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Abstract. We have investigated the structural and magnetic properties of
ultra-thin Cr films on W(110) by means of low-energy electron diffraction
intensity-versus-voltage (LEED IV) data acquired using selected-area diffraction
within a low-energy electron microscope (LEEM), spin-polarized scanning
tunneling microscopy (SP-STM), andab initio calculations. The interlayer
distances as obtained from LEED IV data are compared toab initio calculations.
The first-principles calculations predict very different interlayer spacings
depending on whether the Cr films are antiferromagnetic or non-magnetic.
Only antiferromagnetic spin ordering leads to interlayer spacings similar to the
experimental spacings determined by LEED IV. This strongly suggests that films
of one, two and three atomic layers of Cr on W(110) have antiferromagnetic
short-range order. SP-STM data confirm this finding: the Cr monolayer on
W(110) shows characteristic stripes along the [001] direction due to the
antiferromagnetic order of nearest-neighbor Cr atoms. Additionally, the SP-STM
data of the Cr monolayer reveal a periodically varying magnetic amplitude
that peaks every 7.7± 0.5 nm. On thick Cr(110) films the signature of an
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incommensurate spin density wave, existing in two different orientations, is
found. We also compare the LEED IV andab initio relaxations of bare W(110)
and bulk-like Cr(110) surfaces.
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1. Introduction

Chromium is a transition metal with a rich variety of magnetic properties that has been the
focus of many studies. It is an itinerant antiferromagnet (AFM) in the bulk and presents an
incommensurate spin density wave (SDW) [1]. In thin films the coupling with the substrate
transforms this AFM SDW from an incommensurate to a commensurate one [2, 3]. Furthermore,
the current interest in spintronics [4] has been partially initiated by the discovery of the giant
magnetoresistance effect in Fe/Cr multilayers [5]. Further progress in this area depends on
atomic level control in the manufacturing of spintronic devices.

Surprisingly, structural and magnetic characterizations of ultra-thin Cr films on W(110),
a common substrate for thin metal films because of its resistance to alloying, are scarce [6].
Most studies actually focus on the thick-Cr regime [3], where the surface is assumed to be a
proxy of bulk Cr. One open basic question is whether ultra-thin films of Cr on W(110) present
magnetic ordering, and if so, what kind? The problem is challenging because few methods
are capable of detecting antiferromagnetism in such thin layers. Recentab initio calculations
seem to indicate that a monolayer might be magnetic [7]. We note that spin-polarized scanning
tunneling microscopy (SP-STM) has shown that a monolayer of Mn on W(110) exhibits local
antiferromagnetic order [8]–[10].

Here we present a combined low-energy electron diffraction intensity-versus-voltage
(LEED IV), SP-STM, andab initio calculation study with the aim of obtaining a thorough
understanding of the atomic and magnetic structure of Cr films a few atomic layers thick on
W(110). LEED IV is the classic tool for determining the interlayer spacings between the first
few atomic surface layers with errors in the 0.01–0.02 Å range. A satisfactory comparison
of LEED with ab initio density functional theory (DFT) is also a mature approach and, in
general, is considered the gold standard for surface structure determinations. Well-converged
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spin-polarized (SP) DFT calculations usually predict surface relaxations in good agreement with
experiment even for magnetic materials. In the past, a systematic discrepancy has been reported
between experimental andab initio calculations for particular transition metal surfaces [11].
To check for any of the presumed effects that caused those discrepancies [12], we also include
in our LEED IV study the limiting cases of the bare W(110) and bulk-like Cr(110) surfaces.
Finally, SP-STM is one of the few techniques able to measure local antiferromagnetic order
on surfaces [13]. By depositing a ferromagnetic film on the tunneling tip, images with contrast
related to the magnetic structure of the surface can be acquired. The sensitivity of the tip to
either in-plane or out-of-plane surface magnetic moments can be tuned by applying magnetic
fields.

2. Experimental and theoretical calculation details

2.1. Low-energy electron microscopy and diffraction

A low-energy electron microscope (LEEM) [14] was used both to characterize the growth of
Cr on W(110) and to acquire the LEED IV curves [15, 16]. While imaging, Cr was evaporated
by electron-bombardment at a typical flux of 0.14 AL min−1 for the ultra-thin films and up to
1 AL min−1 for thick films. The background pressure remained in the 10−10 torr range during the
experiments. The W(110) crystal was cleaned by exposure to O2 followed by repeated flashes
to 2200 K. Terraces wider than a few microns could be routinely found on the surface.

