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(Presented 2 November 2011; received 13 September 2011; accepted 13 October 2011; published
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We have studied the surface morphologies and magnetic properties of Fe and Co thin films evaporated

on polyethylene naphthalate (PEN) organic substrates toward the fabrication of spin quantum cross

devices. As a result, the surface roughnesses of Co (6.1 nm)/PEN and Co (12 nm)/PEN are as small as

0.1 and 0.09 nm, respectively, corresponding to less than one atomic layer, in the same scanning scale

as the thickness. As for the magnetic properties, the coercive force of the Co/PEN shows the constant

value of 2 kA/m upon decreasing the Co thickness from 35 to 10 nm, and it increases up to 7 kA/m

upon decreasing the Co thickness from 10 to 5 nm. It decreases when the Co thickness is less than

5 nm. These results can be explained by the competition between the shape magnetic anisotropy and

the induced magnetic anisotropy. VC 2012 American Institute of Physics. [doi:10.1063/1.3670609]

Molecular spintronics has attracted an extensive amount of

interest since the discovery of the magnetoresistance (MR)

effect in ferromagnetic-metal/molecules/ferromagnetic-metal

junctions.1–6 Recently, we have proposed spin quantum cross

(SQC) devices, in which molecules are sandwiched between

two edges of magnetic thin films deposited on organic sub-

strates with their edges crossed.7,8 In SQC devices, the junction

area can be scaled down to dimensions of a few nanometers

because the thickness of magnetic thin films is determined by

the growth rate, ranging from 0.01 to 1.0 nm/s. According to

our recent calculation within the framework of the Anderson

model, SQC devices exhibit a giant MR effect at room temper-

ature.9 In this paper, toward the fabrication of SQC devices, we

have investigated the surface morphologies and magnetic prop-

erties of Fe and Co thin films evaporated on polyethylene naph-

talate (PEN) organic substrates and discussed their feasibility of

use in SQC devices.

The Fe and Co thin films were thermally evaporated on

PEN organic substrates (10 mm length, 2 mm width, 25 lm

thickness) under a magnetic field in a high vacuum chamber

at a base pressure of �10–8 Torr. The PEN organic substrates

(Teonex Q65) were supplied by Teijin DuPont, Japan. The

pressure during the evaporation was 10�5 Torr and the

growth rate was 1.5–2.5 nm/min at an evaporation power of

400–450 W. The magnetic field for the formation of the

induced magnetic anisotropy was 30 kA/m, which was

applied in the in-plane transverse direction of the Co and Fe

thin films. The surface morphologies of the samples were an-

alyzed by atomic force microscope (AFM; Nanonavi IIs, SII

NanoTechnology). The magnetization curves were measured

by focused magneto-optic Kerr effect equipment (Neoark,

BH-PI920-HU) under a magnetic field up to 40 kA/m at

room temperature.

Here, the surface roughness, Ra, is defined by

Ra ¼ 1=LxLy

Ð Lx

0

Ð Ly

0
jhðx; yÞjdxdy; where h(x,y) is the height

profile as a function of x and y and Lx(y) is the lateral scan-

ning size in the x(y) direction. Figure 1(a) shows the surface

roughness as a function of the metal film thickness for Fe/

PEN, Co/PEN, and Au/PEN. The surface roughness

increases up to 3.8 nm for a film thickness of 21 nm for Au/

PEN, whereas the surface roughness decreases down to 0.77

and 0.58 nm with increasing the film thickness up to 40 nm

for Fe/PEN and Co/PEN, respectively. Here, we consider the

growth mechanism of the Fe/PEN and Co/PEN, and discuss

their feasibility in SQC devices from the viewpoint of the

surface roughness. Figures 1(b) and 1(c) show the scaling

properties of the surface roughness for PEN, Fe/PEN, and

Co/PEN. The inset represents the scaling properties of the

root mean square (RMS) surface roughness, Rq. The RMS

surface roughness obeys a scaling law, Rq¼w(L)/La,

where w(L) is the interface width corresponding to the stand-

ard deviation of the surface height, L is the system size, and

a is the growth scaling exponent. From the inset in Figs. 1(b)

