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We have used scanning-tunneling microscopy to study the structure of Gd thin films grown on W~110! and
its relationship to the magnetic properties. The film morphology is examined for different coverages and for
two different post-deposition annealing temperatures~530 and 710 K!, permitting predictions of the in-plane
demagnetization factor and the Curie temperature that are in excellent agreement with prior ac magnetic-
susceptibility measurements. The first monolayer of Gd is also found to grow in a (7314) lateral superstruc-
ture, giving rise to in-plane lattice distortions of;1% as compared to the values of bulk Gd.

Over the last ten years, a number of studies of the mag-
netic properties of thin films of Gd grown epitaxially on
W~110! single-crystal substrates has been performed.1–12

This system of a 4f ferromagnetic metal deposited on a non-
magnetic transition metal has provided much interesting
data, including, for example, indications of an elevated sur-
face Curie temperature.1,2Although particular growth modes
and film morphologies for this system have been inferred
indirectly from techniques such as Auger electron spectros-
copy ~AES! and low-energy electron diffraction~LEED!,1,13

no direct observations of surface morphology using
scanning-tunneling microscopy~STM! have been made. In
this paper, we study the effects of coverage and annealing
temperature on the morphology of such Gd films with STM.
These results yield a more quantitative understanding of the
structure-magnetism relationships for this prototypical epi-
taxial ferromagnet and also reveal a new superstructure for
the first monolayer.

Some important prior observations for Gd/W~110! are as
follows. Weller et al.1 proposed based upon AES measure-
ments that Gd films deposited on W~110! substrates held at
between 723 and 773 K grow via the Stranski-Krastanov
~SK! mode@three-dimensional~3D! island growth on top of
one or more epitaxial monolayers#. This same work used
spin-polarized LEED and the magneto-optic Kerr effect
~MOKE! to determine that the surface Curie temperature
(TCs) was higher than that of the bulk (TCb) by 22 K. A later
study by Tanget al.2 employed spin-polarized secondary
electron emission spectroscopy and spin-polarized photo-
electron spectroscopy and concluded thatTCs was 60 K
higher thanTCb , that there was a ferromagnetic alignment of
the in-plane component of the surface and bulk moments,
and that the surface magnetization appeared to be canted. Gd
is thus one of only two ferromagnetic materials for which
TCs has been observed to be greater thanTCb , with the other
being Tb~001!, as studied by Rauet al. using electron cap-
ture by deuterons14 Kolaczkiewicz et al.13 further investi-
gated the growth modes and surface structures of Gd/W~110!

utilizing LEED and AES. From breaks in AES intensities as
a function of coverage,Q, they inferred that, for lower cov-
erages@Q,3 monolayers~ML !# and when deposited at
room temperature, Gd grows in the Frank–Van der Merwe
~FM! mode ~smooth, layer-by-layer growth! to form
Gd~001!. From these same data, it was suggested that the
first Gd monolayer is a hexagonal~001! plane compressed by
4.4% from the bulk spacing, with the Gd@100# direction
~which points along the in-plane nearest-neighbor direction!
parallel to the W@001# direction. Farleet al.also performed a
detailed study of the effects of annealing temperature and
coverage on the ac magnetic susceptibilityxac ~Refs. 3,4!
and MOKE~Ref. 5! of this system. They found that, for films
deposited at 300 K in the thickness range of 5–11 ML, an-
nealing at 530 K after deposition sharpened and intensified
the peak inxac at TC considerably. However, as the anneal-
ing temperature was increased to temperatures in the range
of 550–710 K, the peak broadened, moved to a higherTC ,
and decreased markedly in intensity. The explanation put
forth for these results was that the smooth films achieved
after 530 K annealing broke up into large 3D islands with
increased annealing temperature.

In particular, Farleet al. studied the effect of postdeposi-
tion annealing on thexac of Gd films with a total coverage of
11 ML. They observed a broad peak inxac for these films as
deposited at 300 K, which they took to be indicative of local
strain and film inhomogeneity that in turn lead to a broaden-
ing in the distribution ofTC . They then annealed these 11
ML films to 530 K, which greatly sharpened and intensified
the peak inxac; this peak appeared at aTC value of 247 K,
which is only about 50 K belowTCb for bulk Gd. These
results are summarized in Fig. 1~d!. This sharpening was
thought to be due to some sort of relaxation of local strain
and the formation of a more uniform and flat film. Finally,
after 710 K annealing, the intensity of the peak inxac
dropped to only 4% of its original value and its position
shifted to aTC value of 283 K, which is much closer to the
bulk value of 297 K@again, see Fig. 1~d!#. Farleet al. ex-
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plained the decrease in peak intensity as arising from the
formation of large three-dimensional islands with consider-
able open space between them, with the island shape then
leading to an increase in the in-plane demagnetization factor
N. This island formation, they predicted would have the ef-
fect of lowering the measuredxac signal according to the
relation

xext5
x int

@11Nx int
#
, ~1!