The first 3 AL of Cr grow layer-by-layer on W(110). As soon as the 4th layer nucleates, the
films break up, giving rise to tall three-dimensional (3D) islands surrounded by a monoatomic
Cr wetting layer on W(110) [3, 6]. For Cr films with thickness below 3 AL the LEED data
always showed a 1×1 pattern, indicating in-plane pseudomorphic growth of Cr on W(110) in
ultra-thin films. To obtain a film surface with properties equivalent to the (110) surface of bulk
Cr, relatively thick Cr films (15–40 AL Cr) were first grown on W(110) with the substrate held at
room temperature (RT), and subsequently annealed to 600◦C while observed in LEEM. Thick
Cr films also exhibit a 1× 1 pattern, but with the in-plane lattice spacing of a bulk-Cr (110)
surface.

The IV curves are acquired within the LEEM instrument by changing the power of the
lenses in order to image the back-focal plane of the objective lens. The use of LEEM as a LEED
diffractometer provides several advantages over a conventional LEED system, among them the
ability to acquire the specular beam in normal incidence. The LEED IV data was obtained from
2µm diameter areas using an illumination aperture to limit the electron beam size on the sample.
The sample was cooled to RT before measuring the IV data.

The (00), four symmetry-equivalent (01) and two symmetry-equivalent (11) beams were
measured at primary electron energies of 50–350 eV, giving a total energy range1E of 900 eV,
which is more than enough to provide accurate estimates of the last layers’ relaxations [12].
Equivalent beams were averaged. The Pendry factorRP between equivalent beams was always
lower than 0.10.

Fully dynamical LEED IV curve calculations were performed with a modified version of
the Van Hove–Tong package [17]. The surface was modeled by stacking the necessary number
of Cr layers over five layers of W bulk, using the renormalized forward scattering (RFS)
approach. Relativistic phase-shifts [18] were calculated and subsequently spin-averaged.We
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explored the parameter space comprised of the topmost three interlayer spacings,d1–3 (up to
the 4th layer distance for the 3 AL Cr case) by calculating the IV curves over fine 3D parameter
grids. The interlayer spacings were swept over wide ranges.

All simulations were performed for a temperature of 300 K. The experiment–theory
agreement was quantified via Pendry’sR-factor [19], RP, while the error bars for each parameter
were obtained from its variance [20] 1RP = RPmin

√
8Ei/1E, whereEi gives the optical (inner)

potential. Correlations between the structural parameters were taken into account for the
estimation of error limits. We note that all structural parameters derived in this work represent
well-defined minima in their respectiveR-factor plots. Non-structural parameters such as the
muffin-tin radius, the optical potential or the Debye temperatures at the surface planes were
also varied.

2.2. Ab initio calculations

Modeling of thin magnetic films on a non-magnetic material within DFT requires a careful
choice of approximations and estimates of the overall accuracy. As we will see, especially how
the electronic exchange and correlation is treated (local density approximation (LDA) or gen-
eralized gradient approximation (GGA)) crucially affects the interplay between heteroepitaxial
stress, relaxation and magnetic structure. We calculate the ideal bulk W and Cr lattice para-
meters using both LDA and the Perdew–Burke–Ernzerhof (PBE) GGA [21], using the Vienna
VASP code [22]. The clean slab calculations are performed using eight-layer slabs for W(110)
and nine for Cr(110), at the ideal in-plane lattice constants. Nine layers is the minimum number
of Cr layers required to obtain in-plane antiferromagnetic coupling with magnetic moments like
in bulk Cr in the center of the slab. Only GGA finds an antiferromagnetic ground state for Cr
(m = 1.08µB atom−1). The LDA result is always non-magnetic, a well-know issue with LDA.

The lattice constants determined by SP GGA-PBE reproduce the experimental numbers
better than LDA. Still, the calculated lattice mismatch between W and Cr is 9.9%, compared
to 8.8% for literature bulk values. The larger mismatch should lower the tendency for
pseudomorphic wetting in SP-GGA-PBE and even more so for non-magnetic GGA and LDA.

The different strain-energy cost is reflected in the calculations of bulk Cr strained to the
W(110) in-plane lattice constant. In non-magnetic LDA the energy cost is 0.290 eV per Cr
atom with thez-layer (out-of-plane) spacing compressed by 23.3%. In non-magnetic GGA
these values reduce to 0.259 eV and 21.8%, respectively. In SP-GGA, finally, they are 0.218 eV
and 15.3%. To estimate the effect of the exaggeration of the W–Cr lattice mismatch in W–Cr
pseudomorphic slabs, the latter calculation was repeated for an in-plane strain corresponding
to only 8.8%, instead of a 9.9%, mismatch. Now the strain costs only 0.180 eV per Cr atom.
Therefore, the calculations of pseudomorphic Cr layers on W(110) are expected to be 0.038 eV
too high in energy.

Finally we note that all the slab calculations for W(110) and films of Cr on W(110) are
done at the fixed, theoretical W in-plane lattice constant. All other geometry parameters, which
include the separation between layers, are allowed to relax. The layer relaxation is reported
relative to the theoretical bulk layer separation.

