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We investigate submicron ferromagnetic PdNi thin-film strips intended as contact electrodes for

carbon nanotube-based spintronic devices. The magnetic anisotropy and micromagnetic structure

are measured as function of temperature. Contrary to the expectation from shape anisotropy,

magnetic hysteresis measurements of Pd0.3Ni0.7 on arrays containing strips of various width point

towards a magnetically easy axis in the sample plane, but transversal to the strip direction.

Anisotropic magnetoresistance measured on individual Pd0.3Ni0.7 contact strips and magnetic force

microscopy images substantiate that conclusion. VC 2013 American Institute of Physics. [http://

dx.doi.org/10.1063/1.4775799]

I. INTRODUCTION

Carbon nanotubes (CNTs) have become a frequently

used material for spin dependent transport experiments

within the past years. Due to spin lifetimes of several nano-

seconds,1,2 CNTs provide excellent conditions for this kind

of investigation.3–6 Spin injection requires ferromagnetic

contact electrodes to the CNT which provide both spin polar-

ization and a transparent electric contact. As palladium is

known for its high contact transparency to CNTs,3,5,7–9 an

alloy of palladium with nickel as ferromagnetic material was

chosen for this study. The electronic properties of pure palla-

dium10,11 and especially the formation of giant magnetic

moments in dilute alloys with small amounts of ferromag-

netic elements have been well studied for both bulk material

and thin films, with respect to Curie points and critical alloy

concentrations for the onset of ferromagnetism.12–17

Objective of this work is the investigation of thin film

Pd0.3Ni0.7 high aspect ratio shapes, particularly with regard

to their suitability as ferromagnetic contact electrodes for

CNT devices. While the similar alloy Pd1�xFex is governed

by shape anisotropy,4,12,13,18,19 this finding is not transferable

to Pd1�xNix due to the significantly different crystal struc-

tures of nickel and iron and the differing ferromagnet con-

centrations in the experiments.20

We use Pd0.3Ni0.7 strips at widths of 250–1500 nm,

maintaining a constant length of 5 lm and metal film thick-

ness of 50 nm. All samples were fabricated on a boron

doped, pþþ type Si substrate with thermally grown SiO2

surface oxide, and structured via electron beam lithography

and lift-off process using a polymethyl methacrylate two

layer resist. The deposition of the thin films was done by

electron beam evaporation from pre-mixed bulk material in

an UHV evaporation system with a base pressure of

4� 10�8 mbar. Figure 1 displays such a strip pattern, in

this particular case with leads attached in a second lithogra-

phy step for magnetoresistance measurements. It also intro-

duces the characteristic directions for all the magnetic field

orientations used in this manuscript, i.e., perpendicular (P),

transverse (T), and longitudinal (L) with respect to the

Pd0:3Ni0:7 strip.

II. SQUID MAGNETIZATION MEASUREMENTS

Superconducting quantum interference device (SQUID)

magnetization measurements using a commercial magnetom-

eter have been used to characterize the averaged magnetic

hysteresis of arrays containing 1:3� 106 non-contacted,

electrically isolated thin film strips. They reveal the switch-

ing characteristics at various temperatures and orientations

of the external magnetic field.

Fig. 2 displays the magnetization curves of an array of

250 nm wide strips for two different temperatures after sub-

traction of the diamagnetic and paramagnetic moments of

the boron doped Si substrate, the latter showing a strongly

field-dependent susceptibility at low temperature which was

fitted with a Brillouin function. The total magnetic moment

of the sample at T¼ 300 K is Mtot ¼ 3:7� 10�5 Gcm3 (see

Fig. 2(a)), from which an average magnetic moment of

�l ¼ 0:583 lB per alloy atom can be calculated. This value is

FIG. 1. Scanning electron microscopy (SEM) image of a contacted

Pd0.3Ni0.7 strip (colorized in red). The four contact leads (colorized blue)

were evaporated in a second step from pure palladium. They provide the

possibility to perform four terminal resistance measurements. The arrows

indicate the three tested orientations of the external magnetic field relative to

the strip, namely black (L): longitudinal, red (P): perpendicular, and green

(T): transverse.a)Electronic mail: daniel.steininger@physik.uni-r.de.
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comparable to previous results for bulk Pd0.3Ni0.7, where

also the Curie temperature of this material has been charac-

terized (TC � 532 K).12,13 Figures 2(a) and 2(b) show mag-

netization loops in a transverse (T) and longitudinal (L)

external field at T¼ 300 K and T¼ 2 K, while Figures 2(c)

and 2(d) zoom in onto the range �0:4 T � l0H � 0:4 T. The

higher field required for saturation and the larger coercive

field values observed at low temperature can be explained by

the absence of thermally activated motion of domain walls.