wherexext is the predicted ac susceptibility andx int is the
intrinsic ac susceptibility of the material.6 From the observed
increase inTC , they estimated the average thickness of the
islands that formed to be 20–25 ML. Aspelmeieret al.7 then
successfully modeled these results for an 11-ML-thick film
annealed at 710 K by assuming circular 3D Gd islands of
uniform size~7.6 nm or about 22 ML in thickness and 500
nm in diameter!.

We have thus studied the surface morphology of Gd/
W~110! with STM and LEED for a range of coverages from
1 to 20 ML ~with special attention to 11 ML!, examining the
films as deposited at ambient temperature, and with final
annealing at 530 and 710 K, and relating the morphology to
these prior studies. All measurements were carried out in an
ultrahigh-vacuum system combining LEED, Auger, and
STM, which is described elsewhere.15 The Gd films were
grown at a rate of 0.11–0.15 ML/min~as determined by both
a quartz crystal thickness monitor and quantitative AES mea-
surements! at pressures of 4–5310211 torr. Subsequent mea-
surements with LEED, AES, and STM were performed at

pressures of 2–3310211 torr. The substrate was a tungsten
single crystal, mechanically and electrochemically polished
to within 0.5° of~110! as measured by x-ray diffraction. The
crystal was cleaned by flashing to 2200 K, prolonged anneal-
ing at 1500–1550 K in O2 at 5.031027 torr, and then by
flashing off the resulting oxide layer at 1825 K for 50 sec.
The resulting substrate and deposited Gd films were deter-
mined to be clean by AES (,0.05 ML of combined C and O
contamination!, and they accumulated,0.10 ML in com-
bined C and O after the approximately 8 h required to finish
each series of LEED and STM measurements. STM images
of the clean W surface showed flat terraces between mon-
atomic steps with an average width of approximately 36 nm.
The annealing temperatures of the Gd films were measured
with an infrared pyrometer calibrated with a Pt-Rh thermo-
couple forT,1273 K and a W-Re thermocouple for higher
temperatures. All of the AES, LEED, and STM measure-
ments were performed at room temperature.

We first consider the effects of annealing on 11 ML films
and attempt to directly correlate surface morphology with
prior susceptibility measurements. STM images of an unan-
nealed 11-ML-thick Gd film and 11 ML films annealed to
530 and 710 K for 10 min are shown in Figs. 1~a!–1~c!,
respectively, with accompanying single-line STM height pro-
files shown in Figs. 2~a!–2~c!. Before annealing@Figs. 1~a!,
2~a!#, the film is rough, consisting of multiple-tiered struc-
tures and crevices. The LEED pattern for this surface shows
a diffuse, hexagonal (131) pattern, indicating a poorly or-
dered Gd~001! film that is fully consistent with the STM
image. After annealing to 530 K in@Figs. 1~b!, 2~b!#, the film

FIG. 1. Constant-current STM images of 11
ML Gd films deposited on W~110! at 300 K, with
overall image size, sample biasVb , and tunnel-
ing currentI indicated:~a! film as deposited 350
nm3350 nm,Vb5800 mV, I52.00 nA; ~b! film
annealed at 530 K; 350 nm3350 nm,Vb5800
mV, I52.00 nA;~c! film annealed at 710 K; 1500
nm31500 nm,Vb5800 mV,I51.00 nA;~d! pre-
viously obtained ac magnetic susceptibility data
for 11 ML Gd films at the same two annealing
temperatures~from Ref. 4!.

