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The magnetic and transport behaviours of the Lag.7—»Gd¢Srg.3MnO3 (0< z <0.70) system are investigated. The

experimental results indicate that with increasing Gd doping content, the magnetism of the system changes from the

long-range ferromagnetic order state to the cluster-spin glass state, then to the antiferromagnetic (AFM) state. It is

interesting that the phase separation appears at =0.30 and 0.40 and disappears for z >0.50 where the AFM state

occurs. At high doping content, the transport behaviours exhibit abnormality, e.g. there are two temperature ranges in
which the p—T curves can be well fitted by a variable-range hopping (VRH) model. We suggest that the VRH does not

come from the hopping of carriers between clusters, but from the different magnetic backgrounds in the clusters.
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1. Introduction

In 1993, Helmolt et all'l discovered the colossal
magnetroresistance (CMR) effect in Lag /5Ba; ;3MnO3
film, which has attracted much attention. It is widely
accepted that the transport mechanism is dominated
by double-exchange (DE) interaction and the Jahn—
Teller (JT) effect, but different doping elements lead
Gen-
erally, the doping at the A site causes the Curie

to different electric and magnetic behaviours.

temperature Tg to decrease, and a paramagnetism—
ferromagnetism (PM-FM) transition takes place ac-
companied by an insulator-metal (IM) transition,
with the CMR effect appearing mostly near the PM-
FM transition.

the cluster-spin glass state appears,?~4 a random

With increasing doping content,

Coulomb potential and magnetic fluctuating poten-
tial are created, and the transport mechanism changes
from small polaron activation to variable-range hop-
ping (VRH).2~¢] The doping at the B site directly
destroys DE interaction, and the PM—FM transition
often occurs without the appearance of IM transition.
The magnetic ion Cr®t-doping at the B site leads to
the appearance of PM-FM transition without that of

IM transition. Sun et all®! indicated that because the

electronic configuration of Cr3* is the same as that of
Mn** and both are t;’g eg, it is possible that there is
a DE interaction between Cr3* and Mn3*.

In this paper we study the electric and mag-
netic behaviours of the system Lag 7_,Gd,Srg.3MnO3
(0< z <0.70). Experimental results show that with
increasing Gd doping content, the magnetism of the
system changes from the long-range FM order state
to the cluster-spin glass state and antiferromagnetic
(AFM) state, and phase separation appears in the
cluster-spin glass state; moreover, at high doping con-
tent, the transport behaviour becomes abnormal be-
cause the carriers move during the phase separation

and in the AFM magnetic background.

2.Experiment

The polycrystalline samples Lag.7_»Gd;Srg.3sMnOs3
(z=0.00, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60
and 0.70) were prepared by a conventional solid-
state reaction method. Stoichiometric proportions of
high-purity powders of LasO3, SrCOj3, GdsO3, and
MnO,; were mixed and first fired at 900°C for 12 h.
Then the mixture was heated at 1000°C for 12h
and at 1200°C for 24h to gain a crystalline state.
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Finally, the mixed powders, pressed into pellets, were
reacted at 1400 °C for 24 h in oxygen atmosphere.
X-ray diffraction (XRD) was carried out with a
Rigaku-D/max-yA diffractometer using high-intensity
Cu-Ka radiation to detect the presence of impurity
phase and the changes in structure. Magnetization
measurements were carried out using a Lakeshore vi-
brating sample magnetometer (VSM). The measure-
ments were achieved in warming condition after cool-
ing the sample in zero field or 0.01 T magnetic field
to 5K. The M—H curves were also measured using
the VSM. The electron spin resonance (ESR) exper-
iments were carried out with a BRUKER ER-200D
ESR spectrometer, with the microwave frequency be-
ing 9.61 GHz, and the measured spectra were the mi-
crowave absorption spectra in a temperature range
from 100 to 400 K. The resistivity was measured using
the standard four-probe method in a closed-cycle he-
lium cryostat under zero field (H=0T) and magnetic
field (H=1 and 6 T). The applied magnetic field was
perpendicular to the electrical current, and the mea-
suring electrical current was kept at a certain value
between 1 and 10mA according to the value of the

resistivity of the samples.
3. Results and discussion

Figure 1 gives the powder XRD patterns of all the
samples. The calculated diffraction intensity and the
peak position are in good accordance with the exper-
imental results, and no extra peaks appear. This in-
dicates obviously that the mean structure of the sam-
ples does not show structural change even when the
Gd doping content increases to x=0.70. The XRD re-
sults indicate that all the samples are crystallized in

single phase with ABOg structure.
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Fig.1. XRD patterns of powder samples of
Lag.7—GdzSrg.3MnOs3.

