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Structural, magnetic, and transport properties  of
Lag 325S19.17sMnO5 samples doped with magnetic (Fe* ", Cr*™)
and nonmagnetic (Ga®>", AI’") ions have been studied
comparatively. The structure does not change by nonmagnetic
ion doping, whereas magnetic ion substitution can change the
structure of the system significantly. All the doped samples
show a lower Curie temperature as compared to that of the
undoped sample. The change of Curie temperature 7 for
the magnetic-ion-doped samples is quite larger than that of the
nonmagnetic-ion-doped samples. The electron configuration is

1 Introduction Colossal magnetoresistance (CMR)
manganites with a general formula Re;_,A,MnO;
(Re =rare-earth ions, A = divalent ions) have been a subject
of intensive research in view of their special electronic and
magnetic properties as well as their potential applications
[1-6]. It is commonly believed now that the double-exchange
(DE) interaction proposed by Zener [7] plays an essential role
to realize the nature of the CMR effect. When a fraction of
the rare-earth ions Re>" is substituted by a divalent ion A®T,a
proportional number of Mn*" ions is converted to Mn*" ions
and mobile e, electrons can be introduced, mediating the
ferromagnetic (FM) interaction between Mn*" and Mn*"
ions. In order to stabilize the low temperature DE interaction
and then the FM metallic phase, a hole doping level x in the
range of 0.2-0.5 is needed and the optimum value of x is 0.33.
However, calculations to account for large changes in
resistivity within this framework did not yield a satisfactory
result. Additional ingredients such as lattice distortion,
electron correlation, and orbital degree of freedom should
be considered to interpret the large field and temperature
dependence of resistivity observed in experiments [8].
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suggested to play an important role in determining the change
of Tc for the magnetic-ion-doped samples, whereas the
decrease of 7¢ in nonmagnetic-doped samples is considered
to originate mainly from the variation of local lattice. The Fe-
doped sample shows semiconducting transport behavior in the
whole studied temperature range besides a kink near 7¢. Except
for two obvious M—I transitions, another inflexion-like anomaly
in the p(7) curve at low temperatures is observed for the Ga-,
Cr-, and Al-doped samples and the inflexion is suggested to be
related to a two transport channel model in these samples.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Among the most studied manganite oxides,
La;_,Sr,MnO; has the maximum one-electron bandwidth
W at the doping level of x ~ 0.3. The magnetic and electrical
phase diagrams of the system are more complicated due to
the subtle interplay of spin, charge, orbital, and lattice
degrees of freedom in the system [9]. The parent compound
LaMnOj; exhibits an A-type antiferromagnetic (AFM) spin
state below a certain temperature 7= 120K. With the
substitution of Sr for La in the doping level x < 0.1, the low
temperature A-type AFM phase changes to the spin-canted
AFM phase. A FM insulator along with charge/orbit ordering
(CO/O0) will appear for strontium concentrations in the
level of 0.1 <x<0.17. As the Sr-doping level increases
further, the magnetic and transport behavior of the system
becomes FM and metallic below the Curie temperature (7¢).
The stable FM metallic phases persist up to almost half
doping level of strontium. In order to clarify the mechanism
of the CMR effect in La;_,Sr,MnQj;, various elements, such
as Fe, Cr, Ga, Al, Ti, Cu, and Ru [10-16], are selected to
substitute for Mn in the system due to the crucial role of Mn
ions in the material. Most experiments reveal that the Mn site
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doping will weaken the long-range FM ordering resulting in
the decrease of Curie temperature. Moreover, magnetic and
nonmagnetic ions doping at Mn sites always have a different
effect [17]. It should be noted that the previous Mn-site
doping works have mainly focused on FM metallic
compounds such as La 7Sry 3MnOj;. Studies on the element
substitution effect in the AFM phase or critical state between
FM and AFM phase are still lacking [15]. In order to
comprehensively understand the Mn-site doping effect in
these materials, we carefully investigate the effect of both
magnetic (Fe, Cr) and nonmagnetic (Al, Ga) ions doping in
the critical compound Lag g,5Sr 175Mng 95X0.0505 at a fixed
doping level x=0.05 (X=Mn, Fe, Cr, Al, and Ga). To
simplify the description, hereafter, the Mn-, Fe-, Cr-, Al-, and
Ga-doped samples are abbreviated as LSMO, LSMFO,
LSMCO, LSMAO, and LSMGO, respectively.

