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I. INTRODUCTION

Magnetism in Gd is fast re-emerging as an actively

researched area.1,2 The magnetism, spin structure, and mag-

netocrystalline anisotropy in Gd (a 4f metal) is qualitatively

different from those found in more conventional ferromag-

netic 3d metals like Fe, Co, and Ni. Strongly localized mag-

netic moment of Gd ions without orbital contribution, rather

low and temperature dependent magnetocrystalline anisot-

ropy energy (MAE), makes Gd a special ferromagnetic

metal. In recent years, there is renewal of interest in magne-

tism of Gd, particularly nanocrystalline Gd.1,2 This renewal

of interest is due to a number of reasons that range from ba-

sic physics issues related to the magnetism in the 4f metal

and also its application potentials that can utilize the large

moment of Gd in multilayer devices and its rather unique

property that it is an elemental ferromagnet that can show

substantial magnetocaloric effect.3,4 The recent investiga-

tions, in contrast to the past and classic investigation in sin-

gle crystals,5,6 are done in films7 and nano-structured

materials made by melt quenching.1,2,8

Investigation of Gd in nano-structured form is different

because the spins in 4f are strongly localized, which are indi-

rectly coupled via the Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction.9 This is in sharp contrast to the itinerant

magnetism in 3d nano-structured ferromagnetic metals.

There is yet another special aspect of Gd that it has a rather

unusual magnetocrystalline anisotropy, which though not

very large shows strong temperature dependence of anisot-

ropy constants. The easy axis of magnetization is not aligned

to the crystallographic c-axis of its HCP structure.10 The

angle between the two axes also changes with temperature.

At a certain temperature below TC, the anisotropy constants

become zero, giving rise to a well established spin reorienta-

tion transition at a temperature TSR � 235 K. One of the

issues that become important in nano-structured Gd is the

fate of this unusual magnetocrystalline anisotropy and its

manifestation in physical properties that may be related to

this.

Recent magnetic studies done on nano-structured Gd

have established that the paramagnetic to ferromagnetic tran-

sition remains a well-defined transition (like the bulk), albeit

with reduced TC, as expected from finite size effects.11

However, recent Small Angle Neutron Scattering (SANS)

studies have established that in Gd below an average grain

size of 35 nm, the spin disorder at the grain boundaries plays

an important role.1,2 The present investigation approaches the

problem from the view point of magnetotransport, which we

show below can change qualitatively when the size is reduced

to nano-metric range. This brief report specifically investi-

gates what happens to the weak magnetocrystalline anisotropy

on size reduction as they are reflected in low field magnetore-

sistance (MR), where it is governed by response of magnetic

domains to an applied field. We show that the low field MR

reflects a change from a magnetocrystalline anisotropy domi-

nated behaviour to a disorder dominated behaviour as the

grain size is reduced to a length scale of few tens of nm. We

note that while transport and magnetotransport in single crys-

talline Gd have been reported extensively,6 there are no

reports of magnetotransport measurements in nano-structured

Gd, particularly in nanowire.

II. EXPERIMENTAL

The measurements were done on two samples of

Gadolinium (Gd). Sample S-1 is a polycrystalline annealed

ingot (dimensions in mm range), which served as a reference

sample which to some extent mimics a single crystal in the

MR due to its rather large grain size. Sample S-2 is a nano-

wire of width � 275 nm and length ’10 lm. The nanowire

was fabricated by nano-patterning a Gd film of thickness

250 nm using Focused Ion Beam (FIB) using 30 keV Gaþ

ions. The starting film was grown by physical vapour deposi-

tion on quartz substrate. The bulk polycrystalline sample

(S-1) was annealed in 1 mbar Ar at 850 �C for 24 h and sub-

sequently cooled slowly to room temperature. Sample S-2

was annealed for 4 h in Ar after deposition. Both the samples
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were made from the same starting batch of Gd with 99.9%

purity. The structures of the samples were tested by X-Ray

diffraction (XRD) and the data (not shown) were indexed

into HCP structure of Gd. The micro/nano-structures of the

samples were studied using Scanning Electron Microscope

(SEM), Cross-sectional SEM, and Atomic Force Microscope

(AFM). For sample S-1, the average grain size is �4 lm, as

observed from SEM micrograph shown in Fig. 1(a). Sample

S-2 is nano-structured nanowire (see Fig. 1(b)). It contains a

compact collection of nearly spherical grains with average

size �35 nm, which extends across the cross-section of the

film as can be seen from Fig. 1(c).

