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Critical behavior of strained epitaxial Gd films: In situ ac-susceptibility measurements in UHV
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300-A Gd films grown on W(110) under UHV conditions have been investigated in situ by ac-

susceptibility measurements above and below T, A sharp peak of g„., 230 is observed. To our

knowledge, this is the largest and sharpest (2cr I K) cusp measured for a rare-earth ferromagnet.

No domain-wall signal is superimposed upon the divergence of the paramagnetic susceptibility. At T,+

we find @=got "with y=1.235(25). This is clear evidence for a three-dimensional Ising-like behavior

above T, . The sharpness and peak position of g(T) change, depending on the annealing temperature.

Simultaneously, a change in the LEED pattern is observed.

Recently, an increasing number of reports have focused
on the magnetic properties of thin films of pure metals and
the dependence on their crystallographic quality. ' The
misfit to the substrate, the temperature during the deposi-
tion, and annealing affect the magnetic properties.
The Curie temperature depends on the thickness as well

as on internal strain. Bulk studies ' show the effect of
annealing on the sharpening of the phase transition for Gd
polycrystals. In the present study we have used the thin-
film ultrahigh-vacuum (UHV) technique to prepare al-
most perfect metallic rare-earth films of thickness 300 A.
The in situ measurement of the ac susceptibility allows us
to follow the change in the magnetism near the phase
transition as a function of the structural behavior in a con-
trolled and reproducible way.

Our 300-A-thick Gd thin films are deposited onto a
clean W(110) disk at p (2&10 '0 mbar during evapora-
tion. The film growth is monitored by Auger-electron
spectroscopy (AES) and low-energy electron diffraction
(LEED). In contrast to our earlier works, " the sub-
strate is held at room temperature. This results in a layer
by layer growth' of the first few layers. Gd grows with
the hexagonal basal plane parallel to the surface. The lat-
tice mismatch along the [100] direction of the bcc
W(110) surface is approximately 15%. This large
mismatch results in a 4.4% compression of the first Gd
layer. ' The corresponding strain causes many disloca-
tions in the second and the following layers. In the
elastic-continuum theory, one estimates that the critical
thickness is h, =2 A for the nucleation of misfit disloca-
tions. This means that the strained lattice of Gd relaxes
by incorporating dislocations from the second layer on. '

Such a structure yields diffuse LEED patterns, which we
observe for the freshly deposited film. After deposition to
the desired thickness, the films are annealed in situ in

steps of about 50 K. Already after the second annealing
step (395 K), distinct spots of the hexagonal Gd pattern
appear. They become sharper until the film has relaxed
completely at = 870 K. That means the surface has be-
come laterally homogeneous at least over the coherence
length (& 100 A) of LEED. In the same way the misfit
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FIG. I. ac susceptibility clase to T, of the 300-A thin-film
Gd(0001)/W(l IO) for several annealing steps. The solid lines
are simulations using Eq. (4). Note that in bulk ferromagnets
(Ref. 17) and in imperfect films (Refs. 15, 16, and 18), the
domain-wall response dominates over the paramagnetic signal
and alfects the analysis with Eq. (2). The error for z„ is ~ 5%.

dislocations are annealed out, and the magnetic properties
of the film become more ideal. This simultaneous and in
situ observation of structural and magnetic properties is
demonstrated in the present investigation. Only on well-
ordered films one can study the critical behavior.

Figure 1 shows some spectra of the real part of the ac
susceptibility g„recorded over a temperature range of 80
K for several annealing steps. The Curie-Weiss peak in

the temperature-dependent susceptibility at T„, which is
smeared out for the freshly deposited film, narrows con-
siderably upon annealing. Simultaneously the maximum
of the susceptibility of the film annealed at 328 K shifts to
292. 1(5) K after successive annealing (5 min) in steps up
to 870 K. Short annealing at higher temperatures does
not produce any further changes. The measured Curie
temperature of the annealed 300-A film agrees with the
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bulk Gd values published so far (Table 1 in Ref. 10). The
sample temperature is measured by a W/Re thermocouple
(relative sensitivity 0.03 K). The calibration is accurate
to 0.5 K. The ac susceptibility is measured with a
trimmed mutual-induction bridge. ' For technical details,
see Ref. 15. The signal is calibrated with the known sus-
ceptibility of Gd sulfate in Systeme International units.
The low primary ac field (182 Hz, H„,=50 A/m) oscil-
lates in the film plane.

