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GdFe, alloy formation studied on the atomic scale by scanning tunneling microscopy
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Well-ordered GdFealloy films of up to two ML thickness were grown on top of a(l¥0) substrate and
characterized by using scanning tunneling microscopy/spectros&apy/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 structur€C15 Laves phaseThis 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 GdFe films on W(110) is proposed[S0163-182609)04347-7

I. INTRODUCTION netic properties. The experiments presented in this paper turn
the attention to the following questions: What does the initial
Alloys of 3d transition metals with # rare earth metals, state of 3i/4f-alloy formation on W110 look like? Is it
as, e.g., FeGd and FeTb, are of intense technological interegossible to grow epitaxial films of Gdgen W(110) without
because they exhibit outstanding magnetic properties. Thadditional buffer layers? What is the influence of the sub-
Curie temperature of alloys of Gd or Th with Fe as well asstrate on the growth behavior and what consequences on the
their coercitivity can be tuned over a wide range by changing'ystallographic structure will result from this? Which crys-
the mixing ratio! This behavior, in combination with a t@llographic orientation will the film grow in? o
strong magneto-optical effect, makes them of particular in- !N the following, we present a study on the epitaxial
terest for magneto-optical storage. Furthermore crystalling"oWth of very thin films of GdFgon a W(110 single crys-

alloys, especially ThEg exhibit a strong magnetocrystalline taldcarried QUt l:;y IOV\ll_—energy electror; diffrtactic(hEEla)/
anisotropy resulting in an easy magnetization direction bein nd scanning tunneling microscopy/spectroscos

i ) L2 ) TS. We will show that the epitaxial growth of up to two
perpgndlcular .to the fllm plane in thin f|Im. systefa. per monolayer(ML ) thick films of GdFeg is possible on W110).
pendicular anisotropy is also present in the amorphou

lovs? Fil ith dicul tization directi | The crystallographic structure of the films with a thickness of
alloys.” Flims with perpendicular magnetization direction al- up to two monolayers was found to be different from the

low on the one hand.enhanced vyriting den;ities as well as OBdFe bulk structure(Laves phase C15 Based on our
the other hand an increased signal-to-noise ratio. Anotheli,mically resolved STM images and LEED data we propose
aspect of technological interest are magnetostrictive propety sirycture model for the ultrathin GdH&V(110) films.
ties of 3d/4f alloys like TbFg, DyFe, and Dy, ;Thy sFe
(Terfenol-D. For such applications, the preparation of
single-crystalline thin films is of importance because a well
defined orientation of the crystallographic directions is The experiments were carried out in a two-chamber UHV
needed to make use of the magnetostrictive effect in smalystem with a base pressure below 10~ ° torr. The rare
devices. earth metal Gd was evaporatedrfra W crucible heated by
While the magnetic and magnetostrictive properties of theelectron bombardment. Fe was evaporated from a commer-
bulk material in dependence of the fabrication process, espe&ial e-beam evaporation source. The evaporators were re-
cially for Terfenol-D, are well understood, very little is peatedly calibrated with submonolayer accuracy via STM by
known about thin film properties. Until now, only some at- growing pure films of Gd or Fe. Consequently, we could
tempts have been made to grow very thin crystalline films ofascertain the amount of evaporated metal by abod2 ML
3d/4f alloys. TbFe (Ref. 4 and YCg (Ref. 5 have been for the very thin films of GdFe The exact amount was
grown on sapphire with Md10 and W(110 buffer layers, determined afterwards via STM. The (%10 single-crystal
respectively. In both cases twin formation occured. Odernsubstrate was prepared as described edfi@uring thin
et al. recently succeeded in preparing DyFelbFe, and  film evaporation the pressure did not exceed B 1° torr.
Dy, 7Thy sF6, epitaxial thin films on sapphire with a Nbl0) ~ After preparation the samples were transferred into a
buffer layer’ M. Huth et al. presented results on the prepa- separate analysis chamber with a base pressure below
ration of well-ordered epitaxial films of Tbkeon sapphire 1x10 ! torr. All topographic STM images were measured
substrates with a Md10) buffer layer’ On the other hand, in the constant-current mode. The scanner was calibrated on
most of the experiments on the magnetic thin film propertiegshe well known Gd/W110 superstructure¥* The ionic
of the pure elements Fe, Gd, and Tb have been carried owuadii of Gd and Fe differ significantly from each other. The
for films grown on W110). The growth of these films from first ML of Fe on W110 that grows pseudomorphically
the submonolayer coverdtjé® range to thick films is well holds 1.56 times the number of adsorbate atoms compared
understood and forms the basis for understanding the magvith the first ML Gd/W(110). For this reason, the amount of