2.3. SP-STM

The SP-STM measurements were performed at the University of Hamburg in a five chamber
ultra-high vacuum (UHV) system with separate chambers for sample and tip preparation,
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Figure 1. (a)–(f) Sequence of LEEM images taken during growth of Cr on
W(110) at 360◦C. The field of view is 7µm. The detailed evolution of the LEEM
images during Cr deposition onto W(110) is illustrated in movie 1 (available
from stacks.iop.org/njp/10/013005/mmedia).

thin-film deposition, conventional surface analysis (LEED, Auger electron spectroscopy, etc),
and low-temperature STM using a home-built instrument [23]. During the STM measurements
the tip and the sample were held at a temperatureT = 13± 1 K. Tips were prepared by
electrochemically etching a polycrystalline W wire. Upon introduction of the tip into the UHV
system via a load lock, the tip was briefly heated at a temperatureT > 2200 K to remove
tungsten oxides. For spin-sensitive experiments the tips were coated by a thin Fe film. The
substrate is cleaned by cycles of oxidation atT = 1500 K and subsequent high-temperature
flashing (T > 2200 K) [24]. Cr films were grown by thermal evaporation from a W crucible
at a pressurep6 3× 10−10 mbar. All STM data presented here were recorded in the constant
current mode.

3. Results and discussion

3.1. Growth of Cr on W(110)

At temperatures between 200 and 360◦C the growth of Cr on W(110) takes place layer
by layer, but only for the first three monolayers [3]. Figure 1 shows a growth series taken
by LEEM at 360◦C. Within the field of view of the images shown (7µm, although 20µm
images were also acquired), all the growth proceeds by step flow. But before the third layer is
completed, four-layer thick islands appear in the film, and a dewetting process takes place by
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which further growth removes the second and third layers and produces tall 3D islands in the
Stranski–Kranstanov growth mode (see figure7(a)). The LEED pattern of the films between one
and three monolayers is the same as that of the substrate indicating a common in-plane lattice
parameter7. This pattern indicates a relaxed spacing [6]. A similar behavior has been observed
on Cr/Mo(110) by STM [25].

As the interlayer distance between the surface layer and the first sub-surface layer,d1–2,
of unreconstructed transition metals has been the subject of a lively debate [11], we first
focus on the bare W(110) and bulk-like Cr(110) surfaces to check our agreement between
theory and experiment. A systematic discrepancy between LEED experiments andab initio
calculations was reported for transition-metal surfaces: in most available cases, the first layer
DFT contractions were larger than the experimental ones. This disagreement is—given the
simplicity of the problem—surprising and prompted suggestions that the smaller experimental
relaxation could be related to contamination, for example by hydrogen absorption [26].
Currently, many of the previous discrepancies have been resolved, including W(110), Rh(100)
and Ti(0001) [12] as well as for Ru(0001) [15]8.

3.2. The bare W(110) surface

Given its role as a model system, W(110) has been the subject of recent detailed STM [24]
and LEED studies [27, 28]. To test for the effect of surface roughness, which is not included in
the multiple scattering programs currently in use, flat [27] and stepped substrates [28] have
been investigated. All the more recent experimental studies agree in a contraction ofd1–2

of ≈3%, which is also in agreement with surface x-ray diffraction studies [29]. Our results
shown in figure2 are in the same range. Our best fit (shown in figure2(b)) to d1–2 results
in a contraction of(−2.8± 1.2)%, with a RP = 0.13. We note that roughness cannot play a
role in our results as we employ selected-area diffraction with at most two atomic steps in the
surface area 2µm in diameter where the LEED IV data were acquired. Our comparison with
the ab initio calculations (−3.8%) is actually within the error bars of our experimental data.
Nevertheless, the difference follows the same trend that other studies have observed on W(110):
the experimental contractions tend to be at least 1% smaller than the theoretical predictions. The
theory/experiment discrepancy seems to be particular to the case of the W(110) surface [29],
and does not extend to other transition-metal surfaces.

