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Abstract
The magnetic and transport properties of the polycrystalline samples
La0.67−x Gdx Sr0.33CoO3 (0 � x � 0.67) are investigated. On incorporation
of Gd, the Curie temperature TC progressively shifts to lower temperature, and
the magnetization increases rapidly below 60 K with decreasing temperature.
This increase of magnetization can be attributed to the paramagnetism of the
Gd sublattice. However, in the system La0.7−x Gdx Sr0.3MnO3 the Gd sublattice
forms a ferromagnetic structure at high-doping level,and the magnetic moments
of the Gd sublattice are antiparallel to those of the Mn sublattice. The resistivity
curves show a metal–semiconductor transition upon doping with Gd, and
x = 0.40 is the critical doping point. The experimental resistivity can be
fitted by the expression ρ = ρ0 + ρ2T 2 for metallic samples below TC. In
the metallic samples (x < 0.4) the magnetoresistance (MR) peak is near the
Curie temperature, and the MR occurs over a large temperature range. With
decreasing temperature, the peak is reduced and the MR range is narrowed.
For insulating compositions (x > 0.4) the MR peak near TC disappears and the
low-temperature MR is greatly enhanced.

1. Introduction

Since Von Helmolt et al first reported the colossal magnetoresistance (CMR) discovered in
LaBaMnO film in 1993, [1] this type of perovskite oxide has received extensive and intensive
studies [2]. So far, the double-exchange (DE) theory suggested by Zener, and the Jahn–
Teller (JT) effect associated with Mn3+ ions have become two key roles for understanding the
conductive mechanism of the mixed-valence manganites La1−x Mx MnO3 (M = Ca, Sr, Ba,
Pb, etc) [3].

During this period, Briceño et al [4] discovered large magnetoresistance in another type
of perovskite compound, La1−x MxCoO3 (M = Ba, Sr, Ca, Pb) in 1995. However, unlike Mn-
based oxides to which the most of the attention has been paid, there are very few reports on
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the magnetoresistance of Co-based oxides, and most of the recent studies have concentrated
only on La1−x Srx CoO3 and LaCoO3 [5–10].

The differences between Mn-based oxides and Co-based oxides can basically be attributed
to the characteristic electronic structure and spin configuration of Mn and Co ions. In the parent
compound LaMnO3, the spin configuration of Mn3+ is t3

2ge1
g with S = 2. The substitution of

divalent alkaline-earth elements for La in LaMnO3 leads to the conversion of Mn3+ into Mn4+

ions which are in the t3
2ge0

g state (S = 3/2). Their spin states are invariable with temperature
in Mn-based perovskite because the Hund’s rule coupling of the carrier (eg electron) to the
core spin (t2g electrons) is larger than the crystal field energy. Yet in Co-based perovskite the
situation is complicated. In LaCoO3, trivalent Co ions are all in the low-spin (LS) state CoIII

(t6
2ge0

g, S = 0) at the lowest temperature. With increasing temperature (35–110 K), CoIII is

progressively converted into the high-spin (HS) state Co3+ (t4
2ge2

g, S = 2), or the intermediate-

spin (IS) state (t5
2ge1

g, S = 1), because the crystal-field splitting strength is slightly larger than
the Hund’s rule coupling energy and the small energy difference (≈0.03 eV) allows thermal
excitation of t2g electrons into the eg energy level [5, 11, 12]. In the range of 110–350 K,
the ratio of HS to LS Co ions stabilizes near 50:50, and above 350 K the remaining LS CoIII

are progressively converted into the HS state. Upon doping divalent Sr2+ into LaCoO3, some
of trivalent Co ions are transformed into tetravalent Co which also contain a mixture of low
and high spin sates (HS: Co4+, t3

2ge2
g, S = 5/2 [13]; LS: CoIV, t5

2ge0
g, S = 1/2 [5]; IS: Coiv,

t4
2ge1

g, S = 3/2 [14]). Additionally, tetravalent Co can stabilize HS Co3+ near it down to the
lowest temperature [5]. Besides, a physical or chemical pressure can be another possible factor
controlling the spin state of cobalt oxides [15–17]. This spin-state transition is an interesting
subject.

