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We report the observation of a DC-current driven magnetic domain wall (DW) motion in an artifi-

cially created nanoconstriction (size � 300 nm) in a microstrip of 4f ferromagnet Gd (film thick-

ness, 40 nm), where beyond a critical current density, a sharp reduction in the resistance is

observed which gives the DW resistance RW. This is similar to that seen in nanoconstrictions made

in conventional 3d ferromagnets such as Ni and its alloys. The effect is most prominent at 100 K or

below and becomes smaller as the temperature increases, and it vanishes as T ! TC. The value of

RW was used in conjunction with the measured anisotropic magnetoresistance to find the domain

wall thickness (d) and the anisotropy energy (EA) of the Gd film. The observation of this phenome-

non in 4f metal Gd, which is distinct from itinerant conventional 3d transition metals, extends the

One of the important developments in the field of magne-

tism in the last decade has been the observation of domain wall

(DW) motion in 3d transition metals (such as Ni) and alloys

(such as Permalloy) driven by a DC-current in a nanoconstric-

tion (NC) of sizes ranging from few tens of nanometers to few

hundreds of nanometers.1,2 The effect shows up as there is a fall

in the resistance of the NC at a critical current when the current

through the NC is increased. The resistance fall has been linked

to the resistance of the domain wall (DW), which is driven out

of the constriction and has been explained2–4 as arising from

current-induced s-d exchange interactions. While the above phe-

nomena have been well studied in 3d transition metals such as

Ni and its alloys, the applicability of the fundamental concepts

in a 4f ferromagnetic metal such as Gd has never been tested,

although as explained below there are reasons to expect that

such phenomena can indeed occur in Gd. Gd has a ferromag-

netic Curie temperature of �293 K, and at low temperatures, it

is a strong ferromagnet. Gd has a saturation magnetic moment

of 7.55 lB, which arises from 4f electrons. In Gd, there are well-

localized spin only moments that are indirectly coupled via the

Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. This is

distinct from the magnetism in more itinerant conventional 3d

ferromagnetic materials such as Fe, Ni, and Co which do not

have a localized moment. Therefore, the observation of the cur-

rent induced DW motion in Gd would allow its generalization

beyond conventional s-d interactions.

Gd has been used with NC on Ni to modify the DW pin-

ning and for lowering the critical current. A thin layer of Gd

(�4 nm) sandwiched between two permalloy thick layers

was found to trap an in-plane DW and was used to measure

cleanly the current driven DW motion in permalloy.5

Recently, Gd has been alloyed with Ni to reduce the thresh-

old current for switching.6 It is thus of interest to investigate

such a current induced DW motion directly in a NC in a Gd

film.

The physics of current driven DW motion in nanoconstric-

tions (NCs) has been theoretically worked out before in 3d fer-

romagnetic metals,3,4 and the magnitude of the resistance fall

has also been deduced.7 The observation of the current driven

DW motion in a NC depends on the capability of the NC to

trap a DW (N�eel type) during a field cooling to below TC. The

trapping depends on the exchange stiffness coefficient Aex. The

trapping of a DW at the constriction is energetically favourable

for smaller values of Aex. For instance, it has been observed in

NCs of nickel (Ni) and its alloy Permalloy (Ni80Fe20) that have

relatively smaller Aex, but it has not been seen in iron (Fe) and

cobalt (Co) that have larger Aex.
1 In Table I, we show a collec-

tion of Aex values for the 3d metals and alloys. Interestingly, the

above phenomena have never been investigated beyond 3d

transition metals. Table I shows that 4f transition metal Gd has

even less values of Aex compared to Ni. It is thus expected that

the phenomena should be observable in Gd. In this paper, we

show that a clean fall in the resistance of a NC (�300 nm)

made on a microstrip of Gd could be observed when the current

through the constriction crosses a specific current density JC.

The observed phenomena are very similar to those observed in

Ni and Permalloy NCs.

When a domain wall is present at the NC, the applied

current direction is perpendicular to the magnetization at the

constriction, and it shows a higher resistance. Beyond a criti-

cal current density Jdc when no domain wall is present at the

constriction, the magnetization lies along the length of the

strip due to the shape anisotropy. In this case, the applied

current direction is parallel to the magnetization. This lowers

the resistance of the NC.

The fall in the resistance for current beyond the critical

current density gives the domain wall resistance RW. As

TABLE I. Aex of different magnetic materials.

Material Co Fe Ni80Fe20 Ni Gd

Aex (10–12 J/m) 30 21 13 9 5
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phenomena to rare-earth ferromagnets. A low ferromagnetic transition temperature of Gd also

allows us to study the phenomena and the evolution of d and EA as a function of temperature.
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shown below, a measure of RW in turn allows us to deduce

the DW thickness d and the anisotropy energy (EA) in the

film of Gd. The use of the DW resistance to determine EA

had not been done before, and this turns out to be a viable

alternative to the use of torque magnetometry to measure the

same for nanodimensional systems. In addition, the experi-

ment has been done on Gd that has a low ferromagnetic tran-

sition temperature (TC� 293 K), which also allows us to

study the evolution of the current driven DW motion as a

function of temperature below TC.

