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The temperature range of helical antiferromagnetic �AFM� order in epitaxially grown Tb metal films on
W�110� was studied via ac susceptibility using the magneto-optical Kerr effect. The temperature range of the
AFM phase was found to get wider with increasing annealing temperature, reaching a maximum width of 17
K when the film is annealed at Tan=1200 K. This shows that the AFM phase is stabilized in epitaxial films as
compared to bulk Tb metal. Annealing-induced changes of the surface topography of the films were monitored
by scanning tunnel microscope and low-eneregy electron diffraction, revealing a statistical surface roughness
for Tan�600 K and the formation of large terraces separated by monatomic steps for 600 K�Tan�800 K.
Annealing above �800 K results in step bunching, followed by a breakup of the film for Tan�1000 K. Both
the extension of the AFM phase in the film and the annealing-induced changes of the surface topography can
be explained by assuming the presence of a reconstructed Tb monolayer at the film-substrate interface that
serves as an effective substrate on which a slightly strained Tb film lattice is stabilized upon annealing.
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I. INTRODUCTION

Most of the heavy rare-earth �RE� metals crystallize in an
hcp-like structure, and their localized 4f magnetic moments
order in a helical antiferromagnetic �AFM� phase upon cool-
ing before they undergo a phase transition to ferromagnetic
�FM� order.1 In the helical AFM phase of the bulk metals Tb
and Dy, the 4f moments form a spiral with all moments in an
hcp-lattice basal plane pointing into a common in-plane di-
rection that rotates as one proceeds along the crystallo-
graphic c axis.2 The first-order phase transition from FM to
AFM order at TC is driven by a strong magnetoelastic cou-
pling particularly between the orbital part of the 4f moments
and the crystal lattice;3 it is accompanied by a considerable
lattice expansion along the easy axis of magnetization �b axis
in Tb, a axis in Dy�.2 Consequently, it is affected when the
lattice is strained by external forces: compressive �tensile�
lattice strain decreases �increases� the Curie temperature TC
of bulk Tb thereby stabilizing �destabilizing� the AFM
phase.4–6

Very large lattice strains are easily reached in heteroepi-
taxial film growth. Such epitaxial strains have been investi-
gated extensively in RE “superlattices,” in which layers of
two different RE elements—a few atomic lattice planes
each—are repeatedly �n times� grown on top of each other.7

For �Dy/Lu�n superlattices, a substantially increased TC �de-
stabilized AFM phase� has been observed,8 while the oppo-
site �stabilized AFM phase� was found for �Dy/Y�n

9 and
superlattices constructed of other rare-earth elements.10,11 Al-
though this behavior follows the general trend that larger
�smaller� c-axis lattice parameters go hand in hand with a
destabilized �stabilized� AFM phase, one may question
whether the observed changes of TC can be attributed to ep-
itaxial strain alone. This is because “nonmagnetic” spacer
layers �Y, Lu� can affect the superlattice magnetic properties

not only by epitaxial strain but also by their valence-band
susceptibility.12 It is well known that yttrium stabilizes the
helical AFM order in binary RE alloys through valence-band
hybridization,13 and it has been observed that a capping layer
of yttrium can strongly modify the exchange coupling
strength of an epitaxial RE film.14 Given that in superlattices
both the magnetic layers and the spacer layers are rather thin
�typically a few to several lattice planes�, one is led to an-
ticipate that the nonmagnetic �Y, Lu� spacer layers contribute
significantly to the stability of the helical phase through their
valence-band susceptibility. This view is corroborated by the
strikingly large magnetic coherence length in �Dy/Y�n and
other RE superlattices in which helimagnetic order propa-
gates across 10 nm thick nonmagnetic spacer layers without
loss of phase.15