II. EXPERIMENTAL DETAILS
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[110]

[001] FIG. 2. Constant current STM image of an alloy of approxi-
. mately 0.3 ML Gd and 0.4 ML Fe. The striped areas represent the
FIG. 1. Comparison of the growth of F@ and Gd(b) on \ye|i.known Gd superstructures with the stripes being aligned along
W(110 in the submonolayer coverage regime. For both metals thene 001] direction of the substrate. The smooth areas correspond to

coverage is about 0.25 ML. The scan range for both images isp, alloy of GdFe. The scan range is 70 na70 nm. Sample bias:
70 nmx 70 nm. Below the STM images structure models arey=g2 v tunneling current=0.3 nA.

shown to highlight the difference in the growth mode.

evaporated material is given in substrate units to preserve th&2) superstructure. If the periodicity exceeds 15 A, a stable
mixing ratio to be directly comparable. The first closedimaging of the Gd chains is not possible. This is in agree-
monolayer of Gd on W10 holds 0.64 monolayers as mea- ment with previous results obtained via low energy electron
sured in substrate units; the first closed monolayer of Fe odiffraction showing that no stable superstructures with peri-
W(110) that grows pseudomorphically consequently holds Iodicities larger than for the (202) could be observetf. At

monolayer in substrate units. a coverage corresponding @~ 0.35 monolayers a closed,
pseudohexagonat(5x3) structure is formed. Additional
Ill. RESULTS AND DISCUSSION coverage results in the first closed monolayer of Gd on

W(110. It represents a coverage ©f~0.64 monolayers; its

Both elements, Fe and Gd, exhibit Frank—van der Merwe o,y hexagonal symmetry reflects the symmetry of the
or Stranski-Krastanov growth depending on the film th'Ck'Gd(OOOJ) lattice.

ness and annealing temperature in the coverage range abovegiyen these two elements, Gd and Fe, differing drastically
one monolayef=*°The thin film growth behavior of the tWo  om each other in their thin film growth behavior on
metals in the coverage regime below one monolayer differ@v(no% the question arises which growth mode an alloy of
drastically from each other. This is demonstrated in Fig. Lo two components will show and which stoichiometry is
where two samples of both metals in pure form, preparegne most stable one on top of the(W0) surface. Figure 2
under similar conditions, are presented. While[Fig. 1(a)] shows a topographic STM image of an alloy of 0.3 ML Gd
exhibits the formation of one monolayer film patches as welly,4 0 4 ML Fe. The sample was prepared by evaporating 0.3
as stripes of material growing along the substrate SI89  \1| G onto the substrate held at 400 K and subsequently by
flow growth,*” the Gd atoms [Fig. ,]*(b)] tgnd 0 an additional evaporation of 0.4 ML Fe. Post annealing was
cover the WILI0) surface as quasi-one-dimensional nerformed at 700 K for 5 min. The substrate is covered by a
Suq_irst:ggtsuorﬁ f.c’>r this behavior of the Gd atoms is a stron film consisting of two different kind of domains, a striped
difference in electron affinity between the(¥0) substrate %ngs\;\;lat\?et?z;\tg;l?;;i(:rgr fr;' P%glogfvzgﬁlgs] glgﬁgg?hogr?e]eThis

and the electropositive Gd atoms triggering a charge transfet” .
from the Gd atoms to the substrate. The resulting dipol@mMPple exhibited a LEED pattern labeled gs3j not known