Saturation is reached at lower external fields for the trans-

verse orientation of external magnetic field. Also the rema-

nent magnetization in transverse direction is significantly

higher than in longitudinal orientation. These observations

indicate an initially unexpected magnetic anisotropy with the

easy axis along the transverse direction (T).

Concerning the details of the magnetization curves, the

remanent magnetization in (T) direction is not 100% as

expected for an easy axis. This can be explained by the strong

demagnetizing field connected with the magnetization point-

ing perpendicular to the edge of the sample. This is expected

to cause some reversed domains as indicated by magnetic

force microscopy (MFM) images discussed below (Fig. 4(b)).

Furthermore, to avoid a large related magnetostatic energy,

the magnetization will rotate towards the (L) direction close

to the lateral edges. Hence, the resulting average transverse

magnetization component decreases with decreasing strip

width and becomes substantially reduced for sub-micrometer

dimensions. On the other hand, the remanence in the (L)

direction is not zero as would be expected for a uniaxial hard

axis. This is presumably a result of the domain splitting in the

remanent state after saturation along the hard axis, which is

confirmed by the MFM images shown in Fig. 4(a) (see

below). For small domains with a width below 300 nm as

deduced from Fig. 4(a), the magnetization inside and in the

vicinity of the N�eel type domain walls will have a substantial

component perpendicular to the wall, i.e., along the (L) direc-

tion, which shows up as the longitudinal remanence.

III. MAGNETOTRANSPORT

To obtain further information on the direction of sponta-

neous magnetization and the switching behaviour of single

contact electrodes, the anisotropic magnetoresistance (AMR)

of individually contacted Pd0.3Ni0.7 strips was measured. As

with the samples for the SQUID measurements, the strips

were fabricated via electron beam lithography and lift-off

process on identical Si=SiO2 substrate material. The non-

magnetic palladium leads (see Fig. 1) were deposited using a

second electron beam lithography and evaporation step. The

resistance of a ferromagnetic strip is generally higher when

the current through the strip is aligned parallel to the magnet-

ization vector of the structure (~J k ~M) than in the perpendic-

ular case (~J?~M).21–24 Transport measurements were

performed at T¼ 4.2 K, applying a maximum external mag-

netic field of l0Hmax ¼ 6925 mT successively in different

orientations relative to the strip. The resistance measurement

itself was carried out using a four-terminal setup and lock-in

technique.

Fig. 3 shows the relative change of resistance DR
¼ ðRðl0HÞ � R maxÞ=R max, in dependence on the external

FIG. 2. SQUID magnetization measurements on

an array containing 1:3� 106 strips of 250 nm

width and 5 lm length. The array was measured

in an external field of l0jHj � 3:6 T in both

transverse (T, green) and longitudinal (L, black)

direction (see also Fig. 1) at T¼ 300 K (a,c) and

T¼ 2 K (b,d). The upper panels (a,b) show the

full field range of the hysteresis loop while the

lower panels (c,d) zoom into the range

�0:4 T � l0H � 0:4 T.

034303-2 Steininger et al. J. Appl. Phys. 113, 034303 (2013)