2 EXperImenta| La()'gzssr()v175MHO_95X0'0503 (X = MH,
Fe, Cr, Ga, and Al) polycrystalline samples were synthes-
ized by conventional solid-state reaction method.
Appropriate high purity powders La,O3 (99.99%), SrCO5
(99.9%), MnO, (99.95%), and Fe,03/Cr,03/Ga,03/Al,03
(99.9%) were thoroughly mixed and pre-heated in air at
900°C for 10h. The obtained powders were ground,
pelletized, and sintered at 1000 °C for 10h, 1200 and
1400°C for 20h with intermediate grinding, then the
furnace was cooled down to room temperature. The
structural characterization was examined by powder
X-ray diffraction (XRD) using CuKa radiation at room
temperature. The temperature dependence of the resistance
was measured by the standard four-probe method from 5 to
380K under 0 and 5T magnetic fields on a commercial
Quantum Design physical property measurement system
(PPMS) (1.8 K<T<400K, 0T <H <9T). The magnetic
measurements were performed on a Quantum Design
superconducting quantum interference device (SQUID)
MPMS system (1.8 K<T<400K,0T<H<S5T).

3 Results and discussion Figure 1 shows the powder
XRD patterns of Lao,325Sr0,175Mn0,95X0_05O3 (X :Mn, Fe,
Cr, Ga, and Al) samples at room temperature. The XRD
shows that all the studied samples are single phase with no
detectable impurity materials and the samples had a distorted
perovskite structure. Moreover, the XRD patterns of the
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Figure 1 Room temperature XRD pattern for LaggysSro 175-
Mng 95X0.0503 (X =Mn, Ga, Al, Fe and Cr). The inset shows the
enlarged view in the diffraction angle range of 32° <20 <34°,

nonmagnetic-ion- and undoped LSMGO, LSMAOQO, and
LSMO samples can be well indexed by a rhombohedral
lattice with space group R3C, whereas XRD patterns of the
magnetic-ion-doped LSMFO and LSMCO samples can be
described by the mixed phases of rhombohedral lattice (R3C)
and orthorhombic lattice (Pnma). The rhombohedral phases
are 18.56 and 13.1% for the Fe- and Cr-doped samples,
respectively. The structural parameters can be obtained by
fitting the experimental spectra using the standard Rietveld
technique. The obtained structural parameters along with the
fitting parameter R, are shown in Table 1. Previous reports
show that 5% Fe or Cr substitution for Mn in the FM metallic
compound of Lag;Srg3MnO;5 does not change the crystal
structure of the system due to the similar ionic radii of
Fe**, Cr’*, and Mn>" ions [10-12]. However, our results
indicate that Mn-site doping in the critical compound
Lag g>5910.17sMnO5 has a complicated behavior. Magnetic
ions Fe’' and Cr’" doping change the lattice from
rhombohedral to the mixed phase rhombohedral (R3C) and
orthorhombic (Pnma), where the orthorhombic phase is
dominating phase. The nonmagnetic-ion doped samples
LSMAO and LSMGO have the same crystal structure with
the undoped sample LSMO. It is stated that the lattice

Table 1 Ionic and electron configuration (EC) of X** ions; space group (SG), lattice structure, cell parameters, and unit cell volumes for

Lag 825S10.175Mn0.05X0.0s03 (R: R3C; O: Pnma).

X e (A) EC SG a (A) b (A) ¢ (A) V(A%
Mn** 0.645 Bel R 5.537 5.537 13.376 355.16
Fe’ " 0.645 3 €2 R (18.56%) 5.534 5.534 13.360 354.38

O (81.44%) 5.505 7.797 5.544 237.97
crit 0.615 13,60 R (13.1%) 5.543 5.543 13.377 355.94

O (86.9%) 5.505 7.796 5.546 238.02
Ga*" 0.62 3d'° R 5.544 5.544 13.386 356.33
NG 0.535 [Ne] R 5.538 5.538 13.376 35532
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parameters of the samples doped with nonmagnetic ions are
slightly larger than that of the undoped samples, though AI*
and Ga® " ions have a smaller ionic radius than that of Mn**.
The results are contrary to the Ga-doped La,/;3Sr;,3MnO3
compound, where the lattice shrinks as Ga ions are added to
the sample [13].

