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a b s t r a c t

It has been observed that in nanowires (diameter � 100 nm) of a rare-earth (RE) transition metal (TM)
alloy GdxCo1�x(x¼ 0.4) the magnetic transition temperatures like the magnetization compensation
temperatures ðTcmÞ can be shifted upward by nearly 350 K compared to that of the bulk and be made as
high as 850 K. The saturation magnetization ðMSÞ remains high over the whole temperature range
compared to that the bulk and at room temperature the enhancement in MS is 33%. This enhances the
applicability of the RE-TM alloy to well above the room temperature. The magnetic experiments were
carried out in the temperature range 80 Ke1100 K on the alloy nanowires grown by electrochemical
synthesis in the nanopores of Anodic Aluminium Oxide (AAO) templates. It has been established that the
large shift in the Tcm is linked to qualitative change in the nature of the anisotropy energy EA on size
reduction, in particular in the temperature derivative dEA=dT that reaches more or less temperature
independent value in the nanowires.
1. Introduction

Alloying of Gd, a rare-earth metallic ferromagnet with a local
moment of S¼ 7/2, with Co, an itinerant 3d transition metal
ferromagnet, promises interesting physics[1] as well as applica-
tions. For instance, when Co is alloyedwith Gd, the Rare-earth (RE)-
Transition-metal (TM) coupling becomes strongly anti-
ferromagnetic [2]. This tunes the ferromagnetic order in Gd and
leads to ferrimagnetic order with well-defined compensation
temperature ðTcmÞ where the total magnetization becomes a min-
imum. This allows one to engineer rather low ferromagnetic tran-
sition temperature of Gd (TC ¼ 295.2 K) [3] to a higher value of
transition temperature that is well above room temperature. In
addition, there are other advantages as mentioned below where
alloy of Gd and Co becomes attractive in spintronic, magneto-
caloric refrigeration, magneto-optical devices and other
applications.

The value of Tcm depends on the relative compositions of Gd and
Co [4]. There is a wide range of application of Gd-Co binary alloys.
Gd rich alloys (Gd0.75Co0.25, Gd0.65Co0.35) and intermetallic
om (M. Chakravorty), arup@
compounds (Gd3Co4, Gd4Co3) [5,6] have very high coefficient of
magneto caloric effect (MCE) which could be used in magnetic
refrigeration process. The Co rich compositions are greatly used for
magneto-optical devices [4]. Due to its large spin polarization, the
compensated composition of Gd-Co is used in multilayer giant
magnetoresistance (GMR). For temperature below and above Tcm
the alloy shows negative and positive GMR effect [2,4e8]. The Hall
effect measurement of the TM rich GdCo3 and Gd(Co0.25Ni0.75)3
showed that the Hall voltage is associated with the Co moment and
at Tcm the sign of Hall resistance is sharply changed [1].

Recently it has been established that Gd, which has compara-
tively lower work function (fm ¼ 3.5 eV) could be used in spin-
tronic devices for reduction of the Schottky barrier. Due to its large
tunnel spin polarization (TSP) and low fm value, if the contact pads
of a Si-spintronic device aremodified as Ferromagnet/Gd/Insulator/
Si, the resistance-area (RA) product (contact resistance � contact
area) decreases 108 times for a Gd film of thickness larger than 1 nm
[9,10]. However, low value of the TC close to room temperature,
inhibits application of Gd. Thus alloying this with TM like Co mit-
igates these deficiencies. Other than enhancing the value of Tcm, the
fm value of Gd-Co alloy can also be lowered by alloying and this
enhances the TSP increases at higher temperature [10].