moment of the individual atoms induces a repulsive dipolefrom pure Gd or Fe films. In view of the mixing ratio and the
dipole interaction within the layer giving rise to the forma- assumption that the striped areas consist mainly of Gd, the
tion of evenly spaced chainlike superstructures. The distancemooth areas are expected to consist of an alloy with a mix-
between the chains decreases in discrete steps with increang ratio of Gd to Fe to be 1:2. To strengthen this hypothesis,
ing coverage. These chainlike superstructures coincide with sample was prepared that holds 0.3 ML of Gd and 0.6 ML
the appearance ofn(x2) LEED patterns 1§=10,8,7,6,5). of Fe. The preparation steps as well as the annealing proce-
The sample presented in Fig(bl mainly shows the (8 dure was the same as for the sample displayed in Fig. 2.
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FIG. 3. (a): Completely closed and smooth first ML of GgFen
W(110). (b): Atomic resolution obtained on this sample at a sample
bias ofU=0.18 V and a tunneling current of=3 nA. (c): Photo-
graph andd): sketch of the{ 1) LEED pattern of this sample. The

crystallographic directions are the same for all figures.

Figure 3a) shows the resulting sample topography. The sub-
strate is completely covered by a smooth film with the un-

derlying W(110 substrate steps visible. The LEED pattern E- (2,

of this sample corresponds to a shafpy) superstructure. A i v

photograph of the LEED pattern as well as its interpretation £ :2

is presented in the Figs.(@ and 3d), respectively. The 8 -10 5 20 20 60 80 100
atomic distances as determined from the diffraction pattern is lateral displacement [nm]

9.48 A in the[001] direction and 4.47 A in th¢110] di- _ o

rection of the E,ubs]trate. The same periodicity aés in t]he LEED, T'C. 5 Approximately 0.75 ML GdRegrowing In step TIOW

pattern can be found in atomically resolved STM images of’ik,)ng the W110 step edges. Eectapgulgr holes in the film are

the first ML GdFe. Figure 3b) shows a part of the sample °iented along th¢001] and [110] directions of the substrate.

presented in Fig. (8) atomically resolved at 180 mV sample Frqm the line se_ctlon indicated in the image the monoatomic step

bias and 3 nA tunneling current. Based on the LEED ancpelght is determined to be 3 A from the top of the bare tung_sten
e ubstrate to the top of the first ML GdfeThe scan range is

STM data as well as on the stoichiometry of the prepareti35 Am< 135 nm. the tunnelin ters dde 024V |

" . , g parameters . ,

films we present a structure model for the alloy, as shown 5o nA

Fig. 4. All atoms are drawn to scale of their metallic radii. In

our model we have placed the Gd as well as the Fe atoms on

bridge sites with respect to the underlying(4¥0. We as- the atomic scale STM images, it becomes clear that we do

sume this to be the energetically favorable adsorption site fopnly see one atomic species of the alloy, the Gd atoms. The

both atomic species, since recent work could show this to béact, that the Gd atoms are much larger than the Fe atoms

true for Fe on W110).1° Comparing the structure model with may play a major role, but a definite statement concerning

this point can only be given if local density of state®OS)

calculations for this structure will become available.

The preparation of samples consisting of less than one
ML GdFe, results in a W110) substrate partially covered by
the first ML GdFeg, as can be seen in Fig. 5. The substrate
was held at room temperature during evaporation of 0.25 ML
Gd. After the additional evaporation of 0.5 ML Fe, the
sample was post-annealed at 700 K for 5 min. The one ML
thick GdFe film grows along the substrate stefstep flow
growth). However, some rectangular holes in the film being
S R et O oriented along the main crystallographic directions of the
‘AT |5 substrate remain. The line section indicates the monoatomic
OO IO (= step height from the substrate to the top of the first ML of the
Pt ‘ alloy to be 3.0 A as seen by STM in the constant current
mode of operation.

