a weakening of the FM DE inter-
action between Mn™ and Mn"* caused by Co doping.

The field dependence of the magnetization at 5 K is shown in Fig. 3. It can be seen that for the sam-
ples with x = 0 and 0.01, the magnetization reaches saturation at about 1 T and remains almost constant
up to 5 T, which is considered a result of the rotation of the magnetic domain under the action of the
applied magnetic field. The value of the saturated magnetic moment for the sample with x = 0 and 0.01
(4.06 and 3.84y,/f.u.) is higher than the expected one (3.7y,/f.u.) for the spin-only contribution with

Table 2 Magnetic and electric parameters for La ,Sr ,Mn, Co O, (0 <x <0.5).

0.7 0.3

parameter x=0 x=0.01 x=0.1 x=03 x=0.5
T.(K) 376 367 322 210 195

e () 5.70 5.48 3.45 2.67 -

O (K) 373 369 361 353 -

M. (1) 4.06 3.84 3.27 2.96 0.74

M /M., - 0.004 0.09 0.29 0.31

H (T) - 0.0009 0.024 0.081 0.322

T, (K) 374 369 - - -

T,'(0) - - 148 x10°  4.90x 10° 7.24 x 10’
T,'(H) - - - 228 x10°  6.65x 10’
T,(0) - - - 9.17 -

T,'(H) - - - 8.83 -
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Fig. 3 Field dependence of dc magnetization for La,,Sr,,Mn,_ Co O, at 5 K.

g = 2; a similar result has also been reported previously for this system [15, 16]. For the samples with
x =0.1, 0.3 and 0.5, the magnetization M increases linearly without saturation at higher fields implying
the existence of the AFM phase. It is well known that the competition between FM and AFM phase
would lead to the appearance of SG or CG states. This is why SG or CG behavior occurs in the samples
with x = 0.1, 0.3 and 0.5. In addition, it is found that both the residual magnetization M and coercive
force H, are very small implying that the samples are good soft ferromagnets for x = 0 and 0.01, which
behave with the same character as most manganites with optimal doping [17]. However, for x > 0.1,
Fig. 3 indicates that the values of M /M, and H_ increase with Co doping level as shown in Table 2,
where M, is the magnetization at an applied field of 5 T and at 5 K. The increase of M /M, and H_ is
ascribed to originate from the increased AFM phase component and the pinning action of the AFM phase
on the FM domains. The enhanced pinning action of the AFM phase can be further shown by the ex-
change anisotropy behavior as shown in Fig. 3 (curve e). This shows that the M(H) hysteresis loop has a
clear shift with g H "= 0.17 T and 4, H, = 0.37 T at 5 K for the sample with x = 0.5.

As we know, Co enters manganite at low doping preferably as Co”* and induces extra Mn" valence.
Co ions in the perovskite structure exist in mixed valences of Co™ and Co™ similar to Mn ions [18].
Hence, as an example, the chemical formula for the sample with x=0.3 can be written as
La, St ;Mn_"Mn",Co;’Co."O,. That is to say, Co doping at Mn sites may introduce very complicated
exchange interactions between Mn ions, Co ions, Mn and Co ions, etc., if we consider the three kinds
of spin states of Co ions, i.e. LS, IS and HS. However, based on the above results of magnetization
measurements, we find that the net effect of Co doping at Mn sites is to enhance the AFM exchange
interaction and to weaken the DE interaction between Mn* and Mn*. In addition, the obvious effect of a
possible spin-state transition of Co ions on the magnetization observed in perovskite-structure LaCoO,
occurring near 100 K has not been found here for La ,Sr, Mn, Co O, for M(T) curves.