3.1. The long-range FM order state, the
cluster-spin glass state, and the AFM state

The M-T curves of all the samples are shown
in Fig.2, from which we can see that the magnetic
moment of the system decreases with increasing dop-
ing content, and the sample exhibits three types of
magnetic structure: (1) for z <0.20, the M-T curves
under zero field cooling (ZFC) are basically in accor-
dance with those under field cooling (FC). The transi-
tion from PM to FM state is very sharp. The system
exhibits a typical FM behaviour (that is, the long-
range FM order state) after this transition; (2) for
£=0.30 and 0.40, the M-T curves under ZFC are ob-
viously different from those under FC below T (Curie
temperature T¢ is defined as the temperature cor-
responding to the minimum of dM/dT in the M-T
curve), and the system exhibits the cluster-spin glass
behaviour; (3) for z >0.50, the M—T curves under
both ZFC and FC drop rapidly with decreasing tem-
perature below T, and the system exhibits AFM be-
haviour. For x=0.50, the magnetization under FC
decreases with increasing temperature at 7' > 20K
(which is in accordance with that of samples with
2=0.30 and 0.40), but the magnetization under ZFC
and FC increases with increasing temperature for
T < 20K (which is in accordance with that of samples
2=0.60 and 0.70 at low temperatures). So the sample
with £=0.50 shows a transition from cluster-spin glass
state to AFM state.
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Fig.2. The M-T curves of the samples under zero

magnetic field for Lag,7—zGdzSrg.3MnO3.

In order to explore the changes of magnetic struc-
ture at different doping contents, we measured the
magnetic field dependence of magnetic moment (M-

H curves) for Lag.7—;Gd;Srg.3MnO3 (2=0.40, 0.50,
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0.60 and 0.70) at 10K (< T¢), as shown in Fig.3.
For £=0.40, the M—-H curve exhibits a good FM
behaviour. When the magnetic field is larger than
0.02 T, the magnetic moment (M) tends to be satu-
rated with increasing magnetic field, indicating that
though the system is in a cluster state, the magnetic
moments in the clusters turn to the same direction
with increasing magnetic field. This phenomenon is
called the spin-canted ferromagnetism state in some
papers.l For z=0.60 and 0.70, the Gd content is
high, so the Gd—O—Gd short-range order arrangement
occurs and the Gd sublattice with the magnetism is
formed in the La(Sr)-O plane, and the M—H curve
does not show the behaviour like that in samples of
z <0.50 where the M first increases sharply then
tends to be saturated. The M for =0.60 and 0.70
increases slowly even under low magnetic fields and
the M constantly increases with increasing H, but
does not tend to be saturated, which is a typical
AFM characteristic.[®] This implies that the magnetic
moment of Gd3t sublattice is anti-parallel to that
of Mn3* /Mn** sublattice. The sample with =0.50
shows a transition from z=0.40 to £=0.60 and 0.70.
At H > 3T, the M-H curve is similar to that of
£=0.40, and at H < 1T, the M—H curve is similar to
that of  >0.60.
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Fig.3. Field dependence of magnetization for some

samples of Lag.7—GdzSrg.3MnOs3.

We choose Gd as the doping element for two rea-

sons. First, Gd3t ions have a larger magnetic mo-
ment (peg ~ 8.0up), and it would increase T and
strengthen M. Second, the radius < rgqq > of Gd ion
is smaller than the < rp, > of La ion, and this would
decrease T and weaken M. Obviously, the interac-
tion caused by Gd ion itself is a competitive factor for
Tc and M. The magnetism of Gd benefits the phase
transition from PM to FM, and the lattice distortion
caused by the smallness of Gd ion radius < rgq > will
decrease Tc and weaken M. From Table 1, we find
that the magnetism of the system is weakened and T¢
decreases rapidly with increasing Gd doping content.
Obviously, this can be attributed to the fact that the
decrease of average rare-earth ion radius < r4 > leads
to the decrease of tolerance factor ¢t and the distor-
tion of bond length and angle of Mn—O—Mn, thus the
double-exchange is depressed.[?1% Figure 3(b) shows
the relation between M, Tg and (1-t) or = (¢ is in
When z <0.30, T¢

and M decrease linearly with increasing (1-t), which

a good linear relation with z).