and 1(c), the growth scaling exponent, a, of PEN is found to

be 0.63, which is almost the same value as 0.62 of the Fe

(7.8 nm)/PEN. This result indicates that the surface morphol-

ogy of PEN exhibits almost the same behavior as that of the

Fe (7.8 nm)/PEN. In contrast, the growth scaling exponents,

a, of Fe (14 nm)/PEN, Co (6.1 nm)/PEN, and Co (12 nm)/

PEN are 0.71–0.73, which are different from those of both

PEN and Fe (7.8 nm)/PEN. That means that the surface mor-

phologies of Fe (14 nm)/PEN, Co (6.1 nm)/PEN, and Co

(12 nm)/PEN are different from those of PEN and Fe

(7.8 nm)/PEN. This difference affects their magnetic proper-

ties. The relation between the surface morphologies and

magnetic properties will be discussed later. Here, we con-

sider their feasibility in SQC devices from the viewpoint of

the surface roughness. Since the junction area in SQC devi-

ces is determined by the film thickness, the surfacea)Electronic mail: kaiju@es.hokudai.ac.jp.
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roughness needs to be smooth enough in the same scanning

scale as the thickness size. As shown in Fig. 1(b), the surface

roughnesses of Fe (7.8 nm)/PEN and Fe (14 nm)/PEN are 0.2

and 0.14 nm, corresponding to one atomic layer, in the scan-

ning scale of 7.8 and 14 nm, respectively. The surface rough-

nesses of Co (6.1 nm)/PEN and Co (12 nm)/PEN are also as

small as 0.1 and 0.09 nm, corresponding to less than one

atomic layer, in the scanning scale of 6.1 and 12 nm. These

facts indicate that Fe/PEN and Co/PEN are suitable for mag-

netic metal thin films on organic substrates used for SQC

devices from the viewpoint of surface morphologies.

Figure 2 shows the Fe and Co thickness dependences of

the magnetization curves for Fe/PEN and Co/PEN. The mag-

netic field is applied in the transverse direction of each film,

which is parallel to the induced magnetic anisotropy axis. In

Fig. 2(a), the coercive force of Fe/PEN decreases from 6.1 to

0.57 kA/m upon decreasing the Fe thickness from 22 to

7.8 nm. In comparison, in Fig. 2(b), the coercive force of

Co/PEN shows the maximum value of 6.1 kA/m at a Co

thickness of 5.3 nm. This tendency can also be seen in the

squareness of the hysteresis loop, Mr/Ms, where Mr and Ms

are the residual and saturation magnetization, respectively.