Recent theoretical reports show that the Tcm value of binary
alloys can be shifted to high temperature by increasing its
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Fig. 1. (Colour online). (a) Cyclic voltammetry curve of GdCo NW deposition. (b) Pulse
current vs. time for NW preparation.
anisotropy energy ðEAÞ [11,12]. One of the ways one canmodify EA is
by size reduction where, shape anisotropy can add on to the
intrinsic magnetocrystalline anisotropy. In a low dimension struc-
ture, like a nanowire, the shape anisotropy ðEkÞ dominates over
magnetocrystalline anisotropy ðEmcÞ and in the nanowire where
both the anisotropy parallel to the nanowire axis the overall
anisotropy energy ðEA ¼ Ek þ EmcÞ value increases due to larger
contribution by Ek. Therefore if we use low dimension structure of
GdCo alloy like a nanowire, in spintronic devices, it may be possible
to shift Tcm at very high temperature compared to the bulk and the
device could be used at very high temperaturewith large TSP value.
With this motivation we explored whether nanowires of Gd-Co
alloy (for a given composition) can have higher Tcm. As described
in details below, we find that this indeed is the case that the Tcm in
nanowires are much larger compared to those of bulk alloys of
same compositions. We also explore the likely cause as can be
induced by change in EA.

In this work we have chosen the composition GdxCo1�x with
x¼ 0.4 which has a Tcmz 500 K in the bulk, that is considerably
higher than room temperature [4]. We investigated increment of
Tcm in Gd0.4Co0.6 alloy nanowires. We observe an upward shift of
Tcm by z 350 K. To our knowledge, this is the first report where
GdCo alloy NW has been studied rigorously and such a large shift in
transition temperature has been observed.

2. Experimental

2.1. Sample preparation and characterization

The experiments were carried out on two samples. One sample
is an array of Gd0.4Co0.6 alloy nanowires with diameter � 100 nm
and length � 50 mm grown by a three electrode electrochemical
deposition technique within nanopores of an Anodic Aluminium
Oxide (AAO) template. The sample is referred to as “NW”. Platinum
(Pt) plate was used as a counter electrode (anode) and Hg/HgCl2
was used as a reference electrode. One side Silver (Ag) coated
Anodic Aluminium Oxide (AAO) template was used as a working
electrode (cathode). The nanopores in the template used have an
average diameter of 100 nm as established by imaging with Scan-
ning Electron Microscope (SEM). We used the inorganic electrolyte
which contained 0.2M GdCl3,7H2O and 0.2M CoSO4,5H2O. By
adding 0.3MH3BO3 the pH of the electrolyte was maintained at 3.5
which ensured best deposition. Previous reports showed that alloy
NW of Gd-Co which was made by using organic electrolyte [13]
contains very low Gd content. As the Gd content decreases, Tcm
value also decreases. Here we want to check the enhancement of
Tcm in low dimension structure at high temperature region and
therefore a moderate Gd content sample has been chosen. We
observed that using conventional electrolyte salts as mentioned
before, alloy NW of a desired stoichiometry can be made.

The Cyclic voltammetry (CV) curve shows a peak at �2.5 V and
this is the oxidation potential to prepare Gd0.4Co0.6 alloy nanowire
inside the AAO template. The electrochemical deposition has been
done at �2.5 V. Here pulse deposition technique was followed
with a pulse width of 1 s. The duty cycle of the pulse was 50/50
(see Fig. 1). For deposition potential within the range of 0 V to�2 V,
a GdCo oxide NW forms preferably. As the potential decreases to
below �2 V the Gd content increases. We find that a deposition
potential of �2.5 V is the appropriate for preparation of a 100 nm
diameter NW with 40% Gd content.

We also prepared a bulk alloy sample of composition Gd0.4Co0.6
by arc melting in 1mbar Ar atmosphere starting from with 99.99%
purity metals taken in proper stoichiometric proportions. Before
admitting Ar in the arc chamber, it was evacuated to a vacuum
better than 10�2mbar. After homogenization by repeated arc
melting, the sample was annealed for 24 h at 600 �C in a sealed
quartz tube in an atmosphere of 0.1mbar Ar.

