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The uniaxial magnetic anisotropy of Gd(0001) monolayers and of an 80-A epitaxial film on
W (110) is determined near T¢c. Our magnetic resonance technique determines the effective mag-
netization in absolute magnetic-field units and is sensitive to the crystalline anisotropy below and
above the Curie temperature. We find a temperature-dependent uniaxial anisotropy in the mono-
layer which favors alignment of the magnetization normal to the surface and is up to ten times
larger than the bulk anisotropy. The dipolar shape anisotropy, however, dominates and the mag-
netization lies in the basal plane, i.e., the film plane. Furthermore, we demonstrate that the shape

anisotropy of a monolayer depends on the lattice type.

Summations of the dipolar fields on a

square [bce (100)] and a hexagonal lattice yield a 31% and 6% reduction of the shape anisotropy,
respectively, when compared with the calculation for a homogeneous thin film with demagnetiza-

tion factor N, =1.

Recently, much experimental effort has been put into
the determination of the easy axis of magnetization M for
epitaxial magnetic monolayer (ML) films prepared under
UHYV conditions. Results on Fe and Co films show that
for layer thicknesses =S5 ML the magnetization lies in
the film plane.!~® This is the expected behavior due to
the dipole interaction, which favors alignment of M in the
plane of thin disks. For layer thicknesses below =5 ML,
however, the orientation of M is found to depend on the
lattice type, the temperature, and the details of the sample
preparation.? For a fcc Fe monolayer one finds that the
easy axis of M lies normal to the surface,?3 while for bec
Fe and hcp Co monolayers® ¢ an in-plane orientation of
M is found. This dependence on the lattice structure
demonstrates the importance of the spin-orbit interaction’
on the intrinsic magnetic anisotropy energy. It yields
different strengths of the magnetic anisotropy field for
different types of lattices.

Existence of a remanent magnetization lying in the sur-
face plane was concluded from spin-polarized low-energy
electron diffraction on a 500-A thick Gd(0001) film®®
and from spin-polarized Auger spectroscopy of Gd layers
on ferromagnetic Fe(100).'° These techniques, however,
were not sensitive to components of M normal to the sur-
face. For bulk Gd the easy axis of M is known to lie along
the hexagonal ¢ axis for temperatures 7 =240 K
(T/T¢=0.8),"" which is normal to the Gd film plane.
Thus, depending on the strength of the intrinsic magnetic
anisotropy as compared with the dipolar shape anisotropy,
one cannot exclude a magnetization inclined at an angle
Peq to the film plane (inset Fig. 1). The magnetic reso-
nance appears to be the best-suited experimental tech-
nique to determine the orientation of M below and above
T¢ unambiguously, as it is sensitive to both normal and
parallel components of M.

In the present work we show results on epitaxial
Gd(0001) monolayers on a nonmagnetic W(110) sub-
strate prepared under UHV conditions. Magnetic reso-
nance was performed in situ for temperatures 0.8
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=<T/Tc=1.25. We determine the angle ¢¢q of the mag-
netization vector by comparing the shape anisotropy of
the Gd film with the intrinsic uniaxial anisotropy, which is
obtained from our experiment. We find that the intrinsic
anisotropy of the Gd monolayers is increased with respect
to bulk values up to a factor of 10 and favors alignment of
M along the surface normal. But due to the strength of
the shape anisotropy the magnetization is forced to lie
completely in the film plane for our samples, that is
Peq =0°.

Films of one to a few atomic layers cannot be treated as
a homogeneous medium with a demagnetization factor
N1 =1 normal to the plane. A single layer of a bcc, fcc,
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FIG. 1. Magnetic resonance fields at 9 GHz for epitaxial lay-
ers Gd(0001)/W(110) as a function of temperature. The dc
magnetic field H is applied always in the film plane (inset). In
uniaxial symmetry the orientation of M is given by ¢eq.
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and hcp structure (that is to say a square lattice with
next-nearest-neighbor distance ay, aoVv2, and a triangular
net, respectively) represents a lattice of discrete magnetic
moments. A summation of the dipolar fields over discrete
lattice sites is necessary in order to obtain the true demag-
netizing field. This will be described in a later part of this
paper.

Gd(0001) films of 0.8 ML, 1.6 ML, 2.8 ML, and 80-A
thickness were prepared on W(110) and characterized in
UHV as described earlier.'> Magnetic resonance at 9
GHz was performed in situ on freshly evaporated films. '
The Curie temperatures T¢ of these films were deter-
mined to be 271 2,278 =2, 282+ 2, and 287 =2 K, re-
spectively. '>!3

In the present analysis we use the magnetic free-energy
density given for axial symmetry (inset Fig. 1) by'*

E=—H M cos¢+2xM*(N . sin%p+ Nycos2¢)
—K,sin?%gp. 1)