magnetic field l0H, for a strip width of 500 nm. The three

panels correspond to the three field orientations as sketched

in Fig. 1. The largest increase of resistance occurs when

applying the field in longitudinal (L) direction. This means

that a large part of the magnetization was oriented away

from this direction and had to be aligned parallel to the strip

by the external magnetic field. In perpendicular (P) direction,

we observe a decrease of the resistance with increasing per-

pendicular field, i.e., with the alignment of the magnetization

perpendicular to the film plane and the in-plane current. This

means that the magnetization must have a longitudinal com-

ponent in the remanent state. In transverse (T) direction, a

small but finite increase of resistance appears with increasing

field. This is explained by a misalignment of the external

field by 7� relative to the (T) axis which was verified by

measuring the angular variation of the magnetoresistance in

a constant field of l0H ¼ 1T (see inset of Fig. 3). A consist-

ent interpretation of all three magnetoresistance curves in

agreement with the SQUID magnetization curves is obtained

by assuming that after saturation along a hard axis, i.e., ei-

ther along an (L) or a (P) direction the magnetization is split

into domains, as seen in Fig. 4(a), with a small M component

along (L) due to N�eel type domain walls and close to the

long edge of the strip. The presence of domain walls in the

remanent state is also responsible for the very similar hyste-

retic behaviour of the magnetization loops (Fig. 2) and the

magnetoresistance curves (Fig. 3) along the (L) axis.

The distinct reduction of the remanence along the T axis

below 100% due to the formation of some reversed domains

(see Fig. 4(b)) has practically no effect on the magnetoresist-

ance because the AMR scales with dR / cos2ðaÞ while the

magnetometer measures the parallel component of the aver-

age magnetization Mk / cosðaÞ, where a is the angle

between the (T) axis and the domain magnetization.

As a result, we can conjecture that the spontaneous mag-

netization of the strips is oriented mainly transverse to the

strips’ long axis. The small amount of change in resistance

in a magnetic field along the transverse (T) direction means

that the majority of magnetic moments already was aligned

in this direction before the field was applied. The minima,

respectively, maxima of the magnetoresistance curves show

hysteretic behaviour and are mirrored according to the sweep

direction of the external field.

IV. MAGNETIC FORCE MICROSCOPY

Finally, MFM on a strip array directly reveals the rema-

nent micromagnetic configuration within narrow strips

(width 500 nm) of Pd0.3Ni0.7. Fig. 4 displays MFM images of

an ensemble of contact strips. The MFM pictures were taken

at room temperature and zero external magnetic field; the

scanning direction was longitudinal to the strips (L). Prior to

imaging, the sample was magnetized along the longitudinal

(L) (Fig. 4(a)) or transverse (T) direction (Fig. 4(b)) by an

external field of l0H ¼ 2 T to ensure magnetic saturation.

The pattern in Fig. 4(a), where the sample was previ-

ously magnetized in longitudinal (L) direction, features alter-

nating domain alignment along the transverse (T) direction.

This is consistent with a spontaneous magnetization in trans-

verse (T) axis, as inferred from the SQUID and AMR meas-

urements. This splitting in small domains in the remanent

state also causes the non-zero remanence in the (L) direction

observed in the SQUID data (see Fig. 2) as explained before.

In Fig. 4(b), after magnetizing in (T) direction the magnet-

ization structure in this direction is considerably more uni-

form. The strips feature large domains with transverse (T)

magnetization direction. The remaining disintegration into

domains in certain areas may be caused by, e.g., edge rough-

ness of the strips, supported by thermal activated processes

at room temperature: in the inset of Fig. 4(b), showing the

surface topography of the region marked by a white dashed

square in the MFM picture, several magnetic features re-

appear as height profile irregularities. Altogether, MFM

FIG. 4. Magnetic force microscopy (MFM) images of the remanent magnet-

ization of an ensemble of 500 nm wide Pd0.3Ni0.7 strips. Before recording

the image, the strips have been magnetized along the directions indicated by

the arrows, i.e., (a) in longitudinal (L), and (b) in transverse (T) direction.

The inset in (b) shows the surface topography of the region in the white

dashed square.

FIG. 3. Anisotropic magnetoresistance DR ¼ ðRðl0HÞ � R maxÞ=R max of an

individually contacted, 500 nm wide Pd0.3Ni0.7 strip. The three panels repre-

sent the relative orientiation of the magnetic field according to Fig. 1, i.e.,

longitudinal (L, black), perpendicular (P, red) and transverse (T, green). The

dashed traces show the magnetic field up-sweep, while the continuous traces

show the down-sweep measurement. All three panels have identical scaling

of both axes. The inset shows a polar plot of the AMR at constant magnetic

field jl0Hj ¼ 1 T and reveals a small misalignment of D/ � 7�.
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imaging again confirms the findings of an easy axis along the

transverse (T) direction.