The inset of Fig. 1 shows the enlarged view of the XRD
patterns in the 26 range of 32-34°. It is evident that LSMO,
LSMGO, and LSMAO display double peaks (110)/(104)
near 32.5°, while only a single peak can be observed in the
magnetic-ion-doped samples LSMFO and LSMCO at the
same 26 position, indicating the occurrence of the structural
transformation in these two samples. It should be noted that
the parent compound Lag g»551¢ 175sMnO; used in this work is
located in the critical boundary of the FM metallic phase and
PM insulating phase at room temperature [9]. The fragile
balance can be easily destroyed and then structural
transformation can occur in these materials by an external
perturbation such as magnetic field [18, 19]. Actually,
structural transformation induced by external magnetic field
has been observed indeed in Lag g3Srg 17MnO3 by Asamitsu
et al. [19]. Besides external perturbation, our results
demonstrate that magnetic element substitution at the Mn
site can also cause a structural transformation in these critical
La;_,Sr,MnO; compounds.

The temperature dependence of the magnetization
M under an applied magnetic field of 0.01 T at field-
cooling (FC) mode is shown in Fig. 2 for all
La0V825Sr0V175Mn0,95X0_0503 samples. All the studied
samples show an obvious PM-FM phase transition at
corresponding Curie temperature 7 (defined as the
inflection point of the M-T curve). For the undoped sample
LSMO, the value of T¢ (281 K) is consistent with the result
reported previously. Both magnetic- and nonmagnetic-ion-
doped samples show a lower Curie temperature as compared
to that of the undoped sample. The value of T shifts to lower
temperature gradually as the dopant changes from Ga to Al,
then Cr and Fe. The result shows that the variation of 7 for
the doped samples is closely related to the magnetic state
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Figure 2 Temperature dependence of magnetization for LSMXO
samples measured at 0.01 T field under FC mode.
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and the ionic radius of the dopant ions. In order to illuminate
the relationship of change of T and ionic radius of the
dopant quantitatively, the Ar dependence of AT is
plotted in Fig. 3, where Ar and AT are defined as
Ar=rMn*") —r(X*>")  and  ATc=Tc(Mn) — To(X),
respectively. It is shown that AT¢ has an almost inverse
change trend with that of Ar. The Fe-doped sample has the
largest ATc of about 70 K, though Fe*" ion has the same
jonic radius as Mn>" (0.645 10\), whereas the value of AT is
quite smaller for the Ga- and Al-doped samples. That is to
say, magnetic ion doping has a more notable effect on 7 in
the present system than the doping effect with nonmagnetic
ions. The result can be explained by the combined effect of
the difference of electron configuration and ionic radius
between X>* and Mn® " ions in the samples. According to the
DE theory, the decrease of T¢ arises from a weak overlap
between Mn-3d and O-2p orbitals, leading to a weakening of
carrier bandwidth (W) of the e, band. An empirical formula
W = Wy(cos#/2)d>> can be usually used to describe the
noted dependence, where W), 8, and d are the matrix element
depending on the overlap between the neighboring orbitals,
the Mn—O-Mn bond angle and the average Mn—O bond
distance respectively. The change of W, (defined as E-factor)
or Mn—O-Mn angle and Mn-O distance (defined as S-factor)
will change the DE process, leading to the change of Curie
temperature 7¢ [17]. Both E- and S-factor in present samples
have a negative effect on T¢ and the effect of E-factor is
stronger than that of S-factor. In the magnetic-ion-doped
samples, the E-factor plays a more important role in
determining 7 than the S-factor leading to much larger
AT in these samples. However, T¢ of the nonmagnetic-ion-
doped samples is mainly affected by the S-factor, so 7 of the
nonmagnetic-ion-doped samples is closer to the undoped
samples as compared to the magnetic-ion-doped samples.
The magnetization as a function of the magnetic field
M(H) at 5K is shown in Fig. 4. The magnetization reaches
saturation at about 0.5 T and almost keeps constant up to
4.5T for all samples, which is considered as a result of the
rotation of the magnetic domain under external magnetic
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Figure 3 The relation between AMg=Mgs(Mn)— Ms(X),

ATc=Tc(Mn) — Te(X), and Ar=r(Mn>") — (X>T).
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Figure 4 Field dependence of magnetization for LSMXO com-
pounds measured at 5 K.

