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Rare-earth epitaxial thin films of Tb and Gd of the thicknesses be-
tween 2 nm and 16 nm were deposited by means of molecular beam epitaxy
method. The roughness of the rare-earth films measured by scanning tun-
neling microscopy was found to be in the range of 1-4.5 nm. The influence
of the roughness on the dipolar anisotropy and magnetocrystalline surface
anisotropy was estimated. The magnetic measurements have shown that the
Gd layers deposited on the Y buffer layers had an easy plane anisotropy.
However, for 2 nm thick Gd layer deposited on W buffer layer the perpen-
dicular anisotropy was observed. According to the roughness analysis the
possible sources of the perpendicular anisotropy in this sample is mainly
the magnetoelastic anisotropy, but the presence of the magnetocrystalline
surface anisotropy also cannot be neglected.

PACS numbers: 75.70.Ak, 68.55.—-a, 68.60.Dv

1. Introduction

The quality of a surface plays an important role in the magnetic proper-
ties of metallic thin films. The magnetization orientation in thin films is de-
termined by a competition between different magnetic anisotropy energies, i.e.
magnetocrystalline anisotropy, strain induced magnetoelastic anisotropy, dipo-
lar anisotropy, and thickness dependent surface anisotropy [1, 2]. The last two
anisotropies strongly depend on the film roughness [3]. The dipolar anisotropy,
favoring the in-plane magnetization in an ideal flat film, in a real film consisting
of an array of islands can shift the magnetization to the perpendicular direction
[3, 4]. The magnetocrystalline surface anisotropy resulting from the asymmetric
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environment of surface atoms may lead to the perpendicular magnetization ori-
entation. For the rough films this effect is reduced due to the lower asymmetry
at the edges of the terraces [3]. The knowledge of the roughness parameters, i.e.
the islands height and diameter, is- needed to estimate which effect is dominant
in the studied samples. In this work we have investigated the Th and Gd epitax-
ial thin films deposited on the tungsten or yttrium buffer layers. The roughness
measurements and the magnetic properties of deposited films in dependence of the
magnetic layers thicknesses and used buffer layers will be discussed. .

2. Experimental details

The Tb and Gd rare-earth (RE) epitaxial thin films were deposited by means
of MBE method under the UHV conditions (10~1° Tr). The crystal structure
and chemical purity of the films were checked in sifu using reflection high energy
electron diffraction (RHEED) and Auger electron spectroscopy (AES) respectively.
The films were grown on the commercially available sapphire (1120) substrates in
two types of structures:

type A : Aly03(1130)/W(110)/RE(0001)/W(110)/Au,
type B : Al,03(1120)/W(110)/Y(0001)/RE(0001)/Y(0001)/Au.

All layers, except the first W buffer layer where Tsypstrate = 1100°C, were
deposited at room temperature. The thicknesses of buffer and cover layers were as
follows: Wputter — 30 nm, Yputer — 10 nm, Weover and Yeover — 10 nm, Aucover
— 15 nm. The thicknesses of Tb and Gd layers were in the range of 2-16 nm.
The scanning tunneling microscopy (STM) measurements were performed ez situ
in constant current mode using the STM unit with chemically etched tungsten
tips. The magnetization loops were measured by means of vibrating sample mag-
netometer (VSM) at 10 K temperature in parallel and perpendicular direction of
the applied magnetic field.

3. Results and discussion

The RHEED measurements showed a very good epitaxial growth of Tb and
Gd on both types of buffer layers — the observed RHEED streaks were sharp and
long which suggested the 2D growth of RE layers. On the other hand, it should be
noticed that the correlation length for RHEED electrons is of an order of 20 nm,
so the layers with islands of larger diameter would be also recognised by RHEED
as a flat film.

The films roughness measured by STM was characterized using two param-
eters, Ah — average height and Al — average diameter of islands observed in
the STM images. As the STM measurements were performed ez situ, it was nec-
essary to estimate the resulting total roughness added by buffer and cover lay-
ers. The roughness of buffer layers was controlled in the samples Al;03/W30 nm
and Aly03/W30 nm/Y10 nm and was found to be Ah = 0.9-1.1 nm and Al =
20-30 nm in both cases. To obtain the total roughness of the buffer and cover
layers we have measured the A and B type samples without the RE layers (cali-
bration samples) and Ak = 2 nm and Al = 33 nm were found. The RE roughness
was obtained by subtraction of the calibration samples roughness from the total
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roughness of studied films. The results are presented in Table and the examples of
STM images are shown in Fig. 1a and Fig. 2a.