The first term is the Zeeman energy for the external field
H) applied in the surface plane. The angle ¢ measures the
inclination of M with respect to the film plane. The
second term represents the demagnetization energy
caused by the dipole-dipole interaction of the magnetic
moments. The last term is the first-order uniaxial mag-
netic anisotropy appropriate to an hexagonal lattice.
Higher-order terms like K4sin®¢ can be neglected in the
case of Gd for 7= 240 K.!! The equilibrium position ¢eq
of the magnetization is found by minimizing the free ener-
gy [Eq. (1)]

—~MH=[4z(N . =N )M?—2K;] cospeq . 2)

From Eq. (1) it is seen that E is lowest for ¢ =90° in zero
external field, if K, = 2x(W . — N )M?, i.e., the magneti-
zation pointing along the film normal. M lies in the plane
for two limits: (i) K, <0, (i) 0=<K,<2z(N.—N)M2

The condition for magnetic resonance in our experimen-
tal geometry (Fig. 1 inset) is given by '4!°

hv

2
] =H[H+4x(N, —N)M(T H))
8HUB .

—2K,(TY/M(T,Hy)], (2a)

where v is the microwave frequency and g=1.97 the g
factor for Gd metal. The last two terms in the brackets
can be combined to give the effective magnetization M g

Ax(N, —N))Mg=4r(N, —N)M(T,H,)
—2K,(T)/M(T,H)). (2b)

M g is determined directly from the shift of the resonance
field H, with respect to the g=1.97 resonance position
(high-temperature limit). To extract K, both values
M(T,H)) and H(T) have to be obtained independently.
The demagnetization factors N, =1 and N, =0 are usual-
ly used for thin films of several nanometers thickness in
the literature. These values are correct for a homogene-
ous medium. For films of one to a few atomic layers, how-
ever, they are inappropriate as discussed above. Recently,
it has been shown'¢ that the NV tensor can be obtained
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from a summation over a finite number of n point dipoles
on a lattice. The asymptotic values N;;° (for n— o) for a
given spin direction are extrapolated by fitting N;;(n) to

Nij=N7+ain""P+a;y  P+azn'. 3)

The last three terms reflect the contributions from mo-
ments at the surfaces, edges, and corners of the sample.

The main goal of our estimate is the calculation of V;;
for one layer to analyze our data for 0.8 and 1.6 ML. The
demagnetizing field of a multilayer has to be calculated
slightly differently by averaging over the fields of each in-
dividual layer.!” This goes beyond the present communi-
cation.

We calculate N;; for a hexagonal (0001) lattice with
lattice constants ag=3.46 A, ¢/2=289 A, i.e.,
Gd(0001)/W(110) [Fig. 2:(A)], as well as for ap=3.6 A,
c/2=2.89 A [Gd-bulk, Fig. 2:(+)]. Point dipoles in a
thick disk of 1-11 layers with a disk diameter of up to
2000 lattice sites are included in the summation. To
check the reliability of the extrapolated N,;” we also deter-
mine N;; for a bee (100) lattice with ag=2.87 A [Fe, Fig.
2:(0)]. For the monolayer, i.e., a square lattice, we obtain
N, =0.692(1). This is in agreement with Ref. 1 where
N, —N;=0.692—0.154=0.538 (see Fig. 2). Yafet and
Gyorgy obtain N, =0.719.'® N for spins pointing nor-
mal to the film is plotted in Fig. 2 as a function of the
number of layers. N;° for spins lying in the plane is also
calculated and the known relationship 2V, =1—N, is

confirmed.
We find that NV, for a monolayer depends on the lattice

type. For a hexagonal monolayer NV, =0.94 and for a
square lattice, bcc (100) monolayer, with nearest-
neighbor distance a¢ we calculate N =0.692. Interest-
ingly, NV, of the densely packed hexagonal lattice deviates
only by about 6% from the homogeneous value, while the
more open square monolayer yields a reduction of 31%.
Differences between an average NI for a multilayer and
the N T of only the central plane of this multilayer become
irrelevant for the hexagonal structure.

A plot of the experimental resonance fields as a function

W T ~——
T - 2 3
0.9 r //’*’ -1
08 R
L /\ 1
o7k // (N,-N,) from Ref.1 4
. .
o6 |/ .
|
L 9
1

2 3 4L 56 7 8 9 1001
number of layers
FIG. 2. Demagnetization factor N of the central layer as a
function of atomic layers for the hcp(0001) and bce(100) lat-
tices as described in the text. Values for N, — N, [Eq. (2a)]
from Ref. 1 are shown also. They were calculated for a spheri-
cal distribution of dipole density around each lattice site.
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of temperature is shown in Fig. 1. For all layer
thicknesses one observes a shift to lower magnetic fields
with decreasing temperature. Using Eqgs. (2a) and (2b)
one sees that this shift to lower resonance fields deter-
mines the effective magnetization Mg, which increases
when the temperature is lowered through 7T¢. Thus, we
observe an in-plane magnetization for the monolayers and
the 80-A film. The small changes in T¢ and H) for the
different films are difficult to see in Fig. 1. It is better ob-
served in a log-log plot of M/H | over reduced temperature
and has been discussed earlier. !?