3.3. The Cr(110) surface

The Cr(110) surface was obtained by growing thick films of Cr on W(110) (between 15–40 AL
in the LEEM experiments, and close to 100 AL for the SP-STM experiments). As thick-film

7 In a minority of local regions containing 2 and 3 AL of Cr examined by selected area diffraction the (00),
and first-order spots were weakly split (‘streaked’) along the [001] direction. These streaks disappeared with mild
annealing (well below the growth temperature). In addition, the 3 AL regions contained linear defects visible in
the LEEM images. These observations suggest that 3 AL of Cr can exist in a metastable, non-pseudomorphic
structure, which is likely a precursor to the moiré structure of thicker films. We emphasize, however, that our
LEED IV analysis was performed on pseudomorphic regions.
8 Most of the resolved discrepancies have been attributed so far to experimental problems rather thanab initio
calculation issues. Either hydrogen contamination or a dataset of insufficient energy range have been singled out
as responsible in selected cases.
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Figure 2. (a) LEED pattern of W(110). (b) LEED IV curves of clean W(110).
(c) LEEM image of a 15 AL Cr film on W(110) after annealing to 633◦C. The
field of view is 20µm. The dark features are trenches extending down to the 1 AL
Cr wetting layer (one is marked by an arrow), which formed during annealing.
The circle shows the area where the diffraction data was obtained. (d) LEED IV
curves of the thick Cr(110) film.

growth at elevated temperatures produces 3D islands, the growth was performed at RT. After
the growth of a few atomic layers, the backscattered electron intensity decreases greatly, until
nothing can be seen in LEEM images. Even the diffraction pattern was featureless. To obtain
a smooth surface, annealing of the RT-grown film was performed. In agreement with previous
reports [3] we found that the backscattered electron intensity increased greatly close to 600◦C.
Annealing at this temperature yielded a locally flat film conformal to the substrate, i.e. the
atomic surface steps of the Cr film are mainly located over the substrate steps. However, the
film also started to scarify in the same temperature range, with deep trenches extending down to
the one-layer-thick wetting layer. By means of the LEEM apparatus we could measure easily the
diffraction pattern of the Cr film by performing selected-area diffraction, as shown in figure2(c).
Caution should be applied, however, when using spatially averaging diffraction techniques since
this (rather typical) procedure to obtain a flat Cr film as a proxy of a Cr(110) bulk terminated
surface can produce trenches that extend down up to the Cr/W(110) wetting layer.

The LEED IV data acquired from the surface of the thick Cr(110) is shown in figure2(d).
From the multiple-scattering fit to the data (RP = 0.10) we obtained a last-layer relaxation of
−2.2± 1.4% relative to the bulk Cr(110) interlayer spacing (see table1), to be compared to the
SP-GGA prediction of−2.1%. The second layer is also observed to contract in the LEED best
fit, although theab initio result indicates a very small expansion.
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Table 1. Changes in the interplanar spacings as determined from experimental
LEED studies andab initio simulations, both spin-polarized (sp) and non-spin-
polarized (np), given in percent relative to the W(110) bulk interlayer spacing.
Results for the Cr(110) surface are given relative to the Cr(110) bulk spacing.

Surface Method d1–2 d2–3 d3–4 d4–5

W(110) LEED −2.8± 1.2 +0.2± 1.0 −0.7± 2.2
GGA −3.8 0.0

Cr(110) LEED −2.2± 1.4 −1.3± 1.3
GGA-sp −2.1 0.24 −0.01

1 AL Cr/W(110) LEED −8.0± 0.7 +0.3± 1.4
GGA-sp −8.55 0.04
GGA-np −15.4 +1.46

2 AL Cr/W(110) LEED −17.0± 0.7 −7.4± 1.3 +0.4± 1.4
GGA-sp −18.3 −6.82 −0.16
GGA-np 30.1 −6.28 −0.27

3 AL Cr/W(110) LEED −16.0± 1.3 −13.6± 1.4 −7.0± 3.6 −1.9± 4.4
GGA-sp −18.1 −15.6 −7.37 −0.16
GGA-np −30.6 −16.9 −10.2 −0.07

We have also investigated the surface of thick Cr(110) films on W(110) by means of
STM. Figure3(a) shows an STM image of a≈100 AL thick flat Cr film grown on W(110).
At the measurement temperature of the SP-STM experiments,T = 13± 1 K, this film thickness
results in an incommensurable SDW [3]. Although we cannot exclude that the film showed
annealing-induced trenches on a meso- or macroscopic scale, it was homogeneous on a lateral
scale of microns with some very wide atomically flat terraces. For example, figure3(b) shows
an image (250 nm× 250 nm) taken from such a terrace. In general, two surface patterns can
be recognized, which have been identified as different domains of the charge-density wave
(CDW) in an earlier spin-averaged STM study employing non-magnetic probe tips [30]. The
first pattern, labeled A in the lower part of figure3(b), is less common. It is characterized
by stripes along the [1̄10] direction with a periodicityP of about 30 Å. The vast majority of
the sample surface exhibits another pattern (B,C) with stripes along the [001] direction and
a periodicity of about 42 Å. In [30] these patterns were interpreted as the manifestation of
CDWs with wave fronts propagating in different directions. Our data fully agree with this
interpretation. In the bulk all three{100} directions are degenerate and equally probable. At
the surface, however, the CDW with the wave vectorEQ ‖ [001] is strongly damped and less
frequent. Since it propagates within the sample surface, its apparent periodicity is consistent
with the periodicity of the CDW, i.e. 30 Å. The surface is dominated by the CDWs that are
propagating along the other two{100} directions, which are tilted by 45◦ with respect to the
surface plane. Therefore, the apparent periodicity of these CDWs (B,C) is

√
2× 30 Å ≈ 42 Å,

corresponding to 10–11 times the lattice constant. Both domains can be recognized as spots in
the Fourier-transformed image (figure3(c)).