means that the magnetism of Gd itself does not play
an important role in the system, and that the decrease
of average radius < r4 > at A site changes the bond
length and the angle of Mn—O-Mn, which dominate
the To and M of the system. When x >0.40, T¢ and
M do not show a linear relation with (1-¢), indicat-
ing that Tc and M are influenced not only by the
change of bond length and angle of Mn—O-Mn caused
by Gd doping but also by the magnetic structure of
the sublattice formed by Gd. Bokov et al['!l studied
in detail the relation between the degree of lattice dis-
tortion and the intensity of magnetism. They found
that when the lattice distortion is small, especially
when a = b = ¢, all the samples exhibit ferromag-
netic properties. And if a, b and ¢ are very different
from each other, the samples generally exhibit AFM
or non-ferromagnetic property. This is in accordance

with the conclusions stated above.

The change of magnetic structure is closely cor-
related with the Gd doping content. For z <0.20, as
the concentration of Gd is low, the system is domi-
nated by the long-range ferromagnetic order of Mn—
O-Mn, both PM-FM and IM transitions are in good
accordance with the results reported previously. For
2=0.30 and 0.40, the La—O-La(Sr) in La—O layer is
ruptured by doping Gd ions which are distributed
individually and randomly in La—-O layer and the
La(Sr)-O-Gd is formed, but the Gd-O—-Gd correla-
tion is not formed. The random magnetic potential

and Coulomb potential of Gd ions make the long-
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range order of Mn—O-Mn impossible, which results
in Mn—O-Mn clusters, and forms a cluster-spin glass
For  >0.50, the Gd ions do not distribute

themselves randomly in the La—O-La(Sr) layers as in-

state.

dividual ions, but are arranged as Gd-O-Gd chains,
and form the Gd—O-Gd sublattice together with the
Mn—O—Mn sublattice, and an AFM structure between
Mn—O-Mn and Gd-O-Gd is formed below T¢.

Table 1. Tg, Tg“set, Tc(ESR), Ty, Tq(VRH) and Tp in Lag,7—;GdzSrg.3sMnO3 (0.00 < z < 0.70) samples.

x 0.0 0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.70
Tc/K 360 318 282 240 163 110 76 66 60
T%“S“ /K 370 330 310 250 180 150 110 110 110
Tc(ESR)/K 370 330 310 280 180 170 110 110 100
T4/K thermally activated model 296 270 222 133
polaron model 285 244 217.6 117
VRH high temperature range 287 203 218 205 202 200
VRH low temperature range - - 172-141  141-108 <162 < 169
T4(VRH)-Tc(ESR)/K  high temperature range 7 23 48 55 62 110
To/107K  high temperature range 0.767 5.35 7.13 15.5 23.4 16.5
low temperature range - - 21.1 67.3 99.0 106

Note: T is the PM—FM transition temperature (that is at the minimum point of dM /dT), Tcomet is the beginning temperature

of PM-FM transition, Tc(ESR) is the temperature corresponding to the appearance of FM state in ESR spectra, Ty is the

temperature where the fitted curve departs from the experimental curve, and T is the parameter in VRH model.

The PM-FM transition of the Gd-doped system
is obviously different from that of other doped sys-
tems. The magnetic transition of this system is very
sharp, even in the cluster-spin glass state. In or-
der to understand this phenomenon, we have studied
the micromagnetism of the system by ESR spectra.
Figures 4(a)—(i) give successively the ESR spectra of
the samples with £=0.00, 0.10, 0.15, 0.20, 0.30, 0.40,
0.50, 0.60 and 0.70 respectively. Figure 4 shows that
the samples with £=0.00, 0.10, 0.15, 0.20, 0.30, 0.40
and 0.50 exhibit single paramagnetic resonance lines
(PRL) with g ~2 at the corresponding temperatures
above 380, 340, 320, 290, 190, 175 and 120 K; and sin-
gle ferromagnetic resonance lines (FRL) with g > 2
at the corresponding temperatures below those stated
above. In Figs.4(e) and (f), the temperature where
‘/\’ is marked is the one corresponding to the appear-
ance of FM state, that is T¢(ESR) in Table 1. The
Tc(ESR) is just the T¢"°* which is the onset temper-
ature corresponding to the occurrence of FM state in
the M—T curve. These ESR lines are different from
those reported previously; most reports indicate that
there is a very wide temperature range for PM-FM
The ESR lines are double-line splitting
from the PRL. That is to say, there are double peaks

in the ESR spectra at the same temperature: one is

transition.