The NC was fabricated on a film of Gd (thickness,

t� 40 nm) which was evaporated on a quartz substrate at

350 �C in a base vacuum of 5� 10–8 mbar. The film after

growth was covered with a thin protective layer (3 nm) of

Au. The film was then patterned into a microstrip of dimen-

sion 30� 5 lm2 using optical lithography. A constriction of

width �300 nm was made on the middle of the rectangle by

milling with 30 keV Ga ions using a Focused Ion beam

(FIB). The NC was then electrically connected by Au/Cr

contact pads which were fabricated using electron-beam

lithography writing and lift-off. The microstrip with the NC

is shown in Fig. 1.

The experiment of current driven DW motion was car-

ried out in the setup shown in Fig. 1, which allows the mea-

surement of a very small resistance change using phase

sensitive AC detection in the presence of a DC driving cur-

rent through the constriction. In this method, a small AC-

current (iac) which was generated by the lock-in amplifier

(LIA) was mixed with a DC-current (Idc � iac). Idc was

applied using a Source Meter (SM). The two sources (AC

and DC) were separated out by a capacitor and an inductor.

The resistance was measured by measuring the AC-voltage

vac which develops across the voltage terminals across the

NC. The phase sensitive detection technique allows the

measurement of the sample resistance Rð¼ vac=iacÞ indepen-

dent of the driving DC-current Idc. By this method, R can be

measured with a resolution better than 1 ppm.

The measurement was carried out in a liquid nitrogen

bath type cryostat with an air core solenoid that can produce

a magnetic field of up to 0.2 T. This field is enough to make

the Gd to reach its technical saturation as can be seen from

the magnetization curve (Fig. S1 in the supplementary mate-

rial). It also shows that the susceptibility v ¼ M
H ! 0 beyond

0.2 T.

R–Idc measurements under isothermal conditions have

been done from 100 K to 250 K. The sample was cooled

from above TC to the specific temperature T (T< TC), with a

magnetic field of l0H¼ 0.2 T which was applied along the

long axis of the sample. After that, the field was removed,

and due to the change in the field from saturation to the zero

field, a DW was plugged at the constriction.1,2 At that fixed

temperature, the stressing current Idc was then ramped up. At

a critical DC-current (IC), the DW was extracted from the

constricted region, and the resistance of the sample sharply

falls down to a lower value [see Fig. 2(a)]. The experiment

was carried out at different temperatures below TC. At each

temperature before taking the data, the sample was heated up

again above TC to destroy the magnetic history. A fresh cool

down process in a magnetic field was done for each tempera-

ture where the data are taken. More than 70% success rate

was achieved by following this protocol to trap a DW in the

NC. The positive contribution of the DW resistance arises

due to the spin-dependent impurity scattering at the DW.7 It

is noted that the success rate of DW trapping has a depen-

dence on the size of the constriction which in our case

FIG. 1. A 0.3 lm constriction was made on a 5 lm� 30 lm microstrip of a

40 nm Gd film by Ga ion Focused Ion Beam milling. The constriction is

shown as a red box. The schematic measurement scheme is shown which

allows the measurement of the resistance using an AC modulation current

and phase sensitive detection that is mixed with the stressing DC-current Idc.

The two current sources are protected by inductor L and capacitor C.

FIG. 2. (a) Change in the resistance DR of the NC as a function of the DC

stressing current Idc. The sharp fall in the resistance of the NC takes place

when the DW is driven out of the constriction, and it does not form again at

the constriction when the current is cycled back. (b) The resistance R vs. Idc

at different temperatures. The domain wall resistance RW is marked by

arrow. As T ! TC; RW ! 0.

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-017741
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-017741


(thickness, 40 nm; width, 300 nm) is not that small. A smaller

sample would enhance the success of trapping of DW in the

NC.

The DW resistance can be measured directly from

RW¼R�C � RþC , where R�C and RþC are the values of R for

I¼ I�C (just below IC) and I¼ IþC (just above IC). The experi-

ment allows us to measure the evolution of RW and IC as the

temperature is taken from T� 0.33 TC to T ! TC. Data are

shown in Fig. 3, where we show the temperature variation of

RW and the critical current density (JC) as a function of T. As

the temperature increases, the value of both RW and JC

decreases. As T ! TC, RW and JC ! 0. The value of Rf (¼ R
at Idc ¼ 10 mA > IC), RW, and the change in the percentage of

RW/Rf are shown in Table S1 in the supplementary material.

At close to TC (T> 0.9 TC), the resistance change becomes

<1 ppm, and it is the limit of our experimental resolution.

Next, we use the experimentally measured value of RW

to find the thickness of the domain wall (d). The value of d is

then used to find the value of the anisotropy energy EA using

the following relation:8

d ¼ p

ffiffiffiffiffiffiffi
Aex

EA

r
: (1)

The determination of d has been done using the mea-

sured value of RW with the help of the method given below.