As stated in [30] ‘a fascinating, however challenging, goal to achieve is the direct
observation of the SDW with the help of ferromagnetic STM tips’. In this spirit we have
performed spin-resolved STM measurements with Fe-coated probe tips. Figure4(a) shows
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Figure 3. (a) Large-scale STM image of an approximately 100 AL thick Cr film
on W(110). Wide atomically flat terraces and single atomic step edges are clearly
resolved. (b) Atomically flat terraces of a Cr(110) film on W(110) taken with a
non-magnetic W tip (U = −10 mV andI = 0.3 nA). Similar to previous studies
that were performed on the surface of bulk Cr(110) [30], two different regions
can be distinguished: wherever the wave vectorEQ of the charge-density wave
(CDW) is within the film plane along the [001] direction, stripes along the [11̄0]
direction with a periodicityP = 30 Å and a relatively small corrugation can be
recognized (see region A). If, however,EQ is along the{100} directions, which
are not within the surface plane, the periodicity amounts toP = 42 Å and the
corrugation is larger (region B, C). (c) These domains give rise to discrete spots
in the Fourier-transformed image.

a constant-current SP-STM image as measured on a thick Cr(110) film on W(110) being
very similar to the one presented in figure3. Figure4(b) displays the same image but fully
differentiated along the fast scan direction. The measurements were taken at a bias voltage
U = −2 mV, i.e. essentially at the Fermi level. While the contrast observed in the constant-
current SP-STM image of figure4(a) is clearly dominated by the CDW, the existence of a
weak additional short-range modulation with wave fronts parallel to the CDW (arrows) becomes
clearly visible in the differentiated image of figure4(b). This additional modulation is caused by
SP tunneling between the ferromagnetic Fe tip and the antiferromagnetic surface with maxima
and minima of the lines representing atomic rows of spins being oriented parallel or antiparallel
with respect to the tip magnetization direction, respectively. From earlier investigations on

New Journal of Physics 10 (2008) 013005 (http://www.njp.org/)

http://www.njp.org/


10

Figure 4. (a) Constant-current SP-STM image of a thick Cr(110) film on W(110)
measured with a magnetic Fe-coated probe tip (U = −2 mV and I = 40 nA).
The image contrast is dominated by the CDW state exhibiting a period of
about 42 Å. (b) Differentiated image of (a) making the SP contribution to the
tunneling current visible. The observed small-scale periodicity corresponds to
an anitferromagnetically ordered state about 0.1 times the period of the CDW.
(c) Fourier-transformation of (a) shows satellites (arrows), which are character-
istic for the incommensurate SDW of Cr. The inset shows a magnification of the
central region with small reciprocal lattice vectors.

Cr(001) [31] we know that the spin-flip transition between a transverse (T) and a longitudinal-
SDW (L-SDW), which in the bulk occurs when cooling belowTsf = 123 K, is suppressed at
the surface, probably due to a strong in-plane surface anisotropy. We expect a similar behavior
for the Cr(110) surface. Furthermore, the Fe-coated probe tips used here are known to be in-
plane sensitive [32]. Therefore, we believe that the atomic scale magnetic contrast in figure4(b)
represents the in-plane component of magnetization. As already mentioned in the introduction,
Cr exhibits an incommensurate SDW that gives rise to characteristic satellites in neutron
diffraction experiments [1]. The Fourier transform of figure4(a) is shown in figure4(c). We
can recognize a set of spots close to the central region of figure4(c), representing the CDW
(between arrows on inner circle) and a pair of satellites at much larger reciprocal lattice vectors
(outer arrows). The latter are arranged around the positions where the atomic lattice peaks in
a non-spin-resolved measurement are to be expected (outer circle). Thus the satellite peaks are
caused by the incommensurate SDW and only visible in spin-resolved measurements. Detailed
analysis reveals the relative distances are in full agreement with the expected periodicities of
the CDW and SDW at low temperatures, i.e. 10–11 lattice constants for the CDW and 20–22
lattice constants for the SDW [2]. Interestingly, the maximal SDW contrast is observed where
the CDW exhibits a minimum charge density at the Fermi level.