the PRL and the other is the FRL in low fields. With
decreasing temperature, the intensity of the PRL is
gradually weakened, and the intensity of FRL is grad-
ually strengthened and shifts to low fields. At a cer-
tain temperature the PRL disappears and there are
only FRLs. For the Lag.7_ ,Gd;Srg3sMnOj3 system,
there is no double-peak in the ESR line because the
PM-FM transition has been accomplished within 10K
which is the temperature interval of ESR measure-
ment. This also means that the magnetic transition of

the Lag.7_»Gd;Srg.3MnOj3 system is really very sharp.
3.2. Phase separation

From Fig.3(b), we can see that the M decreases
with increasing (1-t) or z, which means that the M
does not contribute to the magnetism of Gd. The
magnetism of the system is still dominated by DE in-
teraction of Mn—O—Mn. From Table 1, we can see that
the T&"*** of the macroscopic magnetic moment for the
system is in good accordance with the Tc(ESR) where
the FM appears in ESR. This implies that the ESR
line comes from Mn—O-Mn. It is interesting that the
ESR lines of the samples with £=0.30 and 0.40 show
a new phenomenon. Figure 4(e) shows that for the
sample with £=0.30, a new bump besides the PRL
line appears at 170-180 K which is above Tg (163 K).
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In the inset of Fig.4(e), we fit the experimental curves
using double Lorentz lines. (The empty circles are ex-
perimental values, the dotted line is the fitting line
of theory and experiment, and the solid lines are the
double Lorentz lines). At 190K, the experimental re-
sult is well fitted by a single PRL; but at 170-180 K,
the double Lorentz lines are exhibited. One is PRL,
the other is FRL. This means that the FM phases
are separated from the PM phase.['21%] Figure 4(f)
shows that there also exists a bump in low magnetic
fields besides the typical PRL at 140-170 K far above
Tc(110K) (see the inset of Fig.4(f)). All the above
show that the FM phase appears in the PM phase for
2=0.30 and 0.40.

For z > 0.50, Tc < 76 K, which lies out of the
measurement range of our instrument (100-400K),
the ESR spectra in Figs.4(g)—(i) are single PRL at
T>110K, and the PRL shifts a little to the low field

at 100 K, while no obvious phase separation is seen.

3.3. The influence of Gd doping on the resis-

tance and transport behaviours

The Lag7_,Gd,;Srg.3MnO3z system exhibits a
complex magnetic structure with increasing Gd con-
tent. It is expected that there are different transport
behaviours under different magnetic backgrounds.
Figure 5 shows the p—T curves of samples with dif-
ferent Gd doping contents under zero magnetic field
and 6T field. It can be seen that corresponding to
the above magnetic structures, there are three kinds
of p—T relations: (1) For z <0.20, the p—T curves be-
low T¢ exhibit a metal-like behaviour. (2) For z=0.30
and 0.40, though there is the IM transition in the p-T
curves, the temperature corresponding to the IM tran-
sition peak is higher than the T, and the p—T curves
on the two sides of the peak are nearly symmetrical;
moreover, the temperature of the peak shifts gradu-
ally to low temperatures with increasing Gd doping.
(3) For £=0.50, the resistivity is three orders of
magnitude larger than that of samples with x <0.40.
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Fig.5. The p—T curves of the samples under zero field and magnetic field (H=1, 6 T) for

