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GdFe2 alloy formation studied on the atomic scale by scanning tunneling microscopy

R. Pascal, M. Getzlaff,* H. Tödter, M. Bode, and R. Wiesendanger
Institute of Applied Physics and Microstructure Research Center, University of Hamburg, Jungiusstrasse 11,

D-20355 Hamburg, Germany
~Received 12 May 1999!

Well-ordered GdFe2 alloy films of up to two ML thickness were grown on top of a W~110! substrate and
characterized by using scanning tunneling microscopy/spectroscopy~STM/STS! and low-energy electron dif-
fraction ~LEED!. The crystallographic structure of the ultrathin films was found to be different from the
well-known bulk structure~C15 Laves phase!. This is supposed to result from the influence of the substrate on
the growth behavior. Based on atomically resolved STM images and LEED studies, a structure model for the
ultrathin GdFe2 films on W~110! is proposed.@S0163-1829~99!04347-7#
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I. INTRODUCTION

Alloys of 3d transition metals with 4f rare earth metals
as, e.g., FeGd and FeTb, are of intense technological inte
because they exhibit outstanding magnetic properties.
Curie temperature of alloys of Gd or Tb with Fe as well
their coercitivity can be tuned over a wide range by chang
the mixing ratio.1 This behavior, in combination with a
strong magneto-optical effect, makes them of particular
terest for magneto-optical storage. Furthermore crystal
alloys, especially TbFe2, exhibit a strong magnetocrystallin
anisotropy resulting in an easy magnetization direction be
perpendicular to the film plane in thin film systems.2 A per-
pendicular anisotropy is also present in the amorph
alloys.3 Films with perpendicular magnetization direction a
low on the one hand enhanced writing densities as well a
the other hand an increased signal-to-noise ratio. Ano
aspect of technological interest are magnetostrictive pro
ties of 3d/4f alloys like TbFe2 , DyFe2, and Dy0.7Tb0.3Fe2

~Terfenol-D!. For such applications, the preparation
single-crystalline thin films is of importance because a w
defined orientation of the crystallographic directions
needed to make use of the magnetostrictive effect in sm
devices.

While the magnetic and magnetostrictive properties of
bulk material in dependence of the fabrication process, e
cially for Terfenol-D, are well understood, very little i
known about thin film properties. Until now, only some a
tempts have been made to grow very thin crystalline films
3d/4f alloys. TbFe2 ~Ref. 4! and YCo2 ~Ref. 5! have been
grown on sapphire with Mo~110! and W~110! buffer layers,
respectively. In both cases twin formation occured. Ode
et al. recently succeeded in preparing DyFe2 , TbFe2, and
Dy0.7Tb0.3Fe2 epitaxial thin films on sapphire with a Nb~110!
buffer layer.6 M. Huth et al. presented results on the prep
ration of well-ordered epitaxial films of TbFe2 on sapphire
substrates with a Mo~110! buffer layer.7 On the other hand
most of the experiments on the magnetic thin film proper
of the pure elements Fe, Gd, and Tb have been carried
for films grown on W~110!. The growth of these films from
the submonolayer coverage8–10 range to thick films is well
understood and forms the basis for understanding the m
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netic properties. The experiments presented in this paper
the attention to the following questions: What does the ini
state of 3d/4f -alloy formation on W~110! look like? Is it
possible to grow epitaxial films of GdFe2 on W~110! without
additional buffer layers? What is the influence of the su
strate on the growth behavior and what consequences on
crystallographic structure will result from this? Which cry
tallographic orientation will the film grow in?

In the following, we present a study on the epitax
growth of very thin films of GdFe2 on a W~110! single crys-
tal carried out by low-energy electron diffraction~LEED!
and scanning tunneling microscopy/spectroscopy~STM/
STS!. We will show that the epitaxial growth of up to tw
monolayer~ML ! thick films of GdFe2 is possible on W~110!.
The crystallographic structure of the films with a thickness
up to two monolayers was found to be different from t
GdFe2 bulk structure ~Laves phase C15!. Based on our
atomically resolved STM images and LEED data we prop
a structure model for the ultrathin GdFe2 /W(110) films.