In a comprehensive investigation, Tsui and Flynn sand-
wiched 5 nm thick Dy�0001� films between YxLu1−x alloy
films of various stoichiometries.16 When the adjacent alloy
films had the in-plane lattice parameter of bulk Dy, the Dy
films showed the same TC as bulk Dy. This finding is rather
surprising as one would expect a stabilized AFM phase �a
lower TC� when the Dy lattice is “epitaxially clamped” by
the adjacent alloy films, i.e., when it is hindered to assume
the tetragonal lattice distortion that is believed to “drive” the
phase transition in bulk Dy.16 Another study revealed a dras-
tically lowered phase transition temperature �TC�160 K� of
a 4 nm Tb�0001� film sandwiched between Y�0001� films.17

However, in both studies the adjacent films were RE metal
films of high valence-band susceptibility, just as in the men-
tioned superlattices so that an influence of the yttrium sus-
ceptibility on the AFM phase stability cannot be ruled out.

In order to identify the role of epitaxial strain in stabiliz-
ing the AFM phase in rare-earth metals, it should be infor-
mative to study single epitaxial films. The optimum thick-
ness for obtaining a significant epitaxial strain in a metal film
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is in the nanometer range,7 well above a few atomic lattice
planes, which helps to avoid that valence-band hybridization
plays an important role, but still thin enough to prevent that
the epitaxial strain relaxes across the film. Although there are
numerous studies of rare-earth metal films grown on single-
crystal substrates,18–27 only a few of them have been con-
cerned with the AFM phase stability.16,17,28,29

In this work we present the results of an investigation of
the stability of the helical AFM phase of Tb�0001� films
grown epitaxially on W�110�. In contrast to previous studies,
where mostly Y or RE alloys were used as templates and/or
as capping layers, tungsten was chosen as substrate material
because of its small magnetic susceptibility. Hence, the in-
fluence of the substrate valence-band structure on the mag-
netic properties of the Tb film can be neglected, and epitaxial
strain is expected to be the dominant effect.

The paper is organized as follows: After a brief descrip-
tion of the sample preparation and experimental procedures
in Sec. II, we present ac-susceptibility data and their analysis
in Sec. III. The annealing-induced changes of the Tb film
topography are described in Sec. IV, followed by a discus-
sion in Sec. V. A summary and a brief outlook are given in
Sec. VI.

II. EXPERIMENTAL

Tb�0001� films of 10 nm thickness were deposited on a
W�110� single crystal �8 mm diam� in UHV �low 10−11 mbar
range� at a rate of �2 atomic layers per minute. Details of
substrate and film preparation have been described in Refs.
30 and 31. The film quality was checked in situ by low-
energy electron diffraction �LEED�, using standard back-
view LEED optics. The magnetic ac susceptibility was mea-
sured by applying an oscillating magnetic field32 of 57 Hz
and 13 Oe amplitude along the b direction of the sample
�easy axis of magnetization in bulk Tb�,2 which is parallel to

the �11̄0� direction in the W�110� surface plane �Nishiyama-
Wassermann growth orientation�.33

The magnetic ac-susceptibility was observed using the
magneto-optical Kerr effect �MOKE� at �=630 nm.34 With a
visible-light penetration depth of �20 nm, the MOKE signal
reflects the average susceptibility across the entire 10 nm
thick Tb film. The signal was recorded while cooling the
sample at a rate of 1 K/s. After each measurement, the
sample was step-annealed for 60 s each at successively
higher annealing temperatures Tan. Annealing was done with-
out moving the sample so that all susceptibility curves were
recorded from the same sample spot �illuminated area was
�1 mm2�. The error bars of the given Tan are estimated to be
±5 K, although, the relative uncertainty in comparing differ-
ent susceptibility curves is better than ±0.5 K. In order to
ensure sample cleanness, in particular, after high-temperature
annealing, we recorded complementary vacuum ultraviolet
�VUV� photoemission spectra; they show a considerable up-
take in W-4f line intensity upon “breakup” of the film, but no
indication of contamination �no photoemission line intensity
at 6 eV binding energy�.