field. The result shows that both magnetic and nonmagnetic
ions doping in present work do not change the FM ground
state of LSMO. From the M (H) curve we can deduce the
saturation magnetization Mg of the samples. All the element-
substituted samples show a lower saturation magnetization
as compared to those without substitution. From the figure
we can see that doping with 5% magnetic as well as
nonmagnetic ions results in a reduction of saturation
magnetization of about 20%, which is practically indepen-
dent on the doped ions. This is difficult to explain in terms of
a reduced DE interaction by slightly changed lattice
parameters as aforementioned. It seems that the inserted
ions (including magnetic and nonmagnetic ions) locally
suppress the DE interaction in favor of a super-exchange
driven AFM alignment of the spins around the doped ions,
which may be the origin of the observed reduction of the

saturation magnetization because it clearly exceeds the
reduction expected from the doping level. In order to study
the doping effect on Mg by different ions, the variation of Mg
(defined as AMs= Ms(Mn) — Ms(X)) as function of Ar is
shown in Fig. 3. The variation of Mg for the doped samples
has a similar change trend with that of T except for the
Ga-doped sample. The Ga-doped sample has the largest AM
among the four element-substituted samples, whereas its
AT is the smallest. Moreover, from Fig. 3 we can see that the
discrepancy of the effect on Mg between magnetic ion doping
and nonmagnetic ion doping is not such remarkable as the
effect on Tc.

In order to investigate the Mn-site doping effect on
the transport properties of the studied samples, the
temperature dependence of resistivity p(7) is measured in
the temperature range of 5-380 K at zero magnetic field. The
resistive results are shown in Fig. Sa—e for the un-, Ga-, Al-,
Fe-, and Cr-doped samples. For the undoped sample LSMO,
an obvious insulator-metal (I-M) phase transition at
T,1 ~ 279K is observed in the p(T) curve, which is close to
its corresponding 7. The p(T) curve in the low temperature
metallic region below T},; can be well fitted using the formula
o= po+ AT*>, implying that the low temperature electric
transport of the sample is dominated by magnon-carrier
scattering mechanism [15]. When partially Mn ions were
substituted, the transport behavior of the system becomes
more complicated. An [-M transition can also be observed in
the Ga-, Cr-, and Al-doped samples, but the transition
temperature T,; decreases significantly as compared to the
undoped sample. The value of T, is 218, 223, and 228 K for
the samples doped with Ga, Cr, and Al, respectively, which
are listed in Table 2. As temperature decreases from Ty, p
decreases and reaches a minimum value till to a certain
temperature (defined as T},), then increases slowly again.
The value of Tp, is also listed in Table 2. In the low
temperature semiconducting region, another inflexion at T*
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Table 2 The fitting parameters and critical temperature 7" at 0 and 5T field; the I-M transition temperature (7},;) and M-I transition

temperature (75,,) for LSMGO, LSMAO, and LSMCO compounds.

parameters LSMGO LSMAO LSMCO

0T 5T 0T 5T 0T 5T
11 (Qcm) 2.589 2.174 1.735 0.899 5.093 3.996
A (QemK ') 0.0123 0.0072 0.0067 0.0043 0.0110 0.0064
021 (Qcm) — — — — 0.0826 0.0436
02 (Qem) 0.0386 0.0297 0.141 0.034 — —
15, (K) — — — — 466.4 480.4
T»s (K) 24482 1963.5 890.5 1227.9 — —
T (K) 87.5 74.5 56.1 58.5 74.4 73.0
Tp1 (K) 217.6 215.3 224.5
Ty (K) 208.2 195.7 158.7
is observed on the p(7T) curve. We think that the inflexion on  following formula:
the o(T) curve of LSMCO, LSMGO, and LSMAO is
probably caused by the formation of two transport channels o(T) = M. 1)
in the materials as discussed below. As to the Fe-doped P1t 0o

sample LSMFO, p increases continuously with decreasing
temperature besides a small kink near 7. Previous studies
have shown that Mn** in LSMO can be easily substituted by
Fe’" ions at low Fe doping level [19, 20]. Mossbauer
spectroscopy [21] demonstrates that the Fe ion usually
couples antiferromagnetically with its Mn neighbors. The
large value of AT¢ and variation of resistivity in LSMFO
compared to the undoped sample in the present work may be
related to the appearance of local AFM order between Fe®"
and its neighboring Mn ions. 5% Fe substitution in
Lag g25510.17sMnOj is sufficient to destroy the metallic state
below T, the result is contrary to the situation of Fe-doping
effect at Mn site in the optimum-doping Lag;Srg3;MnO3
compound.