II. EXPERIMENTAL DETAILS

The experiments were carried out in a two-chamber UH
system with a base pressure below 1310210 torr. The rare
earth metal Gd was evaporated from a W crucible heated by
electron bombardment. Fe was evaporated from a comm
cial e-beam evaporation source. The evaporators were
peatedly calibrated with submonolayer accuracy via STM
growing pure films of Gd or Fe. Consequently, we cou
ascertain the amount of evaporated metal by about60.2 ML
for the very thin films of GdFe2. The exact amount was
determined afterwards via STM. The W~110! single-crystal
substrate was prepared as described earlier.11 During thin
film evaporation the pressure did not exceed 5310210 torr.
After preparation the samples were transferred into
separate analysis chamber with a base pressure b
1310211 torr. All topographic STM images were measure
in the constant-current mode. The scanner was calibrate
the well known Gd/W~110! superstructures.12–14 The ionic
radii of Gd and Fe differ significantly from each other. Th
first ML of Fe on W~110! that grows pseudomorphicall
holds 1.56 times the number of adsorbate atoms comp
with the first ML Gd/W~110!. For this reason, the amount o
16 109 ©1999 The American Physical Society
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16 110 PRB 60R. PASCALet al.
evaporated material is given in substrate units to preserve
mixing ratio to be directly comparable. The first clos
monolayer of Gd on W~110! holds 0.64 monolayers as me
sured in substrate units; the first closed monolayer of Fe
W~110! that grows pseudomorphically consequently hold
monolayer in substrate units.

III. RESULTS AND DISCUSSION

Both elements, Fe and Gd, exhibit Frank–van der Mer
or Stranski-Krastanov growth depending on the film thic
ness and annealing temperature in the coverage range a
one monolayer.8–10 The thin film growth behavior of the two
metals in the coverage regime below one monolayer dif
drastically from each other. This is demonstrated in Fig
where two samples of both metals in pure form, prepa
under similar conditions, are presented. While Fe@Fig. 1~a!#
exhibits the formation of one monolayer film patches as w
as stripes of material growing along the substrate steps~step
flow growth!,8,9 the Gd atoms @Fig. 1~b!# tend to
cover the W~110! surface as quasi-one-dimension
superstructures.12,13

The reason for this behavior of the Gd atoms is a stro
difference in electron affinity between the W~110! substrate
and the electropositive Gd atoms triggering a charge tran
from the Gd atoms to the substrate. The resulting dip
moment of the individual atoms induces a repulsive dipo
dipole interaction within the layer giving rise to the form
tion of evenly spaced chainlike superstructures. The dista
between the chains decreases in discrete steps with inc
ing coverage. These chainlike superstructures coincide
the appearance of (n32) LEED patterns (n510,8,7,6,5).
The sample presented in Fig. 1~b! mainly shows the (8

FIG. 1. Comparison of the growth of Fe~a! and Gd ~b! on
W~110! in the submonolayer coverage regime. For both metals
coverage is about 0.25 ML. The scan range for both image
70 nm370 nm. Below the STM images structure models a
shown to highlight the difference in the growth mode.
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32) superstructure. If the periodicity exceeds 15 Å, a sta
imaging of the Gd chains is not possible. This is in agre
ment with previous results obtained via low energy elect
diffraction showing that no stable superstructures with pe
odicities larger than for the (1032) could be observed.13 At
a coverage corresponding toQ'0.35 monolayers a closed
pseudohexagonalc(533) structure is formed. Additiona
coverage results in the first closed monolayer of Gd
W~110!. It represents a coverage ofQ'0.64 monolayers; its
nearly hexagonal symmetry reflects the symmetry of
Gd~0001! lattice.

Given these two elements, Gd and Fe, differing drastica
from each other in their thin film growth behavior o
W~110!, the question arises which growth mode an alloy
the two components will show and which stoichiometry
the most stable one on top of the W~110! surface. Figure 2
shows a topographic STM image of an alloy of 0.3 ML G
and 0.4 ML Fe. The sample was prepared by evaporating
ML Gd onto the substrate held at 400 K and subsequently
an additional evaporation of 0.4 ML Fe. Post annealing w
performed at 700 K for 5 min. The substrate is covered b
film consisting of two different kind of domains, a stripe
one with the stripes running along the@11̄0# direction of the
substrate being typical for Gd, as well as a smooth one. T
sample exhibited a LEED pattern labeled as (