3.4. Thin Cr films on W

LEED IV data (see figure5) were acquired in perfect 1 and 2 AL films on W(110) (grown,
respectively, at 200 and 360◦C) from single terrace areas. The structures that best fit the LEED
IV data have anRP of 0.10 and 0.08, respectively. Theab initio calculations (see table1)
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Figure 5. (a) LEED IV curves of 1 AL Cr/W(110). (b) LEED IV curves of 2 AL
Cr/W(110).

have been obtained both without and with spin polarization9. There is a large difference in
the predicted relaxations depending on whether the spin polarization is included or not. In fact
the differences are much larger than the error bars of the LEED fits. As seen in table1, the
experimental results are only compatible with the calculations that include spin-polarization,
i.e. the calculations of an antiferromagnetic unit cell. Based on this strong effect of magnetism
on the structure of the films, we predict that films of one and two atomic layers of Cr on W(110)
are antiferromagnetic10.

This result is in agreement with the SP-STM data shown in figure6. The data were
measured on a sample with an average coverage of 1.05 AL Cr grown on W(110) at slightly
elevated temperature. The overview of figure6(a) shows that only a small fraction of the W(110)
substrate, mainly on the upper terrace around atomic step edges, remains visible. Large areas of
the three visible atomically flat terraces exhibit monolayer coverage (1 AL). On the right side
of the image a stripe with a local coverage of two atomic layers (2 AL) can be recognized. As
we zoom on to a terrace covered by a Cr monolayer, stripes running along the [001] direction
become visible (figure6(b)). These stripes, being visible with magnetic probe tips only, are
characteristic of row-wise antiferromagnetic order [8]. The same local magnetic superstructure
was observed for 2 AL Cr/W(110) (not shown). In the high-resolution SP-STM image of the
Cr monolayer on W(110) shown in figure6(c), the inter-stripe distance was determined to be
4.6± 0.2 Å, in agreement with the nominal periodicity along the [11̄0] direction of 4.48 Å and
the antiferromagnetic order found on the basis of the LEED andab initio calculations mentioned
above. Closer examination of figure6(b) reveals, however, that the magnetic corrugation of the
stripes along the [001] direction is not constant but exhibits a weak modulation resulting in
areas of blurred contrast every 7.7± 0.5 nm. The observed structure resembles recent SP-STM
data measured on the pseudomorphic Mn monolayer on W(110), where the magnetic order
was not perfectly antiferromagnetic but slightly canted, resulting in a spiral spin structure with
a period of about 12 nm [10, 37]. However, in this case the modulation is along a different
crystallographic direction, i.e. along the [11̄0] direction (Cr) instead of the [001] direction (Mn).

9 In the SPab initio calculation, the lowest energy structure was the one shown in the inset of figure6.
10 Besides using SP STM, we also tried to detect signatures of the magnetic ordering of the surface using LEED.
Observations of this type, predicted by theory [33, 34] have been reported for surfaces of bulk AFMs, such as
NiO [35], as well as for thin films [36]. We find indeed weak half order spots, however, they correlate with
increasing contamination, and annealing temperature. For the cleanest Cr film at low temperature these spots
disappear completely. We thus conclude that they are not of magnetic origin.
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Figure 6. SP-STM images of 1.05 AL Cr/W(110) taken with a Fe-coated
probe tip. (a) The overview shows that a small fraction of the substrate is still
visible. The local Cr coverage is indicated. (b) Zooming on to an atomically flat
terrace reveals stripes running along the [001] direction. A weak modulation
of the magnetic signal with a periodicity of 7.7± 0.5 nm can be recognized
(gray arrows). (c) High-resolution SP-STM image of the Cr monolayer on
W(110). The inter-stripe distance amounts to 4.6± 0.2 Å, which is in reasonable
agreement with the nominal periodicity of 4.48 Å. (d) Interpretation of the
SP-STM in terms of the expected surface antiferromagnetic order from theab
initio calculation (the p(2× 1) AFM unit cell is marked). The W atoms are
shaded pink or green depending on their spin alignment.

Although we are not yet able to propose a particular spin configuration that is in agreement
with the modulation observed in figure6(b), the Cr monolayer on W(110) may exhibit a similar
deviation from perfect antiferromagnetic order. We would like to emphasize, however, that
this result does not invalidate the finding of local antiferromagnetic order as deduced from
the comparison of LEED IV andab initio calculations because the deviation from perfect
antiferromagnetic order is expected to be small.

Three-monolayer-thick films could not be grown as a complete film. As shown in the
LEEM image of figure7(a), our best attempt had≈75% of the surface covered with 3 AL,
while the remaining area had 2 AL Cr, and a few well-separated 4 AL islands. IV data were
acquired in an area free of Cr coverages above 3 AL indicated by a circle in figure7(a). Fitting
the IV data to a combination of 3 and 2 AL with the relative ratio as a free parameter gave a
relative coverage of 80%± 18% (RP = 0.13), in close agreement with the morphology shown by
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Figure 7. (a) LEEM image, 7µm wide, of an incomplete 3 AL Cr film. (b) LEED
IV curves of the area marked by a circle in (a).