The ferromagnetic state of the samples was established

through measurements of magnetization (M) using a

Vibrating Sample Magnetometer (VSM) in the temperature

range of 80 K to 325 K in magnetic field up to 1.5 T (data not

shown). From the Arrott Plot12 constructed from the magnet-

ization data, we determine TC of the samples. For sample

S-1, the reference sample, TC¼ 291.4 K, which is very close

to that determined in single crystals. For the nano-structured

sample S-2, the TC is lowered to �286.5 K. The nano-

structuring also leads to hardening of the coercive field from

0.004 T for S-1 to more than 0.02 T for sample S-2.

Since the MR in Gd is low, high-precision resistance

and MR measurements are necessary. A minimum resolution

of 62 ppm of the sample resistance was achieved by a low

frequency AC technique with phase-sensitive detection and

measurement in doubly shielded enclosure. We used a low

measuring current (�10 mA) to avoid Joule heating. All

electrical measurements were made in a variable temperature

cryostat with liquid nitrogen bath. The resistance of the sam-

ples has been measured by four probe method. For the nano-

wire sample, we used silver (Ag) leads fabricated by e-beam

lithography for making electrical contact pads. The MR

measurements were done using an applied magnetic field

that was produced by an air-core solenoid dipped in liquid

nitrogen bath energized by low noise power supply. The

measurement of MR was done up to a field of l0H< 0.2 T at

different temperatures ranging from 80 K to 310 K. Magnetic

field was applied in plane of the measuring current and was

kept parallel/perpendicular to the direction of current. At

each temperature before MR measurement, the sample was

heated to above TC and then cooled down to the desired tem-

perature of measurement. This ensures that the sample is

demagnetized before start of MR measurement and there is

no history of the previous magnetic field.

III. RESULTS

In Fig. 2, we show the resistivity data as a function of T,

with the derivative of the resistivity dq=dT shown in inset.

The derivative also shows the characteristics of a ferromag-

netic transition at TC although it is much smeared out due to

finite size effect.13

In Fig. 3(a), we show the MR data as a contour plot to

capture both the H and T dependence of the MR (data shown

here are for field k to current). The data are given as

FIG. 1. (a) SEM image of crystallites

of the sample S-1. (b) Image (top

view) of the nanowire of width

�275 nm made by FIB (sample S-2).

(c) Cross-sectional SEM image of the

nanowire on the Quartz substrate. (d)

SEM images of the top surface of the

film before the nanowire was fabri-

cated showing grain structure.

FIG. 2. Resistivity vs T for the two samples with inset showing the deriva-

tive to cleanly identify the TC, marked by line.



DqðHÞ � qðHÞ � qðH ¼ 0Þ. The MR ðDqðHÞ=qðH ¼ 0ÞÞ is

negative ðqðH ¼ 0Þ > qðHÞÞ at all H and T. The contour

plot shows that there is a significant reduction of the magni-

tude of the DqðHÞ in the sample S-2; more importantly, these

two samples show qualitatively different H and T dependen-

ces that reflect the differences in the underlying MR

mechanism.

To bring out the distinction more clearly in Fig. 3(b), we

show DqðHÞ as a function of T for both the samples meas-

ured at a field of l0H¼ 0.17 T. For sample S-1, the magni-

tude of DqðHÞ shows a very distinct and sharp peak at

T¼ 235 K, which is spin reorientation transition TSR. On fur-

ther cooling, the magnitude of Dq shows a distinct minimum

at T� 175 K, a broad maxima at T� 125 K and on further

cooling it decreases. The MAE in Gd has two distinct tem-

peratures associated with it. Between TC and TSR, the easy

axis of magnetization is in the same direction as the c-axis.