The squareness of the Fe/PEN decreases from 0.96 to 0.66

upon decreasing the Fe thickness from 22 to 7.8 nm. The

squareness of the Co/PEN shows the maximum value of 0.84

at a Co thickness of 5.3 nm. Figure 3(a) shows the Fe and Co

thickness dependences of the coercive force for Fe/PEN and

Co/PEN. As already shown in Fig. 2(a), the coercive force of

Fe/PEN decreases upon decreasing the Fe thickness and it

becomes 0 kA/m at an Fe thickness of 7 nm. The coercive

force of the Co/PEN shows the constant value of 2 kA/m

upon decreasing the Co thickness from 35 to 10 nm and

increases up to 7 kA/m upon decreasing the Co thickness

from 10 to 5 nm. It decreases when the Co thickness is less

than 5 nm. Here, we discuss the reason why this peak occurs

for Co/PEN. First, we examine the coercive force in stage I

(Co thickness, dCo¼ 10–35 nm), as shown in Fig. 3(a). In

each illustration of stages I-III in Fig. 3(a), the solid arrow

and the dotted arrow represent a strong and a weak magnetic

anisotropy, respectively. As is well known, Co thin films

have a strong shape magnetic anisotropy. Therefore, the

shape magnetic anisotropy, Ks (represented by a solid green

arrow) dominates within the total magnetic anisotropy in

stage I, where it can be neglected that both the Co surface

roughness (Ra¼ 0.58–0.82 nm for dCo¼ 10–35 nm in

Lx(y)¼ 500 nm) and the PEN surface roughness (Ra¼ 1.3 nm

in Lx(y)¼ 500 nm), shown in Fig. 1(a), affect the Co film

shape. This qualitative picture is surely supported by the

fact that the coercive force and the squareness of Co (21 nm)/

PEN are as small as 2.1 kA/m and 0.37, respectively, when

the magnetic field is applied in the transverse direction of

Co/PEN, shown in Fig. 3(b), whereas the coercive force and

FIG. 1. (Color online) (a) Surface roughness as a function of the metal film

thickness for Fe/PEN, Co/PEN, and Au/PEN and the scaling properties of

the surface roughness for (b) PEN, Fe (7.8 nm)/PEN, and Fe (14 nm)/PEN,

and (c) PEN, Co (6.1 nm)/PEN, and Co (12 nm)/PEN. The inset shows the

scaling properties of the RMS surface roughness.

FIG. 2. (Color online) Fe and Co thickness dependences of the magnetiza-

tion curves for (a) Fe/PEN, and (b) Co/PEN.
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the squareness of Co (21 nm)/PEN are as large as 4.0 kA/m

and 0.94, respectively, when the magnetic field is applied in

the longitudinal direction of Co/PEN, as shown in Fig. 3(c).

This result means that the magnetic easy axis is almost

perpendicular to the external magnetic field. Therefore, the

coercive force of the Co films in stage I for Co/PEN has

decreased. Next, in stage II (dCo¼ 5–10 nm), the Co surface

roughness (Ra¼ 1.0 nm for dCo¼ 5–10 nm in Lx(y)¼ 500 nm)

and the PEN surface roughness (Ra¼ 1.3 nm in Lx(y)

¼ 500 nm) are considered to affect the Co film shape since

the ratios of the Co and PEN surface roughness to the Co

thickness are as large as 0.23–0.46. For this reason, the shape

magnetic anisotropy, Ks (represented by the dotted green

arrow), becomes smaller than the induced magnetic anisot-

ropy, KI (represented by the solid blue arrow). Therefore, the

induced magnetic anisotropy, KI, dominates within the total

magnetic anisotropy. This means that the magnetic easy axis

becomes almost parallel to the external magnetic field. This

results in the increase of the coercive force and the square-

ness. Here, it should be noted that the mound-like surface

can be seen for Co (6.1 nm)/PEN, as shown in Fig. 3(d). This

means that Co thin films can be self-organized even though

Co films are quite thin. In contrast, the fiber-like surface can

be observed for Fe (7.8 nm)/PEN, as shown in Fig. 3(e). This

fiber-like surface is almost the same as the morphology of

the PEN. This means that Fe thin films cannot be self-

organized. This result is in good agreement with the fact that

the growth scaling exponent, a, of PEN is almost the same

value as that of Fe (7.8 nm)/PEN, as shown in the inset of

Fig. 1(b). Moreover, this is consistent with the fact that the

coercive force becomes 0 kA/m at an Fe thickness of 7 nm,

as shown in Fig. 3(a), due to little magnetic interaction

between the Fe-Fe grains. Finally, in stage III (dCo< 5 nm),

since the formation of Co thin films are quite similar to that

of Fe thin films in the Fe(7.8 nm)/PEN shown in Fig. 3(e),

the coercive force approaches 0 kA/m. Thus, the peak in the

coercive force for Co/PEN can be explained by the competi-

tion between the shape magnetic anisotropy and the induced

magnetic anisotropy. These results also indicate that Co/PEN

films with a Co thickness of 5–10 nm are suitable for the

electrodes of SQC devices because a large coercive force and

a high squareness of the hysteresis loop are required in SQC

devices. In conclusion, Co/PEN films are good candidates for

the electrodes of SQC devices, especially with a 5–10 nm

junction size, from the viewpoint of the surface morphologies

and magnetic properties.
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FIG. 3. (Color online) (a) Fe and Co thickness dependences of the coercive

force for Fe/PEN and Co/PEN, the magnetization curves with the applica-

tion of (b) the transverse, and (c) the longitudinal, magnetic field for

Co (21 nm)/PEN, and the surface morphologies of (d) Co (6.1 nm)/PEN and

(e) Fe (7.8 nm)/PEN.
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