The temperature dependence of resistivity p(7) is also
measured under an applied magnetic field of 5T for all
studied samples, the result is also plotted in Fig. 5. It shows
that the resistivity of the samples decreases under the applied
magnetic field, 7,,; peak position shifts to a higher
temperature and T}, position shifts to a lower temperature.
The magnetoresistance (MR) as a function of temperature
based on the measured data is also plotted in Fig. 5. Here
MR is defined as MR = [p(0)—p(5T)]/p(0), where p(0)
is the resistivity at zero field and p(5T) is the resistivity
under 5T. There are obvious MR peaks in the vicinity of
T, in the MR(T) curves of all samples. However, the
field effect on T* is distinct for different element doped
samples. For the Cr- and Ga-doped samples, T" shifts
to lower temperature under the applied magnetic field,
whereas T* shifts to higher temperature for LSMAO.
Moreover, the MR(T) curve exhibits a local minimum near
T* for LSMCO, LSMGO and LSMAO samples. To under-
stand the inflexion at 7" deeply, we try to fit the low-
temperature p(7) curve near the inflexion using different
models (thermally activated conduction law, a variable range
hopping model and the polaron-hopping model [22, 23])
and found the p(T) curve can be well described as the

www.pss-b.com

Here p; = p;; +AT>> represents the resistivity of the
metallic transport channel, p, = p,,exp(7»/T) for Cr-
doped sample, and p, = pyexp(Tr/ T)l/ * for Ga- and Al-
doped samples represent the resistivity of the semiconduct-
ing transport channel. The fitting results for the Ga-, Al-, and
Cr-doped samples are shown in Fig. 6a—c, respectively. That
is to say, there exist two transport channels in the materials:
one is metallic and the other is semiconducting-like. As
discussed above, the inserted ions will locally suppress

3

(a) LSMGO

-
v

p (© cm)

O = N W h O WD BN o
r T

T (K)

Figure 6 The temperature dependence of resistivity under 0 and
5T fields for LSMGO (a), LSMAO (b), and LSMCO (c) samples at
low temperatures. The open symbols represent experimental data
and the lines are the calculated curves according to Eq. (1).
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the DE interaction around the impurity and the electron
hopping between adjacent Mn ions. Therefore, the
resistivity increases and the transport becomes semicon-
ducting-like as the doped ions were inserted. However, the
doping level was quite low and the metallic transport
channel was preserved. The combined effect of the two
channels results in the appearance of the inflexion at 7" in
the p(T) curves. From the fitting, we can see that the
transport properties in the semiconducting channel of the
samples doped with magnetic ions is activated behavior,
whereas the transport properties of the sample doped with
nonmagnetic ions can be well described by a variable range
hopping model. The disorder effect may play an import role
in the transport properties of these samples doped with
nonmagnetic ions.

4 Conclusion In summary, the effect of magnetic
and nonmagnetic ion doping at the Mn site on the
structural, magnetic, and electronic properties of
La0,825Sr0,175Mn0.95X0_0503 (X:Mn, Ga, Al, Fe, and CI')
compounds is investigated. It is found that the structure of
Lag g>5510.175Mng 95X.0503 is sensitive to the magnetic
properties of the doped ions. An obvious structural transition
was found in the magnetic-ion-doped samples LSMFO and
LSMCO. The decrease of Tc caused by magnetic and
nonmagnetic ions has different physical origin. The E-factor
is suggested to play an important role in determining the
change of T¢ for the magnetic-ion-doped samples LSMFO
and LSMCO, whereas the decrease of T¢ in the nonmag-
netic-doped samples is considered to originate mainly from
the S-factor. Two obvious M-I transition are observed in the
p(T) curve of the Ga-, Cr-, and Al-doped samples. In
addition, the p(T) curve of these samples shows an inflexion
in the low-temperature range below 100K. The result is
suggested to be related to a two transport channel model in
these Mn-site-doped samples.
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