The LEED patterns were recorded in situ. The scanning
tunneling microscope �STM� images were taken in the

constant-current mode with an instrument designed for
growth studies and described elsewhere35 under the same
conditions, in particular, using the same Tb evaporator.31 The
STM data were plane-fitted on atomically flat terraces to cor-
rect the tilt of the sample. In order to enhance the contrast,
we mixed the tip height z and its derivative with respect to
the fast scan direction x �i.e., dz /dx�. This image processing
suggests the spectator a topography that is illuminated by an
invisible light source from the left.

III. MAGNETIC AC-SUSCEPTIBILITY

Figure 1 presents ac-susceptibility curves of a Tb film on
W�110� deposited at room temperature and step-annealed at
increasing temperatures Tan from 690 to 1430 K. The as-
grown film shows a broad susceptibility structure peaking
around 229 K, with a weak shoulder at higher temperatures.
Upon annealing at 690 K, this shoulder grows, developing at
Tan=740 K into an independent peak. The two ac-

FIG. 1. ac-susceptibility vs temperature curves of 10 nm
Tb�0001� films on W�110�, annealed at successively higher tem-
peratures, Tan. The curves were recorded during sample cool-down
at a rate of 1 K/s, using an oscillating field of 13 Oe �amplitude�
and 57 Hz. Vertical bars mark the TC and TN peak positions. The
solid curves through the data points serve as a guide to the eyes.
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susceptibility peaks are well known from studies of bulk Tb
single crystals.36,37 According to these earlier studies the less
intense peak around 232 K reflects the second-order phase
transition from paramagnetic to helical AFM order �Neél
temperature TN�, whereas the dominant peak at lower tem-
peratures is associated with the first-order phase transition
from helical AFM to FM order. The positions of the ac-
susceptibility peaks serve as approximate measures of the
phase-transition temperatures.38

As shown in Fig. 1 the TC-peak intensity of the Tb film
rises with increasing Tan, while the peak position shifts to
lower temperatures. By contrast, position and intensity of the
TN peak remain rather stationary for all Tan. When annealing
the film at Tan�1200 K, the intensity of the TC peak de-
creases readily, until it disappears completely for Tan
�1430 K. There are two possible reasons. As one has to
conclude from TDS data in Ref. 39, that at this high tem-
perature, less than a monolayer of Tb coverage remains on
the surface. From the absence of valence-band exchange
splitting of a monolayer of Gd/W�110�,40 one can expect
that there is no �long-range� magnetic order of a �sub-�
monolayer of Tb/W�110� as well. Therefore, although the
vanishing susceptibility signal after annealing at 1430 K may
result from complete desorption of Tb, it would also be in
agreement with a remaining nonferromagnetic �sub-�
monolayer.

The most important features of the ac-susceptibility data
in Fig. 1 are highlighted in Fig. 2. Figure 2�a� shows that the
position of the TN peak in fact reduces slightly with increas-
ing Tan at a slope of �TN/�Tan=−0.3 K/100 K. By contrast,
TC reduces more steeply by �TC/�Tan=−1.0 K/100 K in the
annealing-temperature range up to �850 K.41 We shall refer
to this region as region I. For higher Tan, there is a remark-
able change in slope to �TC /�Tan�−2 K/100 K. The height
of the TC peak, displayed in Fig. 2�b�, increases significantly
in region I, but remains rather stationary in region II up to
Tan�950 K. Yet, it rapidly increases with further annealing
�region III�, when it reaches its maximum at Tan�1200 K.
Above this temperature �region IV�, the height of the TC
peak drops abruptly at Tan�1300 K below 60% of its maxi-
mum value. Figure 2�c� shows the width �full width at half
maximum �FWHM�� of both susceptibility peaks. The width
of the TN peak remains rather stationary at about 4.5 K for all
annealing temperatures. It is broader than the width
��3 K� reported for bulk Tb single crystals,36,42 probably
because of the higher oscillating-field amplitude used in the
present experiments. The width of the TC peak, by contrast,
changes drastically with annealing temperature. Although it
is nearly constant ��7.5 K� in region I, it doubles at the
border between regions II and III �reaching �15 K�, before
it drops again. �This probably indicates an inhomogeneous
broadening due to a distribution of spatially varying lattice
strain, see discussion below.� In region IV, the width of the
TC peak gets similarly small again as in region I��10 K�.