To extract the easy direction of the magnetization in
the limit of zero applied field, we determine the first-order
uniaxial magnetic anisotropy constant K, from the
effective magnetization [Eq. (2b)]. The demagnetization
factors for the different films are taken from our calcula-
tion (Fig. 2). In our previous analysis of the susceptibility
of the 80-A film'? we found a bulklike behavior. For this
film, we use the bulk magnetization which has been exper-
imentally determined as a function of the applied magnet-
ic field and of the temperature.!” For the monolayer
films, on the other hand, the magnetic field and tempera-
ture dependence of M is not known experimentally. Our
measurement of the susceptibility above T¢ revealed two-
dimensional (2D) Ising-like magnetic behavior of these
films.'?> Thus, we use the theoretical temperature depen-
dence of the spontaneous magnetization for a 2D Ising
system near T, i.e.,

M,@)=MP, t=1—T/T¢, 0<t=<0.1 “)

with =1 and M,(T=0 K)=214 G.!' For the data
above T¢ we obtain M according to

M(T . H,)=C(T—T¢) ""H,, 7=:Z‘ (5)

with C being the Curie constant of bulk Gd. For T< T¢
we neglect the effect of Hy on M. Putting these magneti-
zation values into Egs. (2a) and (2b) together with the
correct demagnetization factors IV for the different films
we calculate K,(7). The result is shown in Fig. 3 as a
function of the reduced temperature 7/7Tc. One finds a
positive anisotropy constant K for all film thicknesses.
The temperature dependence of the anisotropy for the
monolayer films is qualitatively the same: no intrinsic an-
isotropy above T¢ and a sharp increase of K, just below
Tc with a maximum around 7/ T¢=0.96. The anisotro-
py of the 80-A film is much smaller and differs from zero
even above the ordering temperature. This behavior is
known from bulk Gd measurements'' and may be as-
cribed to a field-induced anisotropy. As stated earlier this
strong positive anisotropy favors alignment parallel to the
film normal, i.e., the ¢ axis. Comparison with the demag-
netization energy (Fig. 3, solid lines), however, shows that
even for the highest anisotropy values the demagnetiza-
tion energy overcomes the intrinsic spin-orbit anisotropy.
Thus, we find that for a monolayer and an 80-A thick film
of Gd(0001) on W(110) the magnetization lies complete-
ly in the film plane (¢.q=0°, Fig. 1 inset). Also for films
of several hundred A thickness M was found to lie in the
basal plane,®° i.e., the film plane, opposite to the known
behavior of bulk Gd. From the previous discussion the
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FIG. 3. Experimental values of the anisotropy constant K vs
relative temperature 7/ T¢. Curie temperatures of each film are
given in brackets. The shape anisotropy energy as a function of
T/Tc for the theoretical M(T) of a 2D-Ising system (thick
solid line) and for the experimental M (T,H);) of bulk Gd (thin
solid line) is also shown.

reason is obvious: The dipolar shape anisotropy of thin
films overcomes all other contributions, but is missing in
spherical bulk samples.

The magnitude of K, is approximately one order of
magnitude larger than the bulk anisotropy, a behavior
which has also been found for Fe and Ni monolayers.” An
analysis of our anisotropy data in terms of a surface an-
isotropy?® seems not useful to us and somewhat arbitrary.
For the symmetry of the hcp surface layer one would ex-
pect a Néel-type surface anisotropy equal to zero accord-
ing to Ref. 21. And for the monolayer film a surface layer
is not defined. The strong increase in K, measured in
erg/cm? is due to strain in the lattice which is caused by
the lattice mismatch of Gd(0001) and W(110). The Gd
monolayer lattice constant is known to be compressed by
about 5% compared to the bulk value.?? This compression
can be related in a simple picture to an increase in the uni-
axial anisotropy energy?’ for Gd. A dilatation of the
monolayer lattice would yield a reduced uniaxial anisotro-
py. In this model it becomes also understandable that the
anisotropy of the 80-A thick sample is lower than the one
of the monolayer. An adjustment of the lattice constant
with increasing thickness takes place and reduces the
strain in the film. Residual stresses in this film may cause
our experimentally determined higher volume anisotropy.

In conclusion, our magnetic resonance study of a mono-
layer Gd(0001) on W(110) reveals that the magnetization
lies completely in the surface plane in zero external field
in contrast to results reported for Fe monolayers. As an
advantage in comparison to most other techniques applied
to magnetic monolayers we like to point out that our mea-
surement yields the effective magnetization, Eq. (2b), in
absolute field units. A quantitative comparison to theoret-
ical calculations is possible. This, and the possibility of
measuring at T¢ and T, makes the UHV ESR a good
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method to study critical phenomena of ultrathin films. It
is also demonstrated that the demagnetization energy of a
magnetic monolayer depends on the lattice structure and
is significantly different from the one calculated for an
homogeneous medium.
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