The magnetic phase diagram of La1−x Srx CoO3 has been established by different
investigators [5, 6, 18]. The diagram clearly shows that a ferromagnetic (FM) transition appears
at x > 0.2–0.25 with increasing Sr content. However, it is not a long-range ferromagnetic
order. The magnetization measurement result indicates a cluster-glass behaviour for the
La1−x SrxCoO3 system at x > 0.18, because those domains with rich Co4+ ions stabilizing the
nearby HS Co3+ form many ferromagnetic clusters in the LS CoIII matrix [18]. When the Sr
content is over 0.25, the conductivity displays a ferromagnetic metallic behaviour while it is
insulator-like below 0.2.

Since the spin states of Co ions play such an important role and they can be thermally
excited and modified by tetravalent Co due to Sr doping or chemical pressure, it is of interest to
try the substitution of magnetic ions for the A-site, which has seldom been done in this system.
In our present work, we doped magnetic Gd3+ ions with a magnetic moment µeff ≈ 8.0 µB into
La0.67Sr0.33CoO3 cobaltites in order to investigate the coupling of A-site ions and Co ions. The
radius difference between Gd3+ and La3+ is relatively large (Gd3+: 1.107 Å; La3+: 1.216 Å) [19].
We calculated the tolerance factor t and found it is in the range of 0.923–0.972 for Gd-doped
La0.67Sr0.33CoO3. These t-values are appropriate for the perovskite structure. In fact, we
have a series of doping level samples up to Gd0.67Sr0.33CoO3 associated with some structural
changes in the high-doping ones. In addition, we prepared Gd-doped La0.7−x Gdx Sr0.3MnO3

as a comparison, and found that the magnetic behaviour is totally different from the Gd-doped
Co-based oxides.

2. Experimental details

Polycrystalline samples La0.67−x Gdx Sr0.33CoO3 (x = 0.00, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50,
0.60, 0.67) were synthesized by a conventional solid state reaction method. Appropriate
amounts of La2O3 (preheated at 400 ◦C for 4 h before measurement), Gd2O3, SrCO3 and
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Figure 1. X-ray-diffraction patterns of La0.67−x Gdx Sr0.33CoO3 (0 � x � 0.67).

Co2O3, were mixed and heated in air at 800 ◦C for 14 h, 1000 ◦C for 12 h, and 1200 ◦C for
24 h with intermediate grinding. Finally, the powder was pressed into pellets and sintered in
air at 1300 ◦C for 30 h, then furnace cooled down to room temperature. (When preparing the
sample x = 0.67 at 1300 ◦C, the pellets of Gd0.67Sr0.33CoO3 melted. Then it was prepared
again at 1200 ◦C as the final sintering temperature.) To make a comparison, we prepared
La0.7−x Gdx Sr0.3MnO3 (x = 0.40, 0.60) by the same method.

The structure and phase purity of all as-prepared samples were checked by powder
x-ray diffraction (XRD) using Cu Kα radiation at room temperature. As shown in figure 1,
the XRD patterns of La0.67−x GdxSr0.33CoO3 prove the single phase of these samples (except
for x = 0.60 and 0.67 which contain a very little impurity) and a rhombic to orthorhombic
structure transition upon increasing the Gd content up to x = 0.40. The measurements
of magnetization were carried out using a Lake-Shore 9300 vibrating sample magnetometer
(VSM). The resistance was measured by standard a four-probe method in the temperature
range 4.2–300 K with an Oxford 15T system.

3. Results and discussions

3.1. Magnetism

After zero-field cooling (ZFC) down to 5 K, the magnetization data were collected in a 100 Oe
magnetic field during the warming process. In figure 2, it can be seen that Gd doping not only
drives the Curie temperature (TC) to lower temperature but also weakens the magnetization of
the system. The values of TC for all samples, defined as the inflection point in the M–T curves,
are summarized in table 1. In figure 5 we plot TC versus the t-factor. It is apparent that with
decreasing t-factor (increasing Gd content) TC is greatly reduced. Amazingly, for the samples
with x > 0.10, their magnetization increases rapidly below 60 K with cooling, whereas in
all of the reported CMR materials, M usually decreases or tends toward saturation with the
temperature decreasing below TC. For an example, the magnetization decreases with cooling
in Gd-doped manganites La2/3−x Gdx Ca1/3MnO3 or La2/3−x Gdx Sr1/3MnO3, which has been
assigned to spin-canted, even antiferromagnetic or ferrimagnetic behaviour [20–23]. To have a
direct comparison, we show the magnetization of La0.7−x Gdx Sr0.3MnO3 (x = 0.40 and 0.60)
in figure 3. For x = 0.40, M decreases below 40 K, and for x = 0.60 it sharply drops to zero
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Figure 2. The temperature dependence of magnetization for La0.67−x Gdx Sr0.33CoO3 samples in
a 100 Oe magnetic field.