The observed peak at T„of the best film is much
sharper than previously reported in the literature for pure
Gd metal. The following four reasons give an explanation.

(i) For Gd the high reaction enthalpy with oxygen and
hydrogen causes problems of sample contamination. The
use of the ultraclean UHV technique avoids this problem.
It is not surprising that a Gd film contaminated in air
shows a reduced signal, ' because the chemisorbed atoms
disturb the lattice structure of the surface and therefore
the magnetism. For example, the peak in the susceptibili-
ty of our annealed 300-A film is reduced by a factor of 4
after exposing to air.

(ii) Dislocations, lattice defects, and locally varying
strains restrict the divergence of the coherence length at
T, in any re. al sample. This cluster-size effect influences
the ordering temperature. Thus, one usually measures a
distribution of Curie temperatures averaged over the sam-
ple. That broadens the susceptibility peak, as seen in Fig.
I for the nonannealed film. Clusters with a randomly
oriented magnetization below T„correlate at much lower
temperatures and exhibit superparamagnetism. This
leads to a slowly increasing susceptibility with decreasing
temperature as shown in Ref. 17.

(iii) The curves in Fig. 1 exhibit the initial susceptibility
of nearly the ideal paramagnetic g~„. ,„. . The ferromagnetic
contribution g„„.~~ of the domain-wall response is negligible
in an almost perfect film with very few domains.

(iv) Our measurements are taken with the drive field
parallel to the film plane to minimize the demagnetizing
factor N which limits the divergence of g„„i.'

In addition to the specific heat and the spontaneous
magnetization, the magnetic susceptibility is important
for describing the magnetic properties of a ferromagnet.
At present there is an ambiguity in the critical behavior of
gadolinium. Since it is an s-state ion, Gd should be an
ideal Heisenberg ferromagnet. The experimental values
of the critical exponent a for the specific heat support
this. ' The exponent P for the spontaneous magnetization
spans both the Heisenberg- and Ising- ' model predic-
tions. The exponent y for g ranges between 1.18(15)
(Ref. 22) and 1.25(10) (Ref. 23) in agreement with the
three-dimensional (3D) Ising-model theoretical value
1.2402(9). We analyze the critical behavior of the best
Gd film above T, in terms of the power law (2) for the ini-
tial susceptibility.

E=Ep &

where t T/T, —1, and go+ denotes t. he critical amplitude
at T„+. The least-squares fit (LSF) is shown in Fig. 2.
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We find a power law with y = 1.235(25) and go+
=3.5(4) X10 in the temperature interval 10
& 10 '. This exponent value confirms our previous study

on the electron-spin-resonance intensity of a 80-A film
that the paramagnetic Gd film behaves as a 3D Ising sys-
tem. Geldart et al. determined y 1.23(2) along the c
axis. But for the basal plane they fitted 1.01(3) with an
offset in the signal, which they attributed to uniaxial an-
isotropy. However, they measured a cube-shaped single
crystal with N &

& . This limits the observable suscepti-
bility far above T, , resulting in deviations from the power
law below t =10 . Their four-parameter fits, large N,
and bulk samples make the determination of y less reli-
able. Furthermore, for metallic ferromagnets we see no
justification for anisotropic y values.

Previously, only Wantenaar et al. ' estimated roughly
the magnitude of the susceptibility signal by calculating
the coil-system data. The find a value for the critical
amplitude go+ =1.05X10 for a Gd polycrystal torus as-
suming N 0. The critical amplitude depends on the
crystal symmetry and the type of interaction. Baker and
Ritchie and Fisher calculated go+ in the Pade approxi-
mation for simple cubic, bcc, and fcc lattice with Ising
and Heisenberg interaction, respectively:

+ C+M(0) 1

gp =4m
kgT n

' (3)

with C+ =0.85 to 1.2. The value for hexagonal Gd has
not been calculated so far. Assumin C+ 1 and using
for Gd M(0) =0.214 T, n =3.01x10 /cm, and T, =292
K, one estimates gp+ =4.7x10 . The value determined
from the experiment gp+ =3.5 x 10 is in fair agreement.