The elemental analysis were done by using energy dispersive X-
ray (EDX) analysis in a Transmission Electron Microscope (TEM) for
NW sample and Scanning Electron Microscope (SEM) for the Bulk
sample. TEM image of the NW and the SEM image of the bulk
sample are shown in Fig. 2. TEM image shows that the diameter of a
single nanowire is � 100 nm. From the averaged EDX data we find
that the Gd Atomic% for Bulk and NW are 39.4 ± 4.8 and 42.1 ± 6.3
respectively. This result confirms that the concentration of Gd in
both the samples are nearly equal and close to the desired nominal
composition x¼ 0.4. The elemental mapping and checking of the
uniformity of the alloy composition was done by spot EDX in TEM
for the NW and in SEM for the Bulk sample. The spot EDX images
are also shown in Fig. 2 which establish uniform distribution of Co
and Gd throughout and no clustering or segregationwas found. The
crystal structure analysis has been done by X-ray diffraction (XRD)
pattern. Result shows that both the samples Bulk and NW have
amorphous crystal structure (see supplementary material). This
confirms the perfect structural mixing of the alloys.

2.2. Magnetic measurements

All magnetic measurements have been done in a Vibrating
Sample Magnetometer (VSM) for a temperature range 80 Ke1100 K
with magnetic field range up to 1.6 T in a continuous Ar flow of
0.1mbar pressure. In case of the NWs, the field was applied parallel
to the long axis of the NW array which were retained in the
template.

3. Results

3.1. Temperature dependence of magnetization: M(T) vs T

In Fig. 3 the T dependence of low field (10mT) magnetization
(M) and temperature derivatives for the Bulk and NW samples are
shown. The magnetization is normalized asm¼ M=M80 whereM80
is the value of M at 80 K. This was done to capture the dominant
features of the temperature dependence ofM. The absolute value of
the saturation magnetizations MS at T¼ 80 K are for the
bulk¼ 1.135 mB and that for the NW¼ 1.5 mB. There are twominima
in them� T curve of the bulk sample. These minima are defined by
the temperatures Tm1 and Tm2 at which dm=dT ¼ 0. Fig. 3(b) and (c)
show the derivative dm=dT as a function of T. Below and above the
two Tm the magnetization changes sharply which can be seen form
the sharp minima and maxima in the derivative curve. The
magnetization strongly depends on temperature. In a ferrimagnet
the compensation temperature (Tcm) is defined as the temperature
at which the magnetization becomes a minimum (dm=dT ¼ 0).



Fig. 2. (Colour online). SEM image for the surface of Bulk sample and TEM image of a single nanowire. Co and Gd elemental mapping of the samples were done using spot EDX.
Therefore in our bulk sample the two Tm can be linked to the two
compensation temperatures. Within the temperature range 80�
1100 K in Bulk two transition temperatures (Tm1z 490 K and Tm2z
900 K) are observed. However in the same temperature range in
NW only one (Tm1z 850 K) is present. In the NW the Tm1 is shifted
upward by 400 Kwhich is a substantial shift. We do not rule out the
occurrence of a Tm2 in the NW. If there is an upward shift of Tm2 like
that observed for Tm1, it would occur beyond 1100 K, the upper
temperature limit of our measurement.

3.2. Magnetic field dependence of M

The magnetization (M) of the bulk sample was measured by
applying a field (m0H) along the width of the Bulk sample. For the
magnetic measurements of NW, AAO templates with the nanowires
present inside the nano channels were used. M was measured for
two different field directions which werementioned in this work as
NWk (H parallel with c-axis or nanowire axis) and NW⊥ (H
perpendicular with c-axis). The mass of the NW used was deter-
mined from change in mass of the template before and after
deposition. The schematic for field application in measurements is
shown in Fig. 4. Results for M � H curves are shown in Fig. 5.

The field (m0H) dependence of the magnetization (M) of Bulk
and NW sample at different temperatures showed that the hys-
teresis loop has a finite value of coercive field HC which is larger in
NW than that in the Bulk. At all temperatures the field needed for
technical saturation of M is greater than 1 T for all the samples
(Fig. 5(a)). The saturation magnetization (MS) was defined from the
M � H loop. The linear fit of M vs. 1/m0H curve is a measure of the
saturation magnetization (MS) where 1/m0H ¼ 0 (Fig. 5(b)). T
dependence of MS are shown in Fig. 6(a).