To investigate the effect of Co doping at Mn sites on the electronic transport property of the samples,
the temperature dependence of resistivity p(7) was measured at zero applied field in the temperature
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Fig. 4 Temperature dependence of the resistivity at zero field for La Sr, Mn,_Co O, (x = 0, 0.01, 0.1,
0.3, 0.5). The resistivity is multiplied by 1/3, 1/250 and 1/300 000 for the samples with x = 0.1, 0.3 and
0.5, respectively.

range 5—390 K. The results are shown in Fig. 4. For the undoped LSMO sample, the slope of the p(T)
curve exhibits an obvious change at T, = 374 K, which is close to the Curie temperature 7 (= 376 K) of
the sample, in agreement with the previously reported result for LSMO [14]. That is to say, for LSMO,
the transport mechanism occurs via a transition from PM metal to FM metal accompanying the PM-FM
transition because of the larger bandwidth of e, electrons and less electron—phonon interaction due to
less lattice distortion. For the sample with x = 0.01, the p value is decreased compared with the LSMO
sample and the T, and T, values are decreased due to the slight dilution of DE interaction between Mn*
and Mn". The decrease of p may be ascribed to the reduction of Jahn—Teller distortion of Mn™O, octa-
hedra [19] and the change of the ratio of Mn™ and Mn" due to the doping of Co™ ions. For x = 0.1, Fig. 4
shows that there is an insulator—metal transition at about 321 K (near 7). For the samples with x > 0.3,
Fig. 4 shows that p(7T) shows semiconducting behavior throughout the measured temperature region with
the resistivity increased by orders of magnitude. For x > 0.3, the Mn" preponderance due to Co doping is
likely to be responsible for the change of manganite from FM metal to a phase-separate FM/AFM insula-
tor where the transport occurs in the more conducting Co subsystem. In addition, the slope of the o(T)
curve behaves anomalously in the vicinity of 100 K (denoted 7* in Fig. 4). This anomaly can be ob-
served more clearly by plotting the curve of In (p) vs. T as shown in Fig. 5. As is well known, the Co

ok 4
RES ]
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£
2k -
3} J Fig. 5 Temperature dependence of the zero field
resistivity plotted as In (p) vs. 1/T" for the sample
A A A A A . with x = 0.3. The solid lines are fitting lines.
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ion in perovskite-structure LaCoO, has a spin-state transition near 100 K [10]. It is suggested that the
anomaly in the p(T) curve may be related to the spin-state transition of Co ions.

To understand the transport mechanism of the studied samples clearly, p(7) curves are fitted by
the thermally activated (TA) law, p o exp (E/k,T), the adiabatic small polaron hopping (SPH) model,
p o Texp (E,/k,T), and the Mott variable range hopping (VRH) model, p ~ exp (T,/T)" [3]. The results
indicate that p(T) curves can be well described by the Mott VRH model in the high-temperature region
for the x = 0.1, 0.3 and 0.5 samples and the low-temperature region (7 < 50 K) for the sample with x = 0.3.
That is to say, for Co-doped samples with x > 0.3, the disorder effect due to Co doping at Mn sites may
dominate the transport property of carriers. By fitting, the fitting parameter 7,(0) can be obtained, which
has different values for high- and low-temperature regions, denoted 7,'(0) and T,(0). Both values for
different samples are listed in Table 2. According to the Mott VRH formula expression, the value of
T,(0) is given by k,T, = a/[£'N(E,)], where N(E,) is the density of electronic states at the Fermi energy
level, £ is the electron localization length and « is a numerical constant whose value is not precisely
known but is usually taken as being in the range 18—21 [20, 21]. Table 2 shows that 7,'(0) increases
markedly with Co doping level, implying a decrease of the localization length & provided N(E,) does not
change. That is to say, the localization degree of the carriers increases with increasing Co doping level.
In addition, for a fixed Co doping level, Table 2 shows that TO"(O) >> TU'(O), meaning that the localization
degree becomes significantly greater in the high-temperature region above T# compared with that in the
low-temperature region below 7#. We suggest that the variation of the localization degree near T* origi-
nates from the spin-state transition of Co ions. That is to say, below 7%, Co ions lie in the LS state, i.e.
for Co™, S = 0. Hence, the localization of carriers induced by spin disorder of Co ions does not occur.
However, for T > T%*, the spin state of Co ions will show the transition from LS state to IS or HS state
induced by temperature, which will introduce additional localization of carriers due to the spin disorder
of Co ions. Therefore, we attribute the anomaly of the p(7) curves in the vicinity of T* to the spin-state
transition of Co ions induced by the temperature. Although there is no obvious anomaly corresponding to
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(e) x=0.5