The widths of the TC peaks measured for the present Tb
films are comparable to those of bulk Tb single crystals, and
they have similarly asymmetric line profiles.36,42 The asym-
metry has been attributed to the rather complex temperature
dependence of domain wall motion in the ac field in the FM

regime.41 Furthermore, the phase transition from helical
AFM to FM order in very thick ��700 nm� Tb films has
been found to involve a formation of FM “blocks” some 15
K below but not above TC;43 this asymmetric behavior may
contribute to the observed TC-peak shape.

IV. TB-FILM SURFACE TOPOGRAPHY

In the present work we chose standard UHV techniques,
such as LEED and room-temperature STM, to monitor the
annealing-induced changes of the surface topography of the
Tb film.

A. STM images

Figure 3 shows STM images of 10 nm Tb�0001� films
deposited at 300 K on W�110�, upon annealing at various
temperatures ranging from Tan=580–1000 K. For compari-
son to the susceptibility data, the annealing temperatures are
marked by S on the abscissa of Fig. 2. The top row of Fig. 3
shows the film surface upon annealing at 580 K; it has hardly
changed from the as-grown state �not shown�. The Tb film
surface consists of islands of varying size, with lateral diam-

FIG. 2. Results of an analysis of the TN and TC peaks of the
ac-susceptibility data shown in Fig. 1. �a� Peak positions, �b� rela-
tive peak heights, and �c� peak widths �FWHM�. The solid lines are
the results of linear fits to the data; dashed lines and the dashed
curve in �b� serve as a guide to the eyes; for details, see text. The
annealing temperatures employed for the STM images in Fig. 3 and
for the LEED images in Fig. 4 are indicated on the abscissa by the
letters S and L, respectively.
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eters mostly between 30 and 50 nm. The steps are mon-
atomic, and the island shapes clearly reveal the threefold
symmetry of the close-packed surface in �0001� crystal
direction.

The islands disappear upon annealing at 795 K �second
row of Fig. 3�. The entire film surface now consists of ter-
races of some 30 nm average width, separated by mono-
atomic steps. The change from islands to flat terraces indi-
cates that, upon annealing at Tan=795 K, there is sufficient
mobility of Tb surface-layer atoms to diffuse to adsorption
sites of higher coordination number �lower step edges�. In
this way small islands disappear, resulting in an effective
reduction of the surface roughness.

Increasing the annealing temperature by 100 K to Tan
=895 K �third row of Fig. 3� induces “bunching” of mon-
atomic steps between terraces, which is most clearly discern-

ible on the left side of the overview image �left column�. The
surface steps of the film do not coincide with any particular
high-symmetry direction of the W�110� substrate, which are
indicated by black arrows in the top row. Yet, they run, by
and large, parallel to the substrate surface steps, which—
upon closer inspection—become visible as lines �indicated in
the third row of Fig. 3 by arrows�.

Step bunching becomes even more pronounced upon an-
nealing at Tan=1000 K �bottom row�, accompanied by an
inevitable formation of wider terraces, some being as wide as
100 nm. The stained surface images in the bottom row of
Fig. 3 reflect technical difficulties in reaching 1000 K in the
STM chamber; because of degassing from the sample holder
at this high annealing temperature, the Tb surface state is
quenched locally.44 This problem prohibited annealing at
even higher Tan.

FIG. 3. STM topographs of 10
nm Tb�0001� films on W�110�, re-
corded at room temperature upon
annealing at Tan=580 K �top
row�, Tan=795 K �second row�,
Tan=895 K �third row�, and Tan

=1000 K �bottom row� at three
different magnifications �col-
umns�. The orientation of the
W�110� substrate is indicated by
black arrows �top row�; it is iden-
tical for all images. The surface
steps of the Tb film follow the
monoatomic steps of the substrate
surface that are weakly visible as
smeared steps �white arrows in
third row�.
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B. LEED images