Now we analyze the influence of annealing on the mag-
netic behavior of the Gd films. We assume the experimen-
tal susceptibility curves to be a superposition of ideal
theoretical power laws (2), where T, may vary locally due
to different internal strains and finite cluster sizes. As-
suming a Gaussian distribution of T, values in Eq. (2)
with a full width 2a., we fit all experimental susceptibility
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FIG. 2. Least-squares fit by a power law [Eq. (2)] of the ex-
perimental data for the best Gd film after annealing at 870 K.
Both linear and logarithmic plots are shown.
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curves in Fig. 1 for each annealing step using

~r, .+3ox &o+ [([T —T'[)/T'J —r

I +N jgo [((T——T'll)/T'] "j 2crqn/2

TABLE I. Results of the simulations using Eq. (4). T„„„is
the annealing temperature as shown in Fig. 1, T, is the Curie
temperature, and 2o is the full width of the temperature distri-
bution (all in units of K).

x exp[ —2[(T' —T, )/2c. r) '-1 dT'. (4) Tann 328 491 619 870

The y above and below T,. was taken to be the 30 Ising
value, y=1.240, and the critical amplitude go+ =2go
=3.5 & 10 . For the sharpest peak the demagnetizing
factor is determined to S(2) X 10 and was kept constant
for the other fits. The only free fit parameters are 2',
which varies with the annealing temperature, and T,.
Note that T, equals . the temperature where g(T) is maxi-
mal, and is not an undefined value as in Ref. 16. The re-
sults are listed in Table I. Within experimental error, the
fits in Fig. I agree with the data above T, Below T, the
deviation of the fits is due to the small contribution of the
very few domain walls g„,. Ji, which vanish above T,. This
will be discussed elsewhere. In the present investigation
we focus on the analysis of g(T) at and above T, . For this
regime very small contributions of g„.„ii can be neglected
in contrast to measurements with high ac fields on poly-
crystalline samples. "

In the previous paragraph we presented evidence that
the sharp but finite width of g(T) is due to a T, distribu-
tion. If this spread would have been ignored, a fit to the
simple equation (2) deviates from g(T) below t = 3
X 10 3 (inset in Fig. 2). This value t =3&&10 equals
T„+2o. The recently reported crossover at t (10
which was attributed to dipolar interactions, may well be
due to sample imperfections and the resulting problems
discussed above.

To explain the large Curie temperature decrease of 16
K in the nonperfect (strained) films with dislocations, we
compare it with Monte Carlo simulations from Soukoulis,
Grest, and Velgakis. Their model predicts that a 5%
concentration of defects in the lattice, which is consistent
with a diff'use LEED pattern, leads to a lowering of the
mean T„ in Gd by 15 K.

Tc
20'

275.7 (5)
4.4(1)

281.3(5)
3.0(1)

289.9(5)
1.130)

292. 1 (5}
1.02(2)
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In summary, the present experiment shows a sharp and
large peak in the paramagnetic susceptibility for elemen-
tary ferromagnetic metals. This is due to the single
domain behavior and high purity (much better than bulk
materials) of the films, which are prepared and measured
in situ under UHV. In addition the demagnetizing factor
of N = 10, being much smaller than for bulk samples,
enables g,.„, to reach larger values. This condition allows a
high reliability for the determination of y and T, in the
present and future experiments. The second important as-
pect of the present work lies in its future applicability to
UHV surface magnetism. Until now the Curie tempera-
tures of monolayers and multilayers of Co, Fe, etc. , were
determined by measurements of the direct magnetization
and the asymmetry parameter in spin-polarized photo-
emission spectroscopy, LEED, AES, and by the Moss-
bauer technique. All these techniques are less reliable,
since they probe M(T), which is a vanishing quantity at
T, Furthermore, the macroscopic N may be zero even
for a nonvanishing order parameter. Further application
of in situ UHV susceptibility measurements will improve
our understanding of thin-film magnetism, in particular,
Fig. 1 demonstrates that this technique is monolayer sen-
sitive.

Present address: Department of Material Science and En-
gineering, Stanford University, Stanford, CA 94305-2205.
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