Lag.7—2GdzSr0.3MnOs3.
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Though there is the IM transition above T, the p first
increases and then decreases with decreasing temper-
ature for T' < T¢, and the p-T curve at low temper-
atures exhibits insulator-like behaviour again. This
is seldom found in ABOg3 type CMR materials. An-
other new phenomenon is that for z=0.60 and 0.70,
the p—T curve exhibits insulating behaviour even far
above T though there is a magnetic transition. Obvi-
ously, these peculiar phenomena are closely connected
with the magnetic structure of the system. For £=0.30
and 0.40, the random magnetic potential and Coulomb
potential of Gd mainly destroy the Mn—O-Mn long-
range order and thus form the Mn—O-Mn clusters.
For z >0.50, the high-density random magnetic po-
tential and Coulomb potential induced by Gd make
the formation of Mn—O-Mn clusters impossible, and
set ey electrons in Mn-O-Mn in local state, so the
samples with £=0.60 and 0.70 exhibit insulator be-
haviour in the temperature range far apart from the
magnetic transition, and the resistance is beyond the
measurement limit of our instruments. We continue
to decrease the temperature to below T, but the re-
sistance is still beyond the measurement limit. We
guess that the FM arrangement of Mn—O—Mn sublat-
tice is anti-parallel to one of the Gd sublattices be-
low T¢, therefore the motion of e electrons under the
AFM potential which results in the Gd sublattice, is
For £=0.50, the abnormal

change of p—T curve also is connected with its tran-

of insulating behaviour.

sition from the cluster-spin glass state to AFM state.
At T > 20K, the p—T curve is in accordance with that
of the cluster-spin glass state (z=0.30 and 0.40), while
at T < 20K, the system has transited into the AFM
state, the carriers move under the AFM background
and the p—T curve shows insulating behaviour again,
which causes the increase of p after its decrease with
decreasing temperature at low temperatures.[16’17]

In order to investigate the semiconductor-like or
insulator-like transport behaviours of the samples, we
fit the p—T curves under zero field for the samples
with £ >0.20 by using the thermally activated model
p(T) = poexp(E/kpT), the small polaron activated
model p(T) = poTexp(Ep/ksT), and the VRH model
o(T) = poexp(Ty/T)'/*, as shown in Fig.6; the fit-
ting parameters are listed in Table 1. Figure 6 shows
that for samples with 0.20< z <0.40, the tempera-
ture range in which the polaron model fits the exper-
imental is a little different from that obtained using
the VRH model; and for z >0.50, the polaron model
seems to be better than the VRH model, but the ac-
tivated energies Ep of the samples with £=0.30, 0.40
and z >0.50 are respectively 145, 148 and >162 meV,
and these values are obviously too large, so the VRH
model is more reasonable.[8] For the Mn-O-Mn clus-
ter state induced by Gd doping, the VRH induced by
Gd doping probably comes from two aspects. On one
hand, the Gd doping causes not only clusters but also

random distribution of the local spin in PM state in

10—1 2=0.40 ©=0.40
2t < 2r 172K
- 0.0046 (217K) . 0,260 (218K)| 141K
-2 1 /;/ .
g of M 10 / § o}
¢ | 8 g
X 2 0.0037 (270K) \_z=0.30 G 1073 I 0.265 (203 K)
~ | 0.0041 (244K) g . - 2=0.30
A ¥ 5 Q| P RN
-4f | =020 —a’ 410243 (285 K\)\"” =0.20
[ 0.00337 (296 K) 107575 noss1 (285K)—— =020 | ' T
0.003 0.005 0.007 0.003 0.005 0.007 0.24 0.26 0.28 0.30
T_l/K_l —I/K—l T—1/4/K—1/4
10* 102 - 4
=0.60 . 10
1} #~ x=0.50
103} - 10 103}
é 102 i 100} 2=0.70 | g
c 1 R 0.0085 (117.6K) 8 10%}
= s 10! c
Q 1 c <
10%¢ 0.0075 (133K) < 402 S 10'f
0 QU
10 10-3 100k
y 205K
10-1 N . " L 10—4 L 10_1 - . . . N N
0.004 0.006 0.008 0.010 0.012 0.004 0.006 0.008 0.010 0.012 0.24 0.26 0.28 0.30 0.32 0.34

T-1/K-1

T-1/K-!