53 5445RELATIONSHIP BETWEEN MORPHOLOGY AND MAGNETIC . . .



covers the surface smoothly within the typical 1500 nm
31500 nm STM scan; there are only a few single-atom steps
of ;0.3–0.4 nm in height between adjacent smooth layers
and a few small mounds on the topmost layer. LEED here
shows a sharp hexagonal (131) pattern that one would ex-
pect for a well-ordered Gd~001! film. This type of
temperature-induced smoothening has been seen previously
for the homoepitaxial growth of Fe thin films on Fe~001!.16

If a film prepared as in Fig. 1~a! or 1~b! is annealed to 710 K,
it is found to break up into large 3D islands, which in turn sit
on top of a full-coverage base monolayer of Gd@Figs. 1~c!,
2~c!#; the properties of this base monolayer~including the
LEED pattern! will be described in greater detail below. The
Gd islands in Fig. 1~c! are further found to facet into quasi-
hexagonal shapes, with one set of two shorter parallel sides
lying along the@001# axis of the W substrate~which is in
turn parallel to the Gd@100# direction!. These islands are
also of a fairly narrow size distribution, with an average area
of ;8.4061.403104 nm2 and a thickness range of
11.364.7 nm ~equivalent to 23–55 ML!. Roughly 32% of
the film surface is covered by islands with an island density
of approximately 4.131026 per nm2. The measured angles
between the facets of these islands are 12062°, consistent
with the hexagonal structure of the Gd lattice perpendicular
to its @001# direction. For reference, a similar sort of island
growth has been observed for Pt films deposited on W~110!

and W~111! and annealed toT.880 K ~Ref. 17! and for Ag
thin films deposited on Si~110! ~Ref. 18!.

In order to relate these structures to magnetic properties,
we first approximate these islands as thin circular disks of
average thicknesst511.3 nm and average diameter
d523@(8.403104 nm2)/p] 1/253.273102 nm. This yields
a ratio g[t/d53.4631022, from which the in-plane de-
magnetization factor can be calculated:4

N5
pg

4
2g2. ~2!

The quantitative analysis of our STM images thus leads to a
value forN of 2.660.731022, which is close to, but over
twice as large as, the value of 1.031022 estimated recently
by Aspelmeieret al. with assumed size parameters for the
islands.6We further note thatxacas measured after the 530 K
anneal is approximately equal tox int since the film is atomi-
cally smooth andN for this case is estimated to be only
about 531027.4 At the peak in Fig. 1~d!, thexac signal for
the 530 K annealed surface is roughly 1200 SI units. Using
this value, together with the value forN determined from our
STM measurements, we can use Eq.~2! to predict that the
peak inx ac should drop by 97% after 710 K annealing, in
excellent agreement with the 96% drop observed by Farle
et al.4 Furthermore, one can estimate from the previously
measured thickness dependence ofTc for Gd films prepared
so as to be smooth4 that theTc for such large flat islands of
11.3 nm thickness will be approximately 286 K, again in
excellent agreement with thexac results for the 11 ML film.

4

Finally, we turn to another intriguing feature of the
growth of Gd on W~110!, which has been characterized in
this study: The first monolayer of Gd forms a lateral two-
dimensional superstructure of large-scale periodicity with re-
spect to the substrate, as shown in Fig. 3. This Gd superstruc-
ture is evident in real-space constant-height STM images of a
1 ML Gd film annealed to 710 K@Fig. 3~a!# and of the
regions between the large islands of a 11 ML Gd film an-
nealed to 710 K@Fig. 3~c!#. It is also obvious in the
reciprocal-space LEED pattern@Fig. 3~b!# for the surface in
Fig. 3~a!, which shows finely spaced satellite spots around
the Gd and W(131) spots; here, the Gd(131) pattern co-
incides with the six most intense spots, as indicated by
crosses in the figure.~A similar LEED pattern was observed
for 1 ML coverage in Ref. 13, but with no quantitative com-
ments as to origin.! This same structure is visible in STM
between the Gd islands forall coverages in the range of
1,Q,20 ML for films annealed at 710 K and in the range
of 1,Q,7 ML for films annealed at 530 K~greater cover-
ages gave smooth multilayer films when annealed to 530 K!.
We find that the superstructure has rectangular periodicities
along the@001# and the@ 1̄10# directions of the W substrate
of 23.561.7 and 15.961.8 Å, respectively, from STM mea-
surements and 23.762.1 and 16.460.7 Å from LEED @as-
suming that the W(131) spots—indicated by circles—
represent bulk distances#. These periodicities are thus very
close to (737) with respect to W~110!, which would yield
22.1 and 15.6 Å along the@001# and @ 1̄10# directions. The
height corrugation measured by STM is approximately 0.5
Å.

FIG. 2. Single-line STM scans of relative tip height (Z) vs
horizontal tip position (X) taken from Figs. 1~a!–1~c! ~scanning
from left to right, parallel to the bottom of the image frames! for 11
ML Gd films deposited on W~110!: ~a! film as deposited@from Fig.
1~a!#, ~b! film annealed at 530 K@from Fig. 1~b!#, ~c! film annealed
at 710 K@from Fig. 1~c!#. @Note that tip heights shown are approxi-
mate and are derived by comparing the observed monatomic step
heights on the Gd~001! surface to the expected step height of 0.29
nm.#
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Our suggested model for this superstructure simply over-
lays a slightly distorted hexagonal Gd~001! monolayer on
top of the W~110! surface with the Gd@100# direction paral-
lel to W @001# ~similar to the Nishiyama-Wasserman orien-
tation as previously suggested by Tianet al.19!. As shown in
Fig. 3~d!, the overlayer forms a Moire´ pattern with the sub-
strate that has an overall (7314) periodicity as judged with
respect to W~110!. Relative to bulk Gd, the Gd monolayer is
expanded by 1.2% along the W@001# direction and com-
pressed by 0.6% along the@ 1̄10# direction. This gives a
Gd:W coincidence-lattice match of 6:7 and 5:7 along the W
@001# and@ 1̄10#, respectively. The corrugation is then due to
variations in interplay spacing between the Gd overlayer and
the W substrate over the many different Gd absorption sites
involved and/or changes in the surface density of states over
the unit cell. Figure 3~d! also indicates that this model has
pseudo-(737) periodicity: Two pseudo-(737) cells of 22.1
and 15.6 Å along the W@001# and@ 1̄10# directions are con-
tained in a true (7314) cell, with the (737) periodicity
being in excellent agreement with our STM and LEED re-
sults, as noted above. No other combinations of compression
and expansion of the Gd lattice of such small extents were
found to produce a superstructure with the correct periodic-
ity. Hence these findings are in disagreement with the 4.4%
compression determined for the first Gd monolayer by a pre-
vious quantitative AES study.13We note that somewhat simi-
lar superstructures have been observed for 1 ML of FeO
grown epitaxially on Pt~111! ~Refs. 20,21! and for 4 ML of
Cu grown epitaxially on Ru~0001! ~Ref. 22!, which have
been attributed to the lattice mismatch between the substrate

and a weakly interacting overlayer, giving rise to a periodic
rippling of the surface.

In conclusion, our STM measurements on the morphology
of Gd films on W~110! prepared with and without annealing
have provided a quantitative structural explanation for previ-
ously measured magnetic properties and revealed a new two-
dimensional structure for the first monolayer. As deposited at
room temperature, Gd does not grow layer by layer, but
rather in a multilayer mode. Annealing films thicker than 7
ML at 530 K produces smooth, monatomically stepped sur-
faces. However, further annealing these films to 710 K
causes the Gd film to break up into large 3D islands with
quasihexagonal symmetry and relatively uniform size resting
on a base monolayer; this is thus an example of Stranski-
Krastanov growth. Careful measurement of the island dimen-
sions for an 11 ML film enables the prediction of a 97%
reduction in peak intensity for ac magnetic susceptibility
~compared to 96% from prior experiments4! and of a Curie
temperature of approximately 286 K~again in agreement
with prior experiments4!. Finally, the first monolayer of Gd is
observed to form a (7314) superstructure with pseudo-
(737) symmetry and that is consistent with a minimally
distorted hexagonal two-dimensional Gd~001! film.
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N00014-94-0162! and the U.S. Department of Energy, Basic
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FIG. 3. ~a! Constant-height STM image of the
superstructure present with 1 ML of Gd annealed
to 710 K: 40 nm340 nm,Vb5800 mV, I52.00
nA. ~b! LEED pattern produced by the structure
in ~a! at a beam energy of 102.1 eV; Gd(131)
spots are indicated by1 andW(131) bys. ~c!
Constant-current STM image of the superstruc-
ture visible between the Gd islands of an 11-ML-
thick film annealed to 710 K: 8 nm38 nm,
Vb5800 mV, I52.00 nA. ~Thermal drift in the
STM causes a slight canting of the image.! ~d!
Our proposed atomic model for the superstructure
formed by 1 ML Gd on W~110!, with the rectan-
gular (7314) unit cell indicated and the pseudo-
(737) periodicity also evident.
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