In this temperature range, the MAE as well as the two con-

stants are small but finite. But at TSR the anisotropy constants

both are zero and MAE also is zero. Below the TSR, the

canting of the easy axis with c-axis increases, reaches a max-

ima at T � T� � 190 K, and then slowly decreases on cool-

ing2 but both the anisotropy constants increase.15 The

observed low field MR data in sample S-1 suggest that the

response of the magnetic domains to the applied field is con-

trolled by intrinsic magnetocrystalline anisotropy within the

large crystallographic grain. The temperature variation of

MR in sample S-1 is thus a clear reflection of the tempera-

ture variation of MAE and anisotropy constants that change

at the spin reorientation transition.

At TSR, the magnetocrystalline anisotropy energy

becomes zero. Spins are isotropic in nature and they are free.

As a result, MR is maximum at TSR. In the region 235 K and

TC the anisotropy energy is not zero. But when the tempera-

ture increases, the magnetization decreases and correspond-

ingly the absolute value of MR decreases with the increase

of temperature. Below TSR, the anisotropy energy and the

canting angle both increase. This leads to a strong reduction

of MR below TSR. But simultaneously magnetization

increases with decrease of temperature and it favours

enhancement of MR. As a result, when the temperature is

reduced below TSR, these two competing process act in tan-

dem and around 180 K the second one wins over the first and

the magnitude of MR increases.

The nano-structured sample S-2, in contrast, does not

show any prominent features in the magnitude of DqðHÞ.
After a sharp rise just below TC, it slightly decreases on cool-

ing and after reaching a shallow minimum around 235 K, it

rises again at lower T. The MR in sample S-2 has no feature

that can be associated with the intrinsic magnetocrystalline

anisotropy within a crystallographic grain. In the nanowire

sample (with average grain size� 35 nm), the intrinsic ani-

sotropy within a crystallographic grain is thus not the domi-

nant factor that controls the response of the magnetic

domains. Size effect arising from lateral size reduction as

well as dominance of disorder in grain boundaries reduces

the effect of intrinsic anisotropy. This is a major result of

this investigation.

The magnitude of the MR when H is k to the current is

larger than that when H is ? to the current. This difference

also has a clear temperature dependence that also shows the

absence of any effect of the magnetocrystalline anisotropy in

the MR of sample S-2. In Fig. 4, we show that the value of

Dqk for the sample S-1 is larger than the value of Dq? at all

temperatures and the difference Dqað¼ Dqk � Dq?Þ has a

temperature dependence similar to Dqk reaching a maxima

at T¼T SR and a minima close to T *. In contrast, sample S-2

shows isotropic MR with Dqk ’ Dq? till T� 150 K. Below

150 K, Dqa gets a finite value but remains small. Thus, the

features associated with magnetocrystalline anisotropy in

Dqa of sample S-1 are absent in sample S-2.

IV. DISCUSSION

The qualitative difference in the MR of the two samples

can also be seen in the field dependence of MR %. These are

shown at four representative temperatures for the two sam-

ples in Fig. 5(a) for Hk to current geometry. In case of the

reference sample (S-1), the field response is sharp and there

FIG. 3. (a) Colour Plot of Dq as a function of l0H and T. DqS�1 and DqS�2

correspond to the resistivity change of S-1 and S-2. (b) Dq as a function of T
for l0H¼ 0.17 T, plotted for both samples in same graph.



is a rapid fall in the resistance at a low field typically

l0H < 0:015 T. After that resistance changes slowly with field.

The sharp response in the low field region arises when the mag-

netic domains align with the applied field thus reducing elec-

tron scattering that arises from misaligned magnetic domains.

The gradual change at higher field arises due to reduction of

spin fluctuations by an applied field. In S-1, the domains rotate

against the local anisotropy field that is determined by the mag-

netocrystalline anisotropy. The magnetocrystalline anisotropy

being small, the response occurs at a small field. In contrast, in

the nano-structured sample, the field response is very different.