1
2

2
1) not known

from pure Gd or Fe films. In view of the mixing ratio and th
assumption that the striped areas consist mainly of Gd,
smooth areas are expected to consist of an alloy with a m
ing ratio of Gd to Fe to be 1:2. To strengthen this hypothe
a sample was prepared that holds 0.3 ML of Gd and 0.6
of Fe. The preparation steps as well as the annealing pr
dure was the same as for the sample displayed in Fig

e
is

FIG. 2. Constant current STM image of an alloy of appro
mately 0.3 ML Gd and 0.4 ML Fe. The striped areas represent
well-known Gd superstructures with the stripes being aligned al
the @001# direction of the substrate. The smooth areas correspon
an alloy of GdFe2. The scan range is 70 nm370 nm. Sample bias:
U50.2 V, tunneling currentI 50.3 nA.
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PRB 60 16 111GdFe2 ALLOY FORMATION STUDIED ON THE ATOMIC . . .
Figure 3~a! shows the resulting sample topography. The s
strate is completely covered by a smooth film with the u
derlying W~110! substrate steps visible. The LEED patte
of this sample corresponds to a sharp (

1
2

2
1) superstructure. A

photograph of the LEED pattern as well as its interpretat
is presented in the Figs. 3~c! and 3~d!, respectively. The
atomic distances as determined from the diffraction patter
9.48 Å in the@001# direction and 4.47 Å in the@11̄0# di-
rection of the substrate. The same periodicity as in the LE
pattern can be found in atomically resolved STM images
the first ML GdFe2. Figure 3~b! shows a part of the sampl
presented in Fig. 3~a! atomically resolved at 180 mV samp
bias and 3 nA tunneling current. Based on the LEED a
STM data as well as on the stoichiometry of the prepa
films we present a structure model for the alloy, as shown
Fig. 4. All atoms are drawn to scale of their metallic radii.
our model we have placed the Gd as well as the Fe atom
bridge sites with respect to the underlying W~110!. We as-
sume this to be the energetically favorable adsorption site
both atomic species, since recent work could show this to
true for Fe on W~110!.15 Comparing the structure model wit

FIG. 3. ~a!: Completely closed and smooth first ML of GdFe2 on
W~110!. ~b!: Atomic resolution obtained on this sample at a sam
bias ofU50.18 V and a tunneling current ofI 53 nA. ~c!: Photo-
graph and~d!: sketch of the (

1
2

2
1) LEED pattern of this sample. The

crystallographic directions are the same for all figures.

FIG. 4. Structure model for the first ML GdFe2 on W~110!. Gd
is represented as large, Fe as small balls. The atoms are s
down by a factor of two for better clarity of the registry betwe
substrate and adsorbate. In the lower part of the model the a
are drawn to scale. A part of an atomically resolved STM imag
inserted in the structure model at the same scale.
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the atomic scale STM images, it becomes clear that we
only see one atomic species of the alloy, the Gd atoms.
fact, that the Gd atoms are much larger than the Fe at
may play a major role, but a definite statement concern
this point can only be given if local density of states~LDOS!
calculations for this structure will become available.

The preparation of samples consisting of less than
ML GdFe2 results in a W~110! substrate partially covered b
the first ML GdFe2, as can be seen in Fig. 5. The substra
was held at room temperature during evaporation of 0.25
Gd. After the additional evaporation of 0.5 ML Fe, th
sample was post-annealed at 700 K for 5 min. The one
thick GdFe2 film grows along the substrate steps~step flow
growth!. However, some rectangular holes in the film bei
oriented along the main crystallographic directions of t
substrate remain. The line section indicates the monoato
step height from the substrate to the top of the first ML of t
alloy to be 3.0 Å as seen by STM in the constant curr
mode of operation.

The growth of the GdFe2 structure could be continued t
the second ML by evaporating approximately 0.5 ML of G
and 1 ML Fe and subsequent annealing to 500 K. The res
ing sample topography is shown in Fig. 6. Again, the su
strate is completely covered by a smooth alloy of Gd and
but additionally patches of the second ML GdFe2 are

e

led

s
s

FIG. 5. Approximately 0.75 ML GdFe2 growing in step flow
along the W~110! step edges. Rectangular holes in the film a

oriented along the@001# and @11̄0# directions of the substrate
From the line section indicated in the image the monoatomic s
height is determined to be 3 Å from the top of the bare tungs
substrate to the top of the first ML GdFe2. The scan range is
135 nm3135 nm, the tunneling parameters areU520.24 V, I
50.2 nA.
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16 112 PRB 60R. PASCALet al.
present. A line section taken from this image is shown
gether with a sketch of the cross section of the sample.