3.3. Saturation magnetization MS and coercive field HC

Fig. 6(a) shows the temperature (T) dependence of saturation
magnetization (MS) of Bulk and the NW. Within the temperature
range 80 Ke320 K,MS for Bulk sample slowly decreases from 1.2 mB
to 0.9 mB. Above this temperature MS sharply decreases and at T �
480 K it drops to small value 0.4 mB. Within the temperature range
480 Ke900 K, MS is small and nearly independent of temperature.
On increase of temperature beyond 900 K, (where it passes through
a shallow and broad minima) MS sharply jumps to the value of
1.8 mB at 950 K. (Note: The minima in magnetization is more clearly
seen in low field magnetization as can be seen in Fig. 3). The
resulting magnetization in ferrimagnet is vectorial addition of the
two sublattice magnetizations belonging to Gd and Co sublattices.
Thus the resultant magnetization and its temperature dependence
would depend on (q(T)), the angle between the two sublattices.
While it is 1800 at the compensation temperature, when q/ 0, the
magnetizationwould reach a maxima as can be seen in the jump in
MS at 900 K.

In NW MS gradually decreases with the increment of tempera-
ture. However, there is a change in the slope of MS vs. T curve as
T/Tm.

The coercive field (HC) vs. temperature curve shows that the
bulk sample has two sharp peaks at the transition temperatures
Tm1 and Tm2. In NW within the experimental temperature window
only one transition is present and therefore it has only one peak in
the HC � T curve. NWk shows a sharp peak. In case of NW⊥ where
the applied magnetic field is perpendicular to the easy magneti-
zation direction the measured HC is basically the switching field
HSW . This HC for NW⊥ shows a small and broad hump at Tm1. The
coercive fieldHC has a dependence on the saturationmagnetization
MS and the anisotropy energy EA which is given as HCf (EA=MS).
This relation is a very good indicator of finding the magnetization
compensation temperature (Tcm) where the magnetization (M) has
a minimum value. If EA does not has a strong variation with tem-
perature, at Tcm magnetization becomes minimum and in the HC �
T curveHC shows a sharp peak [14]. Therefore to confirm the nature
of the transitions at Tm1 and Tm2 (whether they are compensation



Fig. 3. (Colour online). (a) Temperature (T) dependence of the normalized magneti-
zation m(¼ M=M80) for bulk and nanowire samples. The applied field is m0H ¼ 10mT
and for NW it is applied parallel to the wire axis. T dependence of dm=dT for (b) Bulk
and (c) NW. Two phase transition temperatures (Tm1, Tm2) are indicated by arrows.
Inset of (b) shows the magnified region of the transition temperature Tm1 of the Bulk
sample.

Fig. 4. (Colour online). Schematic diagram of field direction and nanowire axis or c-
axis.
temperatures Tcm) values of EA of the two samples need be deter-
mined, in particular their temperature dependences close to Tm1
and Tm2. Below we determine the values if EA in our samples using
the experimental data.

3.4. Calculation of anisotropy energy EA

The relation between coercive field (HC), anisotropy field (HA)
and demagnetization field (HD) is given as,HC ¼ aHA � HD [15]. a is
the micro-structural parameter and for a non-ideal micro-structure
of a real magnet a¼ 0.16 [16]. HA ¼ 2EA=m0MS [17] and HD ¼
NMS=m0. N is the effective demagnetization factor. Therefore,

HC ¼ 2aEA
m0MS

� NMS

m0
(1)

Solving for EA

EA ¼ 1
2a

h
m0HCMS þ NM2

S

i
(2)

For the Bulk sample the field H is applied along the width of the
rectangular shape (see Fig. 4) and N¼ 0.372 [18]. N for k to the c-
axis (z-axis) of a cylinder of radius R and length L becomes
NZ ¼ ðLþ R�√ðL2 þ R2ÞÞ=L and for ⊥ to the c-axis (x or y-axis) it
becomes NX ¼ NY ¼ (1 � NZ)/2 [19] (see Fig. 4). For a nanowire of
length 50 mm and radius 50 nm NZ ¼ 0.00099 and NX ¼ NY
¼ 0.4995. In our case for field applied k and ⊥ to the c-axis of
nanowire NZ and NX have been taken respectively in place of N in
Eqn. (2).