T-1/4/K-1/4

Fig.6. The fitted curves by using the three models for Lag.7—;GdzSrg.3MnOs3.
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the clusters, so random magnetic potential is formed
and the VRH environment is produced; on the other
hand, the transport of e, electrons between clusters is
obviously of VRH which forms naturally. If the con-
tribution of the latter to the resistance is larger than
that of the former, the resistivity will be dominated
by VRH between clusters at T < T¢. But the p-T
curves in Fig.5 show that for the samples with =0.30
and 0.40, the PM-FM transition occurs along with
IM transition, and the p—T curves exhibit a metal be-
haviour at T' < T¢. This indicates that the VRH
conduction in PM state is mainly dominated by the
scattering in the inhomogeneous PM state inside the
cluster. For high Gd doping, the behaviour of e, elec-
trons is so strange that the p—T relation obeys the

VRH law in the two temperature ranges.

3.4. Abnormal transport behaviour in heavily
doped specimens

From Figs.5 and 6, it can be seen that there
are two unusual aspects of the transport behaviour.
First, for the samples with £=0.30 and 0.40, Figs.5(e)
and (f) show that the temperature of IM transition
is higher than that of PM-FM transition. Second,
for the samples with £=0.40, 0.50, 0.60 and 0.70
in Fig.6, the experimental data fit well to the VRH
model not only in the high temperature range above
Ta’s(VRH)=218, 205, 202, 200K, but also in the low
temperature range 172-141K, 141-108 K, < 162K
and < 169K ( Ty’s(VRH) are the temperatures where
the experimental results depart from the fitting lines,
and they are all higher than Tg).

slopes of the fitting lines in the low temperature range

However, the

are higher than those in the high temperature range.
From Table 1, we can see that for samples with £=0.30
and 0.40, the phase separation takes place at tem-
peratures 180 and 170K, respectively, and the FM
phase is separated from the PM phase at these tem-
peratures. The IM transition occurs along with the
phase separation, so the temperature of IM transi-
tion is higher than that of PM-FM transition. Ad-
ditionally, Fig.3(b) and Table 1 show that for sam-
ples with z >0.50, T and M do not decrease lin-
early with increasing z, whereas Ty(VRH)-Tc(ESR)
increases quickly with z. This implies that the mag-
netic and electric behaviours of the system are not
only dependent on the tolerance factor ¢, but also cor-
related with the magnetic structure of the Gd-O-Gd
It is known that the Gd3*t sublattice is
anti-parallel to the Mn3* /Mn** sublattice, implying

sublattice.

the existence of possible FM state in Gd—O-Gd sub-
lattice. We deduce that at high doping level, the Gd—
O—-Gd sublattice forms a FM state at first, then in-
duces the formation of FM state in Mn—O—Mn sublat-
tice. This FM state is formed earlier than that caused
by t. The temperature where the FM transition ap-
pears in Gd sublattice is T4(VRH). Since the mag-
netism of the Gd-O-Gd is weak, the M for =0.70
is much smaller than that for z=0.00 (Fig.2), and the
PM-FM transition is still dominated by Mn—-O-Mn
for =0.70. In ESR measurements the magnetism of
Gd sublattice also does not exhibit, because it is much
weaker than that of Mn—O—Mn sublattice. However,
the FM of Gd sublattice induces the PM-FM transi-
tion of Mn—O—Mn to take place at higher temperature.
As a result, T and M are higher than the linearly
extrapolated values in the T and M versus (1-t) re-
lations. At different temperatures, there are different
arrangements of magnetic moments in the Gd-O-Gd
sublattice, which is why the fits of resistivity data to
VRH for samples with £=0.40, 0.50, 0.60 and 0.70 are
divided into two temperature ranges. The fitting re-
sults in Fig.6 show that in the high temperature range
above T4(VRH), the Gd3* sublattice is in a PM state,
and the random magnetic potential of Gd contributes
to the VRH background. Therefore, the transport be-
haviour obeys the VRH law.