Table 2. Calculated magnetic moments of Cr films (all in units ofµB /atom).

Film Top W 1st Cr 2nd Cr 3rd Cr 4th Cr

8 AL W + 1 AL Cr 0.31 2.68
8 AL W + 2 AL Cr 0.26 1.76 2.84
8 AL W + 3 AL Cr 0.25 1.64 1.95 2.89
8 AL W + 4 AL Cr 0.24 1.56 1.88 2.05 2.91

LEEM. The theory/experiment comparison (table1) follows the same trend as the 1 and 2 AL
films: only the SP calculations are in reasonable agreement with the experimental structure.

We have no measurement of the Néel temperature of ultra-thin Cr films on W(110). Our
direct observations of the antiferromagnetic order in the SP-STM experiments were performed
at 13 K. The Néel temperature of bulk Cr is 308 K. In theory, at constant magnetic coupling
strengthJ, a thin Cr film should have a reduced or at best unchanged Néel temperature [38].
This could be counteracted ifJ increases. The Néel temperature, like the Curie temperature,
is proportional toJ, which in turn is proportional to the magnetic moment per atom [38, 39].
Table2 lists the calculated magnetic moments (GGA-sp) of each layer of the different ultra-
thin Cr films. For comparison, the calculated magnetic moment of a Cr atom in bulk bcc-Cr is
1.08µB. If the bulk Cr is strained in-plane by 9.9% to match the W(110) substrate, the increase
in the effective volume per atom results in a magnetic moment of 1.99µB. For the ultra-thin Cr
films we find an even higher value of 2.7–2.9µB for the top Cr layer. While intermediate Cr
layers are close to the strained bulk value, the magnetic moment of the Cr layer at the Cr/W(110)
interface is reduced to 1.7µB. The top W layer picks up about 0.3µB from contact with Cr. The
enhanced moments of the surface Cr compared to bulk can again be explained by the increased
effective volume per atom in that case [39].

4. Summary

We have followed the growth of ultra-thin films of Cr on W(110) by LEEM. The growth is
layer-by-layer over a wide range of temperature until the fourth layer starts to nucleate. Then
3D islands grow, and the third and second layers are removed.
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By means of selected-area diffraction, we have measured the LEED IV curves on both
clean surfaces of W(110) and Cr(110) and films of one, two and three atomic layers of Cr/W.
For the W(110) and Cr(110) surfaces the experimentally determined last-layer contractions are
in good agreement with theab initio calculations of the same surfaces by GGA-PBE. For the
Cr films, theab initio calculations are quite different depending on whether the calculation
is SP with antiferromagnetic ordering or not, with last-layer out-of-plane relaxations that are
twice as large for the non-SP calculations. Our experimental results are in good agreement
with the ab initio predictions with spin polarization implying that Cr ultra-thin films are
antiferromagnetically ordered.

By SP-STM we proved that the 1 and 2 AL films are indeed antiferromagnetically ordered
on a short range: using a Fe-coated tip we detect in-plane magnetic contrast that alternates every
atomic row in the [1̄10] directions. This agreement validates the proposed method of detecting
magnetism in thin films by the effect of the magnetic structure on the interlayer relaxation.
Furthermore, on 1 AL Cr films we have detected a long-range modulation along [001] with
7.7± 0.5 nm periodicity. We also presented the first real-space observations of the SDW of the
Cr(110) surface by means of SP-STM experiments. The periodicity of the SDW is consistent
with the CDWs observed on the same surface.

Acknowledgments

This research was partly supported by the US Department of Energy, Office of Science, Office
of Basic Energy Sciences, under contract no. DE-AC02-06CH11357, by the Spanish Ministry
of Science and Technology under project no. MAT2006-13149-C02-02, and by the Deutsche
Forschungsgemeinschaft (SFB 668-A1).

References

[1] Fawcett E 1998 Spin-density-wave antiferromagnetism in chromiumRev. Mod. Phys.60209–83
[2] Zabel H 1999 Magnetism of chromium at surfaces, at interfaces and in thin filmsJ. Phys.: Condens. Matter

119303–46
[3] Rotenberg E, Freelon B K, Koh H, Bostwick A, Rossnagel K, Schmid A and Kevan S D 2005 Electron states

and the spin density wave phase diagram in Cr(110) filmsNew J. Phys.7 114
[4] Wolf S A, Awschalom D D, Buhrman R A, Daughton J M, von Molnar S, Roukes M L, Chtchelkanova A Y

and Treger D M 2001 Spintronics: a spin-based electronics vision for the futureScience2941488–95
[5] Baibich M N, Broto J M, Fert A, Nguyen Van Dau F, Petroff F, Eitenne P, Creuzet G, Friederich A and