TABLE
The roughness of RE layers of different thichnesses deposited on W and W/Y buffer »
layers. (A), (B) means sample of type A (W/RE/W/Au) or sample of type B
(W/Y/RE/Y/Au).
14 (A) | r3 (B) | 7 (A) | x9 (B) | rll (A) | r13 (B) | r19 (A) | 16 (B)
Tb - - - - 4 nm 4nm | 16 nm 16 nm

Gd| 2nmm| 2mnm| 4nm| 4nm - - - -
Ah| 1nm| 1nm|16nm|1.7mnm| 1.7nom| 1.6 nm | 4.5 nm 4 nm
Al }40nm {45nm | 40nm | 60nm | 40nm | 60nm | 50 nm 85 nm

b) 0000575
Th 16nm

0,0000

M(emu)

-0,0005

Fig. 1. (a) The STM image of the sample 16 (the image area cover 1 x 1 pm?, the
height scale represents the range of 0~14 nm); (b) the parallel (]|) and perpendicular (p)
magnetization loops of the sample r6.
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Fig. 2. (a) The STM image of the sample r4 (the image area cover 1 x 1 pm?, the
height scale represents the range of 0-8 nm); (b) the parallel (]|) and perpendicular (p)
magnetization loops of the sample r4.
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From the Table it is clear that the roughness of RE layers deposited at room
temperature increases with the thickness of the film and does not depend on the
type of buffer layer. The lateral size of 30-80 nm of the islands observed in the
STM images is larger than the coherence length of RHEED electrons. It explains
why the RHEED did not detect the 3D-like growth of RE layers.

The magnetic measurements showed that all the samples, except samples
r4 and r7, had a clear easy plane magnetic anisotropy, which is seen in Fig. 1b
for 16 sample as an example. In the sample r7 the parallel and perpendicular
magnetic loops are both tilted and close to each other, which suggests that the
magnetization lies in between the two measured directions. In the sample r4 the
out-of-plane anisotropy is seen (see Fig. 2b).

The models proposed by Bruno et al. [3, 5] were applied to estimate the
possible influence of the roughness on the magnetocrystalline surface anisotropy
and the dipolar anisotropy of RE films. In the ideal flat film, when the magneti-
zation is perpendicular to the surface, the “magnetic charges” appear on the film
sides giving the high demagnetization field. In the rough film with the islands and
terraces, some “magnetic charges” appear at the ends of terraces for in-plane mag-
netization. This results in the in-plane demagnetization field. The corresponding
energy is an effective surface anisotropy of dipolar origin. Apart from the usual
dipolar anisotropy

Eq = =V2rM?sin? 9, (1)

where V' — volume of the film, § — the angle between the normal to the film
surface and the magnetization direction, M — magnetization, Bruno [5] proposed
the additional positive term representing the dipolar surface anisotropy

AFEy = 2527er£’E [1 - f (2#M)] sin 6, (2)
4 Al

where Ah, Al — the average height and diameter of the islands, respectively, S
— area of the film, f(z) € (0,1) — the function of Ak and Al (see Ref. [5]).

Putting the values of Ah and Al taken from Table to Eq. (2), we have
found that for the samples r3 and r4 the positive term AEy4 is about 15% of
usual dipolar anisotropy Eq. Therefore it is too small to induce the perpendicular
anisotropy. The magnetocrystalline surface anisotropy arises from the asymmetric
environment of surface atoms. In the rough film this effect is reduced due to lower
asymmetry at the edges of the terraces. According to Bruno et al. [3] the roughness
modifies the magnetocrystalline surface anisotropy by an amount

AK 2Ah

N (3)
where AK; — reduction of the magnetocrystalline surface anisotropy energy in
the rough film, K — magnetocrystalline surface anisotropy in the ideal flat film.
The ratio AK;/ K was found to be less than 0.1 for all 2 nm and 4 nm thick RE
layers (for thick RE layers this effect is negligible).

The different direction of magnetic anisotropy for the samples 13
Y/Gd 2nm/Y (easy plane) and r4 W/Gd 2nm/W (out of plane) indicates however
a very important role of the buffer layer type'(W or Y). The 14% lattice misfit
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in the case of W/RE interface induces a high magnetoelastic surface anisotropy
(high lattice stresses), which is not present for Y/RE interface (lattice misfit less
than 1%).

4, Conclusions

The magnetic surface anisotropy of dipolar, magnetocrystalline, and mag-
‘netoelastic origin has been studied in ultrathin RE layers. In the all investigated
Y/RE/Y layers we have found the easy plane magnetic anisotropy. It suggests
that the presence of the dipolar and magnetocrystalline surface anisotropies only
is not sufficient to overcome the usual dipolar anisotropy favoring the in-plane
magnetization. On the other hand, in the W/RE/W layers the presence of the
W/RE lattice misfit, resulting in the important stresses, induces the additional
anisotropy term: the magnetoelastic one. We believe that it is the main reason for
the appearance of the perpendicular anisotropy observed in W/Gd 2 nm/W film.

According to the surface analysis in both W/RE/W and Y/RE/Y 'cases
the roughness of investigated thin films does not change sufficiently the dipolar
and magnetocrystalline surface anisotropies to introduce the reorientation of the
anisotropy direction.
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