Figure 3. The temperature dependence of magnetization for La0.7−x Gdx Sr0.3MnO3 (x = 0.40,
0.60) samples; the insets shows M–H curves at 10 K.
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Figure 4. The field dependence of magnetization for La0.67−x Gdx Sr0.33CoO3 (x = 0.00, 0.40,
0.60) samples. The insets in (a) and (c) show the Gd3+ contribution to the magnetization for
x = 0.40 and 0.60.

at low temperature. Even after a field-cooling process, the M–T curve cannot recover its flat
shape below TC. In the inset of figure 3, the magnetization does not even reach saturation under
60 kOe, especially for the sample with x = 0.60. All of these features clearly demonstrate that
antiferromagnetism occurs with Gd doping in manganite La0.7Sr0.3MnO3. Some investigators
have suggested that the Gd sublattice being antiparallel to the Mn sublattice contributes to
this antiferromagnetism [21, 22]. In our samples, a totally different result from the Mn-based
oxide is observed in figure 2. In contrast, we can conclude that a parallel alignment of Gd and
Co magnetic moments may be a reasonable arrangement. However, the problem is whether
this alignment is forced by field/temperature or is a spontaneous behaviour; namely, is it due
to paramagnetism (PM) or ferromagnetism? In fact, a similar experimental result in which a
significant increase of magnetization occurs at low temperature under 10.85 and 50 kOe fields
has been reported in Gd0.5Ba0.5CoO3 by Troyanchuk et al [24], and they indicated that it could
be ascribed to the paramagnetic contribution of a Gd sublattice, yet their focus is not on this
point. The following experimental results and analysis will elucidate this to some extent.

To get a clearer picture of the magnetic behaviour, we measured the field (H ) dependence
of the magnetization (M) at some temperature points for three typical samples (shown in
figure 4). The two M–H curves for every sample are measured at two special temperature
points. One of the curves is measured at 10 K, that is in the rising region of the magnetization
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Table 1. The measured Curie temperature TC, transition temperature Tp of resistivity, and fitting
parameters ρ0, ρ2, which are described in text.

Sample (x) 0.00 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.67

TC (K) 231 226 217 197 176 144 107 87 83
Tp (K) 229 222 210 197 171 134 — — —
ρ0 (0 T) (10−6 � cm) 52.70 62.13 83.39 125.42 121.77
ρ2 (0 T) (10−9 � cm) 2.010 1.993 1.838 2.574 1.597
ρ0 (6 T) (10−6 � cm) 53.83 84.07 127.37 120.34
ρ0 (6 T) (10−9 � cm) 1.370 1.325 2.087 1.522

(below 60 K), and the other is in the temperature between 60 K and TC. The M–H curves of
x = 0.00 in figure 4(a) show a ferromagnetic shape well at both 10 K and 150 K. However,
the M–H curves at 10 K for x = 0.40 and 0.60 in figures 4(b) and (c) are quite different
from that in figure 4(a) for x = 0.00, and their M increases consistently with applied field,
without saturation, and, with increasing Gd content, rises more rapidly. This is similar to the
results of the La0.7−x GdxSr0.3MnO3 system (the inset of figure 3). However, the M–T curves of
La0.7−x Gdx Sr0.3MnO3 (figure 3) and La0.67−x Gdx Sr0.33CoO3 (figure 2) are noticeably different
from each other. As we know, if the ferromagnetic coupling works, the magnetization should
be saturated in such a high field, while this is not the case, and with more Gd the magnetization
process is broadened. So, the probability of ferromagnetic coupling between the Gd sublattice
and the Co sublattice can be excluded.