For current perpendicular to the DW, the resistivity ratio

between the resistivity qW (q with DW) and q0 (q without

DW) can be expressed as follows:7

qW

q0

¼ /2

5d2

ða� 1Þ2

a
3þ 10
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a
p

aþ 1

� �
¼ /2

5d2
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aT ¼
ða� 1Þ2

a
3þ 10

ffiffiffi
a
p

aþ 1

� �
; (3)

where a ¼ q " =q #¼ anisotropy parameter, which is the

ratio of the resistivities corresponding to the two different

electron spin channels up (") and down (#). The parameter

aT can be obtained from the experimentally measured aniso-

tropic magnetoresistance (AMR) as shown in the supplemen-

tary material. The constant / is related to the spin-orbit

interaction through the relation / ¼ h2kF=16pmJso, with Jso

being the spin-orbit interaction,7 me the electron mass, and

the Fermi wave vector kF ¼ 1:1A0�1 for Gd.9 We use a typi-

cal value of Jso¼ 0.5 eV.

For a NC as used here, the domain wall thickness d thus

can be related to the observed domain wall resistance RW by

using Eq. (2) above through the relation

d ¼ k
/2q0

5wtRW
aT ; (4)

where k is a correction factor which arises from the deviation

of current flow from a simple one-dimensional geometry in

the nanoconstriction region and is given as follows:

k ¼ 1þ q0/
2aT

10RWw2t

 !�1

: (5)

The correction factor is close to unity and has a shallow

temperature dependence. It varies from 0.977 at T¼ 100 K to

0.952 at T¼ 250 K. A detailed derivation of Eqs. (4) and (5)

from Eq. (2) is given in the supplementary material.

Using the measured value of q0, RW, and aT (as obtained

from the measured AMR), the value of the domain wall

thickness (d) is calculated as a function of T using Eqs. (4)

and (5). The data are shown in Fig. 4. In the same graph

(inset curve C), we show the temperature dependence of the

anisotropy energy EA as obtained from Eq. (1) using the

value of d. At low temperature, d rises sharply and above

170 K (¼ 0.58 TC) it becomes nearly independent of temper-

ature with a value around 30 nm. EA has a low value of

� 104 J/m3 from TC down to about 170 K. Below 170 K, EA

sharply rises, and at T¼ 100 K, the value of EA ’
6.1� 104 J/m3. As the temperature increases, the number of

disordered spin at the surface of the NC increases and EA

decreases.

A comparison is made with measured EA obtained for

Gd nanowires (albeit of larger diameter) and estimated EA as

one would expect for polycrystalline Gd. For Gd, the intrin-

sic anisotropy energy depends on the crystallographic axis,

and in single crystal Gd, it shows a spin reorientation transi-

tion at T¼ 235 K where EA¼ 0.10 For polycrystalline Gd,

when an average is made over different axes, an estimate of

EA as one would expect from magnetocrystalline anisotropy

FIG. 3. DW resistance RW and the critical current density JC as a function of T.

FIG. 4. The DW thickness d as a function of T as measured from the experi-

ment. The graph shows the temperature variation of the anisotropy energy

EA as obtained from the measured value of d. The inset shows the EA of Gd

as a function of T as obtained from magnetocrystalline anisotropy for a poly-

crystalline sample (curve A) (using the relation EA ¼ k1=2þ 3k2=8 and

obtaining the values of k1 and k2 from the previous report10) and that mea-

sured from switching fields (curve B) (HS ¼ 2EA=MS) seen previously11

along with EA measured in the present study (curve C).
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alone for the polycrystalline sample can be obtained. This is

shown as curve A in the inset of Fig. 4. Although the magni-

tude of EA is comparable, expectedly in the polycrystalline

sample, the temperature dependence of EA differs from that

in the NC. For the Gd nanowire (diameter¼ 275 nm) where

the anisotropy is fixed predominantly by the uniaxial shape

anisotropy, a value of EA� 3.4� 104 J/m3 at 100 K has been

measured from switching fields as observed from low field

MR experiments.11 The value obtained from our experiment

is somewhat larger but is similar in magnitude to the value

seen in a 275 nm diameter nanowire (inset curve B) at higher

temperatures. The EA value for the NC in the present investi-

gation will be dominated by factors such as size and shape

anisotropy along with the intrinsic anisotropy. The method

depicted here shows that the DW resistance can be measured

and utilized effectively to find EA in thin films where a DW

can be tagged to a nanoconstriction in the film.

To summarize, we show that a current induced DW

motion can be seen in a NC on a microstrip of 4f metal Gd.

The critical current density for inducing the DW motion was

found to be similar to that seen in Ni and Permalloy although

the magnetism in Gd is very different from that of conven-

tional 3d metals. Since Gd has a low TC, we could also study

the temperature evolution of the domain wall resistance, the

critical current density, and also the domain wall width. We

have also utilized the knowledge of the domain wall thick-

ness to find the evolution of the anisotropy energy as a func-

tion of T in Gd.

See supplementary materials for (a) the field dependence

of magnetization with susceptibility of the Gd film, (b) full

data of the isothermal R–Idc experiment, (c) a method to find

aT from AMR measurements, and (d) derivation of the rela-

tion of d and aT which is also described clearly.
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