To check if the topography of the Tb film undergoes fur-
ther significant changes upon annealing above 1000 K, we
recorded LEED images, a selection of which are shown in
Fig. 4. The annealing temperatures are marked by L on the
abscissa of Fig. 2. The image in Fig. 4�a� corresponds to the
surface upon annealing at Tan=1100 K. It shows a plain �1
�1� pattern that is characteristic of a close-packed crystal
surface. In the whole temperature range Tan between 800 and
1000 K the LEED patterns remain purely hexagonal �images
not shown here�. Although the LEED pattern in Fig. 4�a�
seems to reflect a well-ordered smooth film, one cannot
strictly exclude—from the LEED pattern alone—that the
metastable Tb film has already begun to break up at this
annealing temperature �1100 K�.45 It is rather likely that the
process of step bunching, which is observed by STM upon
annealing at Tan=895 K and which gets more pronounced
for Tan=1000 K, progresses with higher Tan and that it will
eventually lead to the formation of deep notches in the film.

The LEED image in Fig. 4�b� was recorded after anneal-
ing the film at 1210 K, right at the maximum of the ac-
susceptibility TC peak height. Faint satellite LEED spots ap-
pear around the main peaks, best visible near the lower- and
upper-right main peaks. If annealed at 100 K higher tempera-
ture �of Tan=1310 K�, i.e., at the annealing temperature
where the TC-peak height is greatly reduced �cf. Fig. 2�b��,
satellite “rings” around each main hexagonal spot become
clearly visible, cf. Fig. 4�c�. Their appearance indicates that
electrons are scattered from the Tb film as well as from the
W substrate. At the LEED energy of 150 eV used here, the
electron mean-free path is as short as a few crystal lattice
planes; hence, there must be regions where the film has be-
come as thin as a few lattice planes. Note that the satellite
LEED pattern in Fig. 4�c� resembles the one of Gd/W�110�
in the monolayer coverage regime.46 One may thus conclude
that, upon annealing at 1310 K, the present Tb film contains
deep notches. Very similar LEED patterns were observed by
Tober et al. in the case of “over-annealed”
Gd�0001� /W�110� films that were broken up into islands,
with wide areas of monolayer coverage in between.47

V. DISCUSSION

The key experimental finding of the present work, dis-
played in Figs. 1 and 2, concerns the separation between the
TN and TC susceptibility peaks. It increases from TN−TC
=�TN,C�5 K �for Tan=740 K, where the peaks have clearly
separated� to a maximum value of �TN,C=17 K �for Tan
=1210 K�. This is significantly larger than the interval of
helical AFM order of unstrained bulk Tb single crystals, for
which values up to 10.8 K have been reported.36

In order to understand the annealing-induced extension of
the helical AFM phase, we compare to bulk Tb single crys-
tals for which �TN,C was found to extend �reduce� upon
compressive �tensile� lattice strain.4–6 This behavior has been
attributed to the large magneto-elastic coupling that drives
the first-order phase transition in all heavy RE metals with a
nonspherical 4f-charge distribution. The doughnut-shaped 4f

FIG. 4. LEED images �inverted contrast� of 10 nm Tb�0001�
films on W�110� recorded with an 150 eV electron beam at room
temperature upon annealing at �a� Tan=1100 K, �b� Tan=1210 K,
and �c� Tan=1310 K. The characteristic hexagonal pattern of a
close-packed �0001� surface in �a� was also found for Tan

�1100 K. �b� Weak satellite LEED intensity becomes only visible
upon high annealing at Tan=1210 K; �c� the satellite intensity in-
creases for higher Tan. Center and upper left corner of the images
are masked by the electron-gun holder.
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charge cloud of trivalent Tb ions �4f8 configuration� gives
rise to a particularly strong interaction between the orbital
part of the 4f magnetic moment and the crystal lattice. While
in the undistorted close-packed crystal lattice, the helical
magnetic order is favored through the Tb valence-band
susceptibility,1 the total energy of the system is significantly
reduced through the tetragonal lattice distortion in the FM
phase below TC, in which the Tb lattice is elongated along
the easy axis of magnetization, the hcp b axis.48 Therefore, a
reduction of the b lattice parameter through external forces
�“forced magnetostriction”� should stabilize the AFM phase.
Moreover, based on strain experiments with bulk Tb crystals,
Andrianov et al.6 have suggested that there is a critical c /a
ratio below which no stable AFM phase can exist. Indeed,
x-ray-diffraction data49 give a ratio �c /a�=1.581 for bulk Tb
and the fact that this value is just below the proposed critical
ratio �1.582� is held responsible for the rather low stability
�i.e., narrow temperature range� of AFM order in bulk Tb
crystals.6