The magnetism measurement gives many interesting results. We now present the following
scenario to analyse these results. Upon Gd doping, the effects caused directly by Gd are:
(1) the lattice parameters are changed, (2) the internal magnetic environment of the Co ions
is modified. The radius of Gd3+ is smaller than La3+. Using Gd to substitute La leads to the
reduction of the average radius of the A-site, producing a distortion of the Co–O–Co bond, such
as a decrease of the Co–O–Co angle [9, 14], which weakens the coupling among the Co ions.
This is manifested by the fact that TC is driven to a lower temperature and the magnetization
exhibits a drop with Gd doping. On the other hand, Gd3+ has a rather big effective magnetic
moment. This disordered magnetic potential acts on Co–O–Co, resulting in the blocking of the
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long-range ferromagnetic order in Co–O–Co. This may be another reason for TC decreasing
with increasing Gd content.

Fgure 2(b) clearly shows the great reduction of TC with increasing x (see table 1), while
the starting temperature for significant increase of M does not change a lot; it is approximately
between 60 and 40 K for 0.20 � x � 0.67. To assure the origin of the magnetization increase at
low temperature, we apply the following treatment to the M–T data at low field. First, the FM
matrix component of the magnetization by the Co sublattice is subtracted from the M–T curves
based on the platform M-value after the PM–FM transition. Then the 1/M versus T curve
below 60 K is plotted in figure 6(A). However, the linearity is not ideal. We believe that this is
because the method that we use to treat the M–T curves is imperfect. Since the M–T curves
of the x = 0.00, 0.10, 0.05 samples drop down gradually at low temperature, it is reasonable
that the ones of the other samples would drop down, too, if they are without the contribution
of Gd paramagnetism at low temperature. Therefore, the treatment above ignored the Co
sublattice’s behaviour at low temperature. Therefore we found a new treatment which would
solve this problem. We follow these steps. First, the M–T curves in figure 2(b) are normalized
by the TC and M value at 0.9TC (scaled as T/TC, the rising region of M is approximately
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below 0.30, 0.35, 0.40 and 0.5 TC for x = 0.20, 0.30, 0.40, and 0.67, respectively); then, the
M–T curve at x = 0.00 is subtracted from the others; finally, the subtracted M–T curves
are replotted as 1/M versus T . Figure 6(B) show the results for x = 0.20, 0.30, 0.40 and
0.67. The inset (a) gives the normalized curves, and the inset (b) shows the subtracted curves,
which is the contribution of Gd sublattice. This treatment, although it is still an approximate
one, seems to be more reasonable since the reduction of the Co sublattice magnetism induced
by Gd doping can be largely excluded through the method of normalization, and the similar
Co sublattice behaviour can also be removed from various doping-level samples. In fact, it
can be seen in figure 6(B) that the 1/M–T curves clearly demonstrate a linear relation below
0.3–0.5TC. This follows the Curie–Weiss law, which describes the paramagnetic behaviour at
low field. However, there is one notable thing from figure 6(B): the negative interception at
temperature axis. In our system, the Gd paramagnetism parasitizes in the FM matrix which
is attributed to the ferromagnetic arrangement of Co–O–Co. Therefore, we can deduce that
there may exist a rather weak coupling between the Gd and Co sublattices; that is to say, the
ferromagnetism of the Co sublattice causes ferromagnetic fluctuations in the Gd sublattice.
These FM fluctuations are antiferromagnetically arranged with the FM Co sublattice. As a
result, the system magnetization after subtracting the FM matrix will show an antiferromagnetic
characteristic. However, it is also possible that the impreciseness of this subtraction method
causes the upward translation for the line.

At high field, through the standard Brillouin function expression in a paramagnetic system,

〈µ〉 = JgJ µB BJ (x)

where BJ (x) = (1 + 1/2J ) coth[(1 + 1/2J )x] − (1/2J ) coth(x/2J ) is the Brillouin function,
x = JgJµB B/kBT , we calculated the field dependence of the Gd paramagnetic magnetization
at 10 K per gram of sample (shown in the inset of figure 4(a)). Then, we subtracted the Gd
paramagnetic contribution from the experimental M–H curve of x = 0.40 at 10 K. The
subtracted M–H curve is plotted in the inset. It is very similar to the one of undoped sample
x = 0.00, which implies that the rapid increase of magnetization at low temperature (<60 K) is
indeed derived from the Gd paramagnetic contribution. However, we find the subtracted result
for x = 0.60 is very different from the undoped sample. It is much smaller than the M–H
values of x = 0.00 at 10 K (the inset of figure 4(c)). From the features of M–H curve, it seems
that there are some AFM or ferrimagnetism fractions contributing to the lack of saturation for
heavily-doped samples. Of course, this AFM or ferrimagnetism should come from Co–O–Co
since lattice distortions can cause a change of exchange interaction.