0 160 2(‘)0 3(‘)0 4-00
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Fig. 6 Temperature dependence of resistivity under applied fields of 4 H =0, 2,5 T for La ,Sr, Mn,_Co O,.
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Fig.7 Temperature dependence of magnetoresi-
La,,Sr, Mn,_CoO, stance (MR) for La,.Sr Mn,_Co O, at yH=5T.
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T* in the M(T) curve which may be attributed to the strong exchange interaction between Mn ions, the
change induced by the spin-state transition of Co ions may be spread out by the strong exchange interac-
tion background between Mn ions. For the x = 0.5 sample, although the p(7) curve in the high-
temperature region above 7% can also be fitted in terms of the Mott VRH model, the p(T) curve in the
low-temperature region below T* cannot be fitted by any existing model. This indicates that the transport
mechanism of the x = 0.5 sample is different from that of the x = 0.3 sample, which is mainly ascribed to
its markedly enhanced AFM interaction due to higher Co doping level.

The temperature dependence of resistivity p(7) was also measured under the action of applied mag-
netic fields of 2 and 5 T for all samples as shown in Fig. 6. For all samples, p(T) is markedly decreased
under the action of a magnetic field and shows a magnetoresistance (MR) effect. We also fitted the p(7)
curves under the applied field of 5 T using the Mott VRH model for the samples with x = 0.3 and 0.5.
The fitting parameters Toh(H) and TO'(H) are also listed in Table 2. The values of T,(H) decrease dramati-
cally under the action of the applied field, meaning that the localization degree becomes less.

MR as a function of temperature is plotted in Fig. 7. Here MR is defined as MR = [p(0) — p(5T)1)/p(0),
where p(0) is the resistivity at zero field and p(5T) is the resistivity at an applied magnetic field of 5 T.
Figure 7 shows that MR of the samples with x = 0 and 0.01 exhibits an obvious peak around 7, originat-
ing from the suppression of intrinsic spin-dependent scattering within grains and increases with decreas-
ing temperature below 7, stemming from spin-dependent scattering of grain boundaries [22]. For the
sample with x = 0.3, Fig. 6 shows that p(7) is markedly decreased under the action of magnetic fields
and the temperature 7* at which p behaves anomalously under zero field shifts to high temperatures with
increasing magnetic fields. That is to say, the temperature of the spin-state transition of Co ions increases
with increasing magnetic field. The detailed reason of this kind of variation is not clear at present. In
addition, Fig. 7 shows that there is no MR peak around 7. for the samples with x > 0.3, instead MR ef-
fects are markedy enhanced in the low-temperature region below 7, compared with undoped LSMO,
which is ascribed to originate from the appearance of spin-dependent tunneling magnetoresistance
(TMR). However, for the x = 0.5 sample, the MR effect is suppressed over almost the entire measured
temperature region, which is ascribed to its markedly enhanced AFM interaction due to higher Co dop-
ing level.

4 Conclusions

We have presented detailed transport and magnetization measurements on La ,Sr,,Mn, Co O, (x = 0,
0.01, 0.1, 0.3, 0.5) polycrystalline samples. The anomaly appearing in po(7) in the vicinity of 7% may
mean that there is a spin-state transition of Co ions for samples with x > 0.3. The DE interaction between
Mn* and Mn" ions can be easily diluted by Co doping at Mn sites. For x > 0.1, the SG or CG state be-
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gins to appear and PM metal to FM metal transition of LSMO disappears and p(7) shows semiconduct-
ing behavior throughout the measured temperature region. For the samples with x = 0.1 and 0.3, MR
effects are markedly enhanced in the low-temperature region below T, compared with undoped LSMO,
which is ascribed to originate from the occurrence of TMR. However, for the sample with x = 0.5, the
MR effect is suppressed over the entire measured temperature range and an obvious exchange anisotropy
phenomenon, characterized by the shift of the hysteresis loop, is also observed, which is ascribed to the
marked increase of AFM insulating phase.
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