V. DISCUSSION

A possible explanation for the transverse magnetic easy

axis is the effect of inverse magnetostriction.25 While many

mechanisms can contribute local stress during fabrication of

the strips, it is already instructive to look at the highly differ-

ent thermal expansion coefficients a of the thin film metal

(aPd � 11:8� 10�6 K�1, aNi � 13:4� 10�6 K�1) and the

substrate material used in this study (aSi � 2:6� 10�6 K�1).

Considering a temperature higher than room temperature dur-

ing the thin film evaporation process of PdNi, tensile stress is

imprinted on the metal layer when the sample is cooled

down. At the edges of the strips, this stress can relax. If the

strip is sufficiently narrow, the relaxation of transversal stress

takes place across the entire strip. Assuming a similar behav-

iour of Pd0.3Ni0.7 and pure nickel (due to the high amount of

nickel in our alloy and the same crystal structure (fcc) of both

elements), the magnetic moments in the strip then align or-

thogonal to the remaining longitudinal stress, i.e., in the trans-

versal (T) direction, as the magnetostriction coefficient of

nickel is negative for both (100) and (111) direction.25

VI. CONCLUSIONS

As a conclusion, our work confirms in all aspects that

the magnetic preferential direction of high aspect ratio

Pd0.3Ni0.7 thin film contact strips feature a magnetically easy

axis transverse to the strip orientation. This can be explained

by the effect of magneto-elastic coupling. It dominates other

mechanisms as, e.g., shape anisotropy, which would favour a

magnetically easy axis longitudinal to the strip orientation.

For application of our investigated contact strips in CNT

based spin devices, it is therefore recommended to apply

external magnetic fields in transverse direction in order to

obtain a more distinct switching behaviour. Our results are

well compatible with those of the complementary study by

Chaleau et al.,20 who did extensive micromagnetic simula-

tions and investigated the remanent magnetization direction

using XMCD experiments.
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Glattli, B. Plaçais, A. Cottet, and T. Kontos, “Conserved spin and orbital

phase along carbon nanotubes connected with multiple ferromagnetic con-

tacts,” Phys. Rev. B 81, 115414 (2010).
10F. M. Mueller, A. J. Freeman, J. O. Dimmock, and A. M. Furdyna,

“Electronic structure of palladium,” Phys. Rev. B 1, 4617–4635 (1970).
11L. Hodges, R. E. Watson, and H. Ehrenreich, “Renormalized atoms and

the band theory of transition metals,” Phys. Rev. B 5, 3953–3971 (1972).
12J. C. Ododo, “Percolation concentration and saturation of the Pd moment

in ferromagnetic Pd alloys,” J. Phys. F: Met. Phys. 13, 1291–1309 (1983).
13J. C. Ododo, “The onset of ferromagnetism in transition metal alloys as a

cooperative phase transition,” J. Phys. F: Met. Phys. 10, 2515–2534

(1980).
14G. J. Nieuwenhuys, “Magnetic behaviour of cobalt, iron and manganese

dissolved in palladium,” Adv. Phys. 24, 515 (1975).
15E. O. Wollan, “Magnetic coupling in the Ni-Pd alloy system,” Phys. Rev.

167, 461–463 (1968).
16J. W. Loram and K. A. Mirza, “Dilute PdNi-a homogeneous magnetic sys-

tem of fluctuating moments,” J. Phys. F: Met. Phys. 15, 2213–2229

(1985).
17H. Z. Arham, T. S. Khaire, R. Loloee, W. P. Pratt, and N. O. Birge,

“Measurement of spin memory lengths in PdNi and PdFe ferromagnetic

alloys,” Phys. Rev. B 80, 174515 (2009).
18S. Schmidmeier, “Mikromagnetische Charakterisierung von ferromagneti-

schen Kontaktelektroden,” Diploma Thesis (Universit€at Regensburg,

2007).
19J. C. Ododo, “Ferromagnetic correlation lengths in dilute PdFe and PdCo

alloys,” J. Phys. F: Met. Phys. 15, 941–951 (1985).
20J.-Y. Chauleau, B. J. McMorran, R. Belkhou, N. Bergeard, T. O. Menteş,
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