The substitution of Gd for La causes an essentially different result in the manganites and
cobaltites. In the introduction, we mentioned that the primary divergence between Co and
Mn ions is the electronic structure and spin state. Mn3+/Mn4+ has a half-filled t2g state which
forms a strong localized core spin. Therefore, Mn3+/Mn4+ can magnetically couple with Gd3+.
In other words, after transition the FM Mn3+–O–Mn4+ induces the ferromagnetism of the Gd
sublattice, and both magnetic lattices antiferromagnetically couple with each other, which
leads to the lowest energy of the system. The trivalent Co ion does not own a half-filled t2g

state, and, especially, it has an LS state with zero spin. In the La0.67Sr0.33CoO3 system many
of trivalent Co ions are in the LS state, so that the coupling between the Gd and Co sublattices
will be rather weak. The FM Co3+–O–Co4+ cannot cause the parallel arrangement of Gd3+

magnetic moments, so the Gd sublattice remains in the PM state. The macromagnetism of the
system is the contribution of the FM Co sublattice added to the PM Gd sublattice. In summary,
the reason for the completely different magnetic behaviour, AFM in Gd-doped cobaltites, and
PM in Gd-doped manganites, is that the magnetism of Mn–O–Mn is stronger while that of
Co–O–Co is weaker.
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Figure 7. The temperature dependence of the resistivity for La0.67−x Gdx Sr0.33CoO3 (0 � x �
0.67) samples under zero and 60 kOe magnetic field (arrows show the position of Tp ): (a) low-doped
samples, (b) high-doped samples.

3.2. Electrical resistivity

The temperature dependence of the resistivity under zero and 60 kOe field is shown in figure 7.
The conductive behaviour for La0.67Sr0.33CoO3 is similar to that of a conventional ferromagnet
metal, which is consistent with the previous reports [5, 10]. In figure 7(a), it is clear that there
is a steep change in the slope of the ρ–T curve at Tp for low-doped samples. The transition
temperatures Tp (defined as the peak of dρ/dT ) are summarized in table 1, and they are
approximately equal to TC, which implies a correlation between the conductive and magnetic
transition. When T > Tp, the metallic conductivity is in the PM background; when T < Tp

it is in the FM state. As x increases, the sample’s resistivity rises gradually. However, the
sample x = 0.20 is abnormal, since its resistivity is larger than the one of the sample x = 0.30.
A similar occurrence appeared in the literature for La0.8Sr0.2CoO3, which is in the sensitive
composition region [7, 25]. Here, it is different, and the reason is unclear. For x > 0.40 in
figure 7(b), the system exhibits a semiconducting behaviour (dρ/dT < 0). For x = 0.40 in
figure 7(a), the conductivity shows metallic behaviour (dρ/dT > 0) at high temperature; when
the temperature decreases, a slope change appears, which is the same as for samples x < 0.40;
with further decreasing temperature, the resistivity increases and semiconducting behaviour
occurs. Therefore, x = 0.40 is a critical doping point. Sun et al [26] found the same result
in La0.67Sr0.33CoO3 with Fe doping. Upon Fe doping, some of Co are replaced by Fe, and it
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Figure 8. Resistivity in zero field fits to ρ–T 2 (0 � x � 0.30). The dashed lines are guides to the
eye.

is considered that the blocking of some of the transport channels results in the enhancement
of resistivity. Here in La0.67−x Gdx Sr0.33CoO3, the Gd doping does not block the Co–O–Co
transport channel directly, and the quantity or proportion of tetravalent and trivalent Co ions is
not modified, as it is an A-site substitution. The probable reasons for the increase of resistivity
and the metal–semiconductor transition are the following.

(1) The radius of the Gd3+ ion is smaller than that of La3+. The Gd substitution for La reduces
the average radius of A-site, leading to changes of the Co–O bond length and Co–O–Co
angle, weakening the ferromagnetic coupling of Co–O–Co and forming an energy gap
that is against carrier transfer between Co–O–Co.

(2) The disordered local magnetic and Coulumb potential from Gd3+ ions give a strong
scattering on the carriers. As a result, the conductivity is reduced smoothly, and
semiconducting behaviour appears at high-doping level.