There is no sharp change in the resistance in low field. Below a

certain magnetic field, MR shows a fluctuation which is likely

due to the random domain wall motion. This field (marked by

an arrow in the figure), which we call HS, reaches a temperature

independent value �0.035 T at lower T. The value of HS

increases from T� 190 K and becomes 0.07 T around TC (see

Fig. 5(b)).

In nano sample (S-2), the anisotropy energy is domi-

nated by shape anisotropy (KS) which is independent of tem-

perature. It can be represented by

KS ¼
1

2
MSHK; (1)

where MS is the saturation magnetization and HK is the ani-

sotropic field.14 When temperature approaches TC, MS

sharply decreases and to make KS constant HK must increase.

This HK is equivalent to HS.

For H > HS, there is a gradual change in MR, whose

field derivative is similar to that in the sample S-1. For

H < HS, there is an oscillatory behaviour of the resistance

that is enhanced as T is increased. The magnitude of this os-

cillation is small. However, it is larger than the instrumental

resolution for measurement of MR % (�10�4%) although of

FIG. 4.
Dqa

q0
ðDqa ¼ q� q0Þ as a function of T for l0H¼ 0.17 T, plotted for

both samples in same graph. q0 is the value of q at l0H¼ 0 T.

FIG. 5. (a) MR % ðDq
q0

%Þ as a function

of l0H, plotted for both samples in

same graph. Applied field is along the

current direction ðH k jÞ. The field HS

is indicated by arrow. HS(þ) corre-

sponds to the red curve, whereas

HS(�) for the green. Note: Negative

MR has been plotted to highlight the

magnitude in log-scale. (b) Plot of

l0HS as a function of temperature.



the same order. These small oscillations can be manifestation

of thermally induced de-pinning of domain walls. These

decrease as the sample temperature is lowered.

Using the value of MS of single crystal Gd (�250 emu/g

at 80 K)4 and the measured switching field HS (�0.035 T at

80 K), we estimate a value of KS of S-2� 3.4	 104 J/m3. The

value of MR in S-2 is one order less than the value of MR in

S-1. This indicates that before application of magnetic field,

spins are already aligned along the field direction, which is

parallel to the nanowire axis. Furthermore, the switching field

HS increases when the temperature TC is approached from

below (Fig. 5(b)). HS corresponds to the shape anisotropy field

HK. This is expected from Eq. (1). MS, the saturation magnet-

ization decreases as the Currie temperature TC is approached

from below. Since KS is T independent (being controlled

by shape anisotropy), this will make HK increase as TC is

approached from below.

Recent SANS studies have shown that the scale of spin

disorder in a crystallographic grain is in the range of

30–40 nm.1 Thus, in nanowires with grain size in this range

one would expect sharp departure in the domain wall motion

compared to samples with large grains or single crystals.

From the above mentioned evidences, it appears that the MR

in S-2 is not controlled by the magnetocrystalline anisotropy.

It is controlled by the shape anisotropy and the spin disorder

on the surface of the grain boundary.

V. CONCLUSIONS

The present investigation shows how the low field mag-

netoresistance of Gd gets modified when it is taken from a

bulk (with grain sizes in few lm range) to a nanowire that is

nano-structured with grain sizes in the range of few tens of

nm. The low field magnetoresistance is linked to motion of

magnetic domains that is governed by local anisotropy field.

In the sample with grain sizes of �few lm or more, the dom-

inant effect arises from the intrinsic magnetocrystalline ani-

sotropy. This gives rise to a prominent feature in MR at the

spin reorientation transition temperature TSR. In the nano-

wire, there is a stronger anisotropy field arising from a

temperature independent anisotropy constant that can arise

from the shape anisotropy of the nanowire and/or the spin

disorder. The response of magnetic domains to the applied

field and hence the MR is controlled by this anisotropy field.

This leads to absence of features in MR that are associated

with the intrinsic magnetocrystalline anisotropy. Though the

micro-structure of the wire is similar to a bulk nanocrystal

film and the lateral dimension of the nano wire 275 nm is

much greater than the average grain size 35 nm, MR seems

to be governed by the shape anisotropy and disorder.

Magnetocrystalline anisotropy appears not to play an impor-

tant role on MR in this case.
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