In Fig. 7 the EA evaluated by Eqn. (2) using experimentally
measured values of physical parameters are shown for both Bulk
and NW. Above 150 K EA is larger in NW than that in Bulk. At 300 K
EA for the Bulk (¼2�104 J/m3) is close to the value of EA ¼ 3�104 J/
m3 reported before [20] for an alloy of the same composition. In
case of NW due to the dipolar interaction of nanowire arrays EA for
k condition is always larger than the ⊥ condition.

At the first transition temperature Tm1 � 490 K the Bulk sample
has a small slope of the EA � T curve with (dEA=dTz -
43.91 Jm�3K�1). Interestingly at the second transition Tm2 � 900 K
the slope is very large (dEA=dTz 2535 Jm�3K�1). Therefore at Tm1
the condition, HCMSfEAz constant, is nearly satisfied and it could
be considered as magnetization compensation temperature Tcm
[14]. In view of the large slope dEA=dT , the second transition tem-
perature Tm2 is not likely to be a compensation temperature and it
may be a phase transition temperature where the magnetic spin
orientation of the sub atomic moment suddenly changes. In NW at
the transition temperature Tm1 � 850 K the magnitude of the slope
(dEA=dTz - 25.89 Jm�3K�1) is much smaller than that of the slope
of EA � T curve for the bulk sample at Tm1 but the two value are of
the same order. The transition in NW can thus be considered as the
magnetization compensation temperature Tcm. From the above
discussion we establish that the first transition of bulk sample is a
compensation temperature (Tcm) which is shifted to much higher
temperature in the nanowire sample.

4. Discussions

The principle observation in the report is a large shift in the
compensation temperature Tcm to a large value in the NW.We show
below that the nature of the anisotropy energy EA, in particular the
softening of the temperature derivative dEA=dT in the NW due to
contributions by such factors as the shape anisotropy and surface
disorder leads to the strong upward shift in the compensation
temperature.

Sublattice magnetization of each sub-lattice is given as



Fig. 5. (Colour online). (a) Field (m0H) dependence of M for Bulk, NWk and NW⊥. Field applied parallel and perpendicular to the nanowire axis are indicated by k and ⊥ sign. (b)M vs.
1/m0H plot for different temperatures. Solid lines are the linear fit of the data to find the value of saturation magnetization (MS).
MGd ¼ M0
GdBJ

�
εGdþEAþMGdH

kBT

�
and MCo ¼ M0

CoBJ

�
εCoþEAþMCoH

kBT

�
, where

M0
Gd, M0

Co are the T¼ 0 sub-lattice magnetizations for the two
species, εGd and εCo are the net exchange interaction energy of Gd
atom and Co atoms respectively (BJðxÞ is the Brillouin Function of x).
Near the compensation temperature Tcm the two sub-lattice mag-
netizations are in opposition and the magnetization M can be
approximated as,

M ¼ A1BJðxGdÞ � A2BJðxCoÞzA1xGd � A2xCo (3)

where A1 and A2 are the constants that contain the weight factor of
the sub-lattices as well as the two constants M0

Gd and M0
Co respec-

tively. xGd ¼ εGdþEAþMGdH
kBT

and xCo ¼ εCoþEAþMCoH
kBT

(For derivation and

the terms see Supplementary Information). For a low value of
applied field εGd þ EA[MGdH and εCo þ EA[MCoH. Therefore x
could be approximated as, xzðεþ EAÞ=kBT . Using the values of εGd,
εCo it can be found that xzðεþ EAÞ=kBT≪1 and the Brillouin func-
tion BJðxÞzx. Thus for low x near Tcm, Eqn. (3) can be written as:

M ¼ A1

�
εGd þ EA

kBT

�
� A2

�
εCo þ EA
kBT

�
¼ B1

�
EA
T

�
þ B2

�
1
T

�
(4)

where B1 ¼ ðA1 � A2Þ=kB and B2 ¼ ðA1εGd � A2εCoÞ=kB. Terms A1, A2
and energy terms εGd, εCo are temperature independent and they
will not depend on the sample size and thus will be the same for
both Bulk sample and the NW. At the compensation temperature
Tcm,M is minimum and ðdM=dTÞTcm ¼ 0. Therefore from Eqn. (4), at
T¼ Tcm a relation could be established as,

Tcm

�
dEA
dT

�
cm

¼ ðEAÞT¼Tcm þ
�
B2
B1

�
(5)

The term B2=B1 being sample independent and themain sample
dependence will arise from the first two terms. In Table 1 we show
the relevant parameters as obtained from the experiment. It can be
seen from Table 1 that ðEAÞT¼Tcm for both the samples are nearly the
same. From Eqn. (5), TcmðdEA=dTÞcm also should be nearly the same
for both samples. It can be seen in Table 1 that this indeed is the
case. Since the product is sample independent it can be seen that
the larger value of Tcm, in the NW arises from a smaller value of
ðdEA=dTÞcm.

In nanowire the shape and surface disorder driven anisotropy
energy Ek is larger than the magnetocrystalline anisotropy energy
Emc and in nanowires thus EAzEk. Ek being a function of shape and
surface disorder, will have a week T and expectedly, dEA=dT of
nanowire is smaller than that of the Bulk sample. In the Bulk
sample, the main contribution would arise from Emc which has a
strong temperature dependence and therefore dEA=dT has a large
value in the bulk sample. This result shows that the shifting of



Fig. 6. (Colour online). T dependence of (a) saturation magnetization (MS) and (b)
coercive Field (m0HC ).

Fig. 7. (Colour online). Temperature (T) dependence of EA for bulk and nanowire.
NW(k) and NW(⊥) indicate the field direction along k and ⊥ to the nanowire axis.

Table 1

EA and
dEA
dT

of Bulk and NW at Tcm . (Parameters determined from experiment).

Sample-ID Tcm
(K)

ðEAÞcm
(10� 4 Jm�3)

�
dEA
dT

�
cm

ðJm�3K�1Þ Tcm

�
dEA
dT

�
cm

ð104 � Jm�3Þ

Bulk 490 1.018 �43.91 �2.152
NW 850 1.187 �25.89 �2.158
compensation temperature (Tcm) is strongly determined by the
nature of the anisotropy energy (EA), specifically by the tempera-
ture derivative of EA. In the nanowire dEA=dT being considerably
smaller, the Tcm becomes large to retain the constancy of the
TcmðdEA=dTÞcm product.
5. Conclusions

In this work we make the first report of fabrication of ferri-
magnetic Gd0.4Co0.6 alloy nanowires by electrochemical method.
The alloy constituents are rare-earth with a 3d transition metal.
From magnetization measurement over an extensive temperature
range 80 Ke1100 K in a magnetic field (0e1.6 T) we showed that
there is a large upward shift of the ferromagnetic compensation
temperature by nearly 350 K in the NW compared to that of the
Bulk alloy. This size reduction also leads to an enhancement of the
saturation magnetization. This makes the alloy NW applicable to
much higher temperatures. It is noted that such a large enhance-
ment of transition temperature on size reduction has not been seen
in any magnetic systems. The reason for large shift was found to be
linked to change in the nature of the anisotropy energy in NW that
gets dominated by shape anisotropy in contrast to bulk alloys
where the magnetocrystalline energy plays the dominant role. The
domination of the temperature independent shape anisotropy
makes the temperature derivative dEA=dT much smaller compared
to that of the bulk which in turn shifts the Tcm to a much higher
value tomaintain the constancy of the product TcmðdEA=dTÞcm . This
observation and its explanation need not be generic to Gd alloys but
may be found in other RE-TM alloys as well.
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