In Gd-doped manganites, the appearance of antiferromagnetism immediately induces the
increases of resistivity and insulating behaviour at low temperature. However, there is no
obvious correlation between the increase of magnetization and the IM transition with doping
in La0.67−x Gdx Sr0.33CoO3. This result simply indicates the weak coupling between Gd3+ and
Co ions, too. To analyse the conductive behaviour in detail, we fitted the resistivity to an
expression of the form ρ = ρ0 + ρ2T 2 for metallic samples, as a significant T 2 dependence
of resistivity [27] is often observed in metallic ferromagnets such as Fe, Co, and Ni. The
first term ρ0 is temperature independent; it arises from the contribution of grain or domain
boundaries, and defects because of polycrystalline samples. In figure 8 the relations of ρ versus
T 2 are plotted. A nearly perfect linearity for all curves is demonstrated extending to almost
the full range of the region below TC, except for a small deviation at very low temperature.
The origin of the T 2 term has been discussed in detail by Snyder et al [28]. They suggested
a single-particle, spin-flip excitation mechanism for the T 2 dependence. Although a general
electron–electron scattering mechanism also gives a T 2 dependence of the resistivity which
is not necessarily field dependent, this is effective at low temperature because the T 2 law can
dominate only when the thermal vibration of the lattice has been suppressed. We fitted the
resistivity data under 60 kOe field to the above expression. It is found that the range of T 2

dependence still extends to nearly TC, and the coefficient of the T 2 term decreases greatly.
Meanwhile, the temperature-independent term ρ0 increases a little. The parameters ρ0, ρ2 are
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Figure 9. The temperature dependence of the magnetoresistance for La0.67−x Gdx Sr0.33CoO3
samples: (a) low-doped samples; (b) high-doped samples.

summarized in table 1. This may indicate that the spin-flip excitation mechanism is suitable
in our system.

3.3. Magnetoresistance

In figure 7 we show the temperature dependence of the resistivity under zero and
60 kOe magnetic field, respectively. Under applied magnetic field, the resistivity of
La0.67−x Gdx Sr0.33CoO3 is compressed in most of the temperature range, though the extent
of the change is not so great as in mixed-valence manganites. The MR, defined as
(ρ(H ) − ρ(0))/ρ(H ), is plotted in figure 9. For the metallic samples x = 0.00, 0.10, 0.20 and
0.30, the MR shows a peak near TC, and this occurs in a large temperature range, which is the
same as the usual CMR and can be attributed to the strongest suppression of spin-disordering
with application of the magnetic field. With Gd doping, the MR peak is gradually reduced, and
the MR range is narrowed. Meanwhile, the low-temperature MR is enhanced. When x = 0.40,
the low-temperature MR is obviously comparable with the peak one at TC. For the high-doping
level samples x = 0.50, 0.60, and 0.67, the MR keeps increasing at low temperature and the
MR peaks disappear near TC, which indicates that the mechanism of low-temperature MR
should be different from that of the high-temperature MR near TC. It could be correlated to
the grain boundary effects or other sources of spin disorder and frustration associated with the
weakening of the ferromagnetism of Co–O–Co, such as the suppression of disordered local
magnetic moments of Gd, which leads to the reduction of magnetic scattering. Interestingly,
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the MR in La0.67−x GdxSr0.33CoO3 is rather different from that in La0.7−x Gdx Sr0.3MnO3, since
Gd doping in La0.7Sr0.3MnO3 enormously enhances the MR near TC [22]. Because of the
complex magnetic structure and spin configuration in cobaltites, the mechanism of CMR is
not yet well understood, and deserves more detailed attention.

4. Conclusion

In summary, we report some experimental results in La0.67−x Gdx Sr0.33CoO3, which is very
different from the La0.7−x Gdx Sr0.3MnO3 system due to the divergence of the electronic
structure and spin state between Mn and Co. The magnetization of this system reveals a
surprising behaviour that the magnetization rises rapidly below 60 K with the decreasing
temperature. This can be well understood in terms of the paramagnetism of the Gd sublattice.
This implies that the coupling between the Gd and Co sublattices is weak and negligible.
With the incorporation of Gd, TC shifts from 231 K for x = 0.00 to 83 K for x = 0.67.
Resistivity results display a good T 2 relation for metallic samples. The MR peak occurs
at TC for 0 � x � 0.40. Then it disappears, while the low-temperature MR is large for
0.40 < x � 0.67.
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