T—1/4 curves in the high temperature range are nearly

Interestingly, their p-

parallel. Table 1 shows that their T are close to each
other, which indicates that with increasing Gd con-
tent, the sizes of the Gd—O-Gd clusters are almost
the same, e.g. the Gd3t sublattice makes a homo-
geneous random magnetic background. The sample
with £=0.40 exhibits a phase separation in which the
FM clusters are formed, causing a strong magnetic-
potential scattering on the e, electrons, so the ez elec-
trons become localized and the transport obeys the
VRH law below 170K with a steep slope. For higher
doped samples, the ESR results show that the ESR
line with g ~2 appears at T > 110K for £=0.50 in
Fig.4(g), and the g value is a little larger than 2 at
T =~ 100 K. For £=0.60 and 0.70 the g value deviates
a little from 2 only at 100K, and the phase separa-
tion does not occur (see Figs.4(h) and (i)), which in-
dicates again that the distribution of Gd ions is very
homogeneous so that the Mn—O—Mn cannot form clus-
ters. This is also proved in Figs.2(g)—(i). However,
we should emphasize that even for x=0.70, the Gd
atoms have replaced La atoms totally, yet 30% Sr in
the Gd layer is still sufficient to divide the Gd-O-Gd
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sublattice into randomly distributed magnetic clus-
ters. The magnetic state (PM or FM) in the clus-
ters contributes to the random magnetic potential.
For z=0.50 and 0.60, La and Sr atoms divide the
Gd—0O—-Gd sublattice into more randomly distributed
clusters, and the cluster size is smaller than that for
2=0.70. In the PM state, the magnetic moments of
Gd in these clusters are arranged randomly, and form
a relatively homogeneous magnetic-random-potential
background. Below T4(VRH), the clusters of Gd turn
into a FM state. The magnetic potential of the FM
state is stronger than that of the PM state, and the
e; electrons are more localized, leading to a rela-
tively larger Tp. With increasing z, the FM state is
strengthened and causes the magnetic potential to be
stronger. Therefore, below the temperatures 141, 162
and 169 K, the transport behaviour obeys the VRH
law and Ty increases gradually, which is just the re-

sult shown in Table 1.

3.5. CMR effects

Figure 5 shows that the resistivity peak is re-
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duced under a magnetic field. Two factors are known
to cause the influence of magnetic field on the CMR
materials: namely, the thermal fluctuation and the
magnetic moments in the FM state. The former can
be depressed by the applied magnetic field so that
the PM-FM transition occurs at high temperatures,
which means that the IM transition temperature T},
shifts to a higher temperature. The latter results in a
more ordered FM state at the same temperature and
reduces the scattering on the carriers, so that the re-
sistivity in a magnetic field is lower than that in zero
field. These two factors lead to CMR effects.

Figure 7 shows the relationship between the
magnetoresistance MR and temperature T in the
Lag7_,Gd,Srg.3MnO3 system. Here the MR is de-

fined as follows:

_ p(0) — p(H)
p(H)

From Fig.7, it can be seen that for the samples

MR(%) x 100%.

in which there occurs IM transition (i.e. samples with
z <0.50), the MR exhibits a peak near T¢, the peak

intensity of it increases rapidly with increasing Gd
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Fig.7. The temperature dependence of magnetoresistance MR for Lag.7_zGdzSrg.3MnO3.
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doping. For the sample with £=0.50, the maximum
MR value is 5000% at 6 T. Even at 1T magnetic field,
the maximum MR value reaches 200%. From Figs.5
and 7, we also notice that the sensitivity of MR to the
magnetic field increases with Gd doping. For example,
the resistivity under 1T magnetic field is very differ-
ent from that under 6 T for the sample with £=0.50.
This is attributed to the fact that the AFM order can-
not exist under 6 T magnetic field and the insulator
behaviour at low temperatures is depressed, so that
the resistivity decreases rapidly. For the samples with
2=0.60 and 0.70, the insulator behaviour emerges in
the temperature range apart from the magnetic transi-
tion so that the MR is small and is nearly independent
of the magnetic field.!!!

4. Conclusions

In this paper, the influences of Gd doping at the

A site on the magnetism and transport behaviours in

the Lag.7_,Gd,Srg.3MnO3 system have been studied.

The following conclusions are obtained:

(1) The system is in a long-range FM order state
For z=0.30
and 0.40, the samples display a cluster-spin glass be-
haviour. For z >0.50, the system exhibits an AFM

state at low temperatures.

when the Gd doping content is low.

(2) With increasing Gd doping, the transport
mechanism changes from the polaron hopping to the
VRH. The VRH background in the high-temperature
range comes from the random magnetic potential due
to the random distribution of Gd ions, and it comes
from the magnetic connection due to FM arrangement

of Gd sublattice in the low-temperature range.

(3) With heavy doping, the transport behaviour
becomes abnormal due to complex magnetic back-
ground, the p—T curves obey the VRH law with dif-

ferent Ty in the two temperature ranges.
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