The growth of the GdRestructure could be continued to

is represented as large, Fe as small balls. The atoms are scalg?ne second ML by evaporating appro_mmately 0.5 ML of Gd
down by a factor of two for better clarity of the registry between 21d 1 ML Fe and subsequent annealing to 500 K. The result-
substrate and adsorbate. In the lower part of the model the atonl89 sample topography is shown in Fig. 6. Again, the sub-
are drawn to scale. A part of an atomically resolved STM image isstrate is completely covered by a smooth alloy of Gd and Fe
inserted in the structure model at the same scale. but additionally patches of the second ML GdFare

FIG. 4. Structure model for the first ML Gdfen W(110. Gd
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FIG. 6. First and second ML Gdken W(110. In the area

marked with a box we obtained atomic resolution. From the line ﬁ PI
. . . . 8‘ i () )C ) )
section the monoatomic step height between the first and second = fKﬁ%\m mﬁ% ‘Afﬁ/ Y*/WF)
layer of GdFg can be determined to be only 1.9 A. = (ﬁ@\ )\ﬁ*\(j(ﬁ/{%(ﬁ\/(fﬁ
[001] [b)

present. A line section taken from this image is shown to-
QEtginL,\rlgﬂ; a d?skpelgzyr; Otfhtehetucnrr?Zﬁnsgecsté)oer::tcr)r);EipsyaTnpelaeléure- FIG. 8. (a) At_omic resolution on the first and second ML GdFe
. . . —._on W(110 obtained atU=55 mV andl=3 nA. The grating and

merlts that Were. carried O,Ut on t_h's sample. The given dlﬁcerfhe balls are the result of a procedure to determine the registry
entla! conductivityd1l/dU is a'dlrect measure of the local payveen the atoms of the first and the second ). Structure
density of state¢L DOS). Within the error of the measure- el in top and in side view of the first and second ML Gdée
ment there is no difference between the first and the secorw(llo) deduced from the atomically resolved STM images.
ML GdFe,. This observation reflects the identical geometric
arrangement of the alloy in both layeisee below. the atomically resolved STM images to represent the Gd

In the area marked by a frame in Fig. 6 we could achievedtoms. The resulting structure modélig. 8b)] shows the
atomic resolution on top of the first as well as on the second atoms of the second ML residing on top of the first ML
monolayer simultaneously. These data are presented in Fife atoms. This atomic arrangement is also assumed to be the
8(a). The atomic structure of the first and the second MLreason for the extraordinary small monoatomic step height of
looks similar. This is consistent with the observation of simi-1.9 A between the first to the second ML GgRsee Fig. 6,
lar tunneling spectra. Using the atomically resolved image$eing lower than the monoatomic step height of the1 %)
we are able to investigate the positions of the atoms of theubstrate (2.24 A).
second ML with respect to the atoms of the first ML by using  In the next step our structure model for ultrathin GgFe

a registration grid. Again we assume the maxima visible infilms is compared with the known crystallographic structure
of bulk GdFe, the so-called C15 Laves phase being a com-

plicated arrangement of the two atomic spedies further
details see, e.g., Ref. 18/Ne could find no crystallographic
direction with low indices of the Laves phase corresponding
to the model we deduced as a result of our STM and LEED
data. This is not surprising, because the first as well as the
second ML grows pseudomorphically, i.e., the atomic ar-
rangement in the alloy is mainly determined by the substrate,
resulting in a relatively large deviation of the atomic posi-
FIG. 7. Differential conductivitydl/dU obtained on the first tions when comparing the deposited film and the bulk Laves
(grey) and secondblack ML GdFe, on W(110). The stabilization phase. The geometric arrangement of the Gd atoms in the
parameters ared =2 V, | =0.5 nA. GdFe films of up to two ML thickness appears to resemble

N

dl/dU [arb. units]

o

10 1 2
sample bias[V]
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the (111 plane of the C15 Laves phase, compressed by 14%he first ML GdFg grows in a step flow growth mode on
in the[110] direction of the W110) substrate and strained top of the W110 substrate. We were able to prepare and
by 5.3% in thgl001] direction. However, the arrangement of atomically resolve the second ML as well. A structure model
the Fe atoms with respect of the Gd atoms is completelypased on LEED and atomically resolved STM data was de-
different from the bulk structure. Assuming a release of thisveloped for the first and second ML of GdEelunneling
deviation with growing film thickness it can be expected thatspectroscopy measurements showed no difference between
the C15 Laves phase develops at larger film thickness dhe first and the second ML of GdfeThe atomic structure
GdFe on W(110) as deduced for Thkeon Mo(110).” This  of the ultrathin films was found to be different from the bulk
would imply the existence of a structural phase transition instructure of the GdRe(C15 Laves phage
the GdFeg system being the subject of current investigations.
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