Chazelas J 1988 Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlatticesPhys. Rev. Lett.61
2472–5

[6] Berlowitz P and Shinn N 1989 Growth and atomic-structure of chromium overlayers on W(110) and W(100)
Surf. Sci.209345–63

[7] Wei X, Jiang P and Che J-G 2005 First-principles study of structural and magnetic properties for ultrathin
Cr films on W(100) and W(110)Chin. Phys. Lett.221232–5

[8] Heinze S, Bode M, Kubetzka A, Pietzsch O, Nie X, Blugel S and Wiesendanger R 2000 Real-space imaging
of two-dimensional antiferromagnetism on the atomic scaleScience2881805–8

[9] Bode M, Heinze S, Kubetzka A, Pietzsch O, Hennefarth M, Getzlaff M, Wiesendanger R, Nie X, Bihlmayer
G and Blugel S 2002 Structural, electronic, and magnetic properties of a Mn monolayer on W(110)Phys.
Rev.B 66014425

New Journal of Physics 10 (2008) 013005 (http://www.njp.org/)

http://dx.doi.org/10.1103/RevModPhys.60.209
http://dx.doi.org/10.1088/0953-8984/11/48/301
http://dx.doi.org/10.1088/1367-2630/7/1/114
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1016/0039-6028(89)90080-0
http://dx.doi.org/10.1088/0256-307X/22/5/058
http://dx.doi.org/10.1126/science.288.5472.1805
http://dx.doi.org/10.1103/PhysRevB.66.014425
http://www.njp.org/


15

[10] Bode M, Heide M, von Bergmann K, Ferriani P, Heinze S, Bihlmayer G, Kubetzka A, Pietzsch O, Blugel S
and Wiesendanger R 2007 Chiral magnetic order at surfaces driven by inversion symmetryNature447
190–3

[11] Feibelman P J 1996 Disagreement between experimental and theoretical metal surface relaxationsSurf. Sci.
360297–301

[12] Teeter G and Erskine J L 1999 Studies of clean metal surface relaxation experiment-theory discrepancies
Surf. Rev. Lett.6 813–7

[13] Bode M 2003 Spin-polarized scanning tunnelling microscopyRep. Prog. Phys.66523–82
[14] Bauer E 1994 Low energy electron microscopyRep. Prog. Phys.57895–938
[15] de la Figuera J, El Gabaly F, Puerta J M, Cerda J I and McCarty K F 2006 Determining the structure of

Ru(0001) from low-energy electron diffraction of a single terraceSurf. Sci.600L105
[16] El Gabaly F, Puerta J, Klein C, Saa A, Schmid A, McCarty K, Cerda J and de la Figuera J 2007 Structure and

morphology of ultrathin Co/Ru(0001) filmsNew J. Phys.9
[17] Van Hove M A and Tong S Y 1979Surface Crystallography by LEED(Berlin: Springer)
[18] Van Hove M A and Baraldi A 1993 private communication
[19] Pendry J B 1980 Reliability factors for LEED calculationsJ. Phys. C: Solid State Phys.13937-44
[20] Cerdá J 1995 Surface structure determination by LEEDPhD thesisUniversidad Autónoma de Madrid
[21] Perdew J P, Burke K and Ernzerhof M 1996 Generalized gradient approximation made simplePhys. Rev. Lett.

773865–8
[22] Kresse G and Joubert D 1999Phys. Rev.B 591758
[23] Pietzsch O, Kubetzka A, Haude D, Bode M and Wiesendanger R 2000 A LT UHV STM with a split-coil

magnet and a rotary motion stepper motor for high spatial resolution studies of surface magnetismRev. Sci.
Instrum.71424

[24] Bode M, Krause S, Berbil-Bautista L, Heinze S and Wiesendanger R 2007 On the preparation and electronic
properties of clean W(110) surfacesSurf. Sci.6013308–14

[25] Cazacu A, Murphy S and Shvets I V 2006 Epitaxial growth of ultrathin Cr films on Mo(110) at elevated
temperaturePhys. Rev.B 73045413

[26] Feibelman P J, Houston J E, Davis H L and Oneill D G 1994 Relaxation of the clean, Cu-covered and
H-covered Ru(0001) surfaceSurf. Sci.30281–92

[27] Arnold M, Sologub S, Hupfauer G, Bayer P, Frie W, Hammer L and Heinz K 1997 LEED structure
analyses of the clean and fully hydrogen-covered W(110) and Mo(110) surfacesSurf. Rev. Lett.4 1291–5

[28] Teeter G, Erskine J L, Shi F and Van Hove M A 1999 