In light of the close relationship between AFM phase sta-
bility and lattice parameters, it would be worthwhile to mea-
sure possible changes of the Tb film lattice constants in situ
during annealing. Although surface x-ray-diffraction experi-
ments have become feasible,50 such an experiment would be
quite cumbersome given the vacuum requirements for prepa-
ration and in situ analysis of the RE metal films.31

To our knowledge there have been no investigations of
annealing-induced changes of the crystal structure of a RE
metal film. In the following we present arguments that lead
one to assume the existence of a reconstructed Tb atomic
layer right at the film-substrate interface. �i� Owing to the
vastly different cohesive energies of Tb metal and the
W�110� refractory-metal substrate51 the Tb-W bonds
“across” the interface are much stronger than the Tb-Tb
bonds. This has been shown experimentally by thermal de-
sorption studies �TDS� of Tb/W�110� �in the film thickness
regime around one monolayer� revealing a much higher de-
sorption energy for Tb atoms of the interface layer than for
second-layer Tb atoms.39 Hence, the Tb-W bonds should be
decisive for the interface crystal structure. �ii� LEED and
STM studies of �sub-� monolayer coverages of Gd and Tb on
W�110� have revealed that the monolayer on W�110� is
reconstructed.39,47,52 From the almost identical cohesive en-
ergies of bulk Gd and Tb one expects the same qualitative
behavior for the two elements.39,52 Although there is some
debate regarding details,53 all studies agree that the mono-
layer on W�110� is reconstructed, hereby reducing the RE
metal lattice strain to some 1%.54,55 �iii� The presence of a
reconstructed monolayer at the Tb/W�110� interface is also
expected from the model for heteroepitaxial film growth by
J. van der Merwe.56,57 According to the model, there is a
maximum interface layer strain of typically �9%, above
which the elastic energy becomes too large for pseudomor-
phic growth, which means that the large misfit of 12% be-
tween Tb �in-plane lattice constant 360.5 pm� and W �316.5
pm� inevitably results in a reconstruction of the Tb interface
layer.57

All studies so far have been restricted to the �sub-�
monolayer coverage regime, and at the time of writing there
is no experimental proof that a reconstructed Tb/W�110�

interface layer also exists in thick films. Yet, based on the
energy arguments given above, we assume that a recon-
structed Tb interface layer is present also in the 10 nm thick
Tb films on W�110�. The reconstructed and strongly bound
Tb interface layer serves as an effective substrate
Tb-monolayer/W�110� for the Tb film.

We now address the question how far a small in-plane
lattice strain of the order of 1% can extend into the Tb film.
According to the van der Merwe model,56 in-plane film
strains below �3% reduce exponentially with distance z
from the interface with the characteristic relaxation length z0.
z0 scales with the average lateral separation p of dislocations,
so that the strain extends some 1

2 p into the film.56 Applying
the model to Tb on W�110�, we expect that an in-plane lattice
strain of the order of 1% reaches as far as 100 nm, i.e., an
order of magnitude further than the film thickness; hence the
strain should be roughly constant over the entire film. How-
ever, the growth model only applies to systems in thermal
equilibrium. This condition is certainly not met by the as-
grown and gently annealed Tb films �top row of Fig. 3�, but
more so by the films annealed at higher temperatures �third
and bottom row of Fig. 3�. Therefore, we expect that the
predictions of the growth model, i.e., a reconstructed Tb in-
terface layer with small in-plane lattice strain and a very
“slow” strain relaxation over the Tb film, apply best to the
high-annealed films in region III. The LEED images in Figs.
4�a� and 4�b� reveal clear hexagonal patterns in region III
with only faint satellite intensity at the high-temperature end.
Intense LEED satellites appear only in Fig. 4�c� indicating
that the film breaks up into islands �and largely desorbs� in
region IV.

The atomic mobility in annealing temperature region III
leads to a low defect concentration �susceptibility shows
most narrow and most intense TC peak� and step bunching
with wide terraces �STM� at the film surface; in this state of
annealing the Tb film apparently is subject to a rather homo-
geneous epitaxial lattice strain. �The strain is on the order of
1% since the lattice mismatch between W and Tb is largely
accommodated by the reconstructed interface.� It is the si-
multaneous appearance of step bunching and the extended
temperature range of the AFM phase �cf. Fig. 2� which sug-
gests that the enhancement of the AFM phase stability is
owing to the epitaxial lattice strain. Note that the twofold
symmetry of the W�110� substrate is likely to induce an
uniaxial in-plane lattice strain, i.e., a tetragonal distortion of
the film lattice from hexagonal to orthorhombic symmetry ��
mode58�; hence, the observed extension of the AFM tempera-
ture range upon annealing points towards a reduced b-lattice
parameter in the epitaxially strained Tb film that stabilizes
the AFM phase through “forced magnetostriction.” Yet this
hypothesis awaits future experimental verification.

VI. SUMMARY AND OUTLOOK

Magnetic ac-susceptibility data of high-annealed
Tb�0001� metal films on W�110� show a wider temperature
range of the AFM phase ��TN,C=17 K� than bulk Tb single
crystals. On the basis of the annealing-induced changes of
the film surface topography observed via STM and LEED we
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arrive at the following interpretation of the susceptibility
data, cf. Figs. 1 and 2:

Region I �Tan�840 K�: The film quality improves with
increasing Tan until there is sufficient surface atom mobility
to form an atomically flat film surface with 30.50 nm wide
terraces �separated by monoatomic steps�. ac-susceptibility
data reveal minor changes.

Region II �840 K�Tan�980 K�: An enhanced film lat-
tice defect mobility allows the formation of a reconstructed
Tb atomic layer at the Tb-W interface owing to the high
Tb-W cohesive energy, forming an effective substrate on top
of which the Tb film is stabilized with a lattice strain of some
1%. The strain is likely to cause the observed extension of
the temperature range of the AFM phase �enhanced AFM
phase stability�, that is revealed by the substantial reduction
of TC with increasing annealing temperature.

Region III �980 K�Tan�1210 K�: With a very high de-
fect mobility at the rather high Tan the film lattice approaches
thermodynamic equilibrium. The pronounced step bunching,
accompanied by the formation of very wide terraces, leads to
maximum epitaxial film strain, which further stabilizes the
AFM phase �maximum AFM temperature range, TN,C
=17 K�. Concomitantly, a minimum defect concentration is
reached when Tan approaches the upper bound of region III,
where the susceptibility TC peak has increased by 50% in

height and has sharpened considerably �−30% �.
Region IV �1210 K�Tan�: The film desorbs �TC-peak

height −40%� with no significant change in lattice strain �sta-
tionary TC�.

From the strongly different Tb-W and Tb-Tb cohesive
energies, and in agreement with the van der Merve model for
heteroepitaxial film growth, we expect that a reconstructed
Tb interface layer forms upon annealing, even in the 10 nm
thick film. According to the growth model, a small in-plane
strain of some 1% of the Tb interface layer can be adopted
by the neighboring lattice planes; the strain thus hardly de-
cays over the film thickness resulting in an approximately
homogeneous strain across the entire film.

We suggest in situ x-ray-scattering experiments on epitax-
ial films of Tb and other RE metals59,60 in order to �i� inves-
tigate the annealing-induced changes of lattice parameters in
heteroepitaxial film growth and �ii� experimentally verify the
expected reconstruction at the film-substrate interface.
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