Figure 7 displays the tunneling spectroscopy meas
ments that were carried out on this sample. The given dif
ential conductivitydI/dU is a direct measure of the loca
density of states~LDOS!. Within the error of the measure
ment there is no difference between the first and the sec
ML GdFe2. This observation reflects the identical geomet
arrangement of the alloy in both layers~see below!.

In the area marked by a frame in Fig. 6 we could achie
atomic resolution on top of the first as well as on the sec
monolayer simultaneously. These data are presented in
8~a!. The atomic structure of the first and the second M
looks similar. This is consistent with the observation of sim
lar tunneling spectra. Using the atomically resolved ima
we are able to investigate the positions of the atoms of
second ML with respect to the atoms of the first ML by usi
a registration grid. Again we assume the maxima visible

FIG. 6. First and second ML GdFe2 on W~110!. In the area
marked with a box we obtained atomic resolution. From the l
section the monoatomic step height between the first and se
layer of GdFe2 can be determined to be only 1.9 Å.

FIG. 7. Differential conductivitydI/dU obtained on the first
~grey! and second~black! ML GdFe2 on W~110!. The stabilization
parameters areU52 V, I 50.5 nA.
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the atomically resolved STM images to represent the
atoms. The resulting structure model@Fig. 8~b!# shows the
Gd atoms of the second ML residing on top of the first M
Fe atoms. This atomic arrangement is also assumed to b
reason for the extraordinary small monoatomic step heigh
1.9 Å between the first to the second ML GdFe2 ~see Fig. 6!,
being lower than the monoatomic step height of the W~110!
substrate (2.24 Å).

In the next step our structure model for ultrathin GdF2
films is compared with the known crystallographic structu
of bulk GdFe2, the so-called C15 Laves phase being a co
plicated arrangement of the two atomic species~for further
details see, e.g., Ref. 16!. We could find no crystallographic
direction with low indices of the Laves phase correspond
to the model we deduced as a result of our STM and LE
data. This is not surprising, because the first as well as
second ML grows pseudomorphically, i.e., the atomic
rangement in the alloy is mainly determined by the substr
resulting in a relatively large deviation of the atomic po
tions when comparing the deposited film and the bulk La
phase. The geometric arrangement of the Gd atoms in
GdFe2 films of up to two ML thickness appears to resemb

e
nd

FIG. 8. ~a! Atomic resolution on the first and second ML GdFe2

on W~110! obtained atU555 mV andI 53 nA. The grating and
the balls are the result of a procedure to determine the reg
between the atoms of the first and the second ML.~b! Structure
model in top and in side view of the first and second ML GdFe2 on
W~110! deduced from the atomically resolved STM images.
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PRB 60 16 113GdFe2 ALLOY FORMATION STUDIED ON THE ATOMIC . . .
the ~111! plane of the C15 Laves phase, compressed by 1
in the @11̄0# direction of the W~110! substrate and straine
by 5.3% in the@001# direction. However, the arrangement o
the Fe atoms with respect of the Gd atoms is complet
different from the bulk structure. Assuming a release of t
deviation with growing film thickness it can be expected th
the C15 Laves phase develops at larger film thickness
GdFe2 on W~110! as deduced for TbFe2 on Mo~110!.7 This
would imply the existence of a structural phase transition
the GdFe2 system being the subject of current investigation

IV. SUMMARY

In summary, we have presented an atomic scale stud
the very early stages of GdFe2 alloy formation on W~110!.
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The first ML GdFe2 grows in a step flow growth mode o
top of the W~110! substrate. We were able to prepare a
atomically resolve the second ML as well. A structure mod
based on LEED and atomically resolved STM data was
veloped for the first and second ML of GdFe2. Tunneling
spectroscopy measurements showed no difference betw
the first and the second ML of GdFe2. The atomic structure
of the ultrathin films was found to be different from the bu
structure of the GdFe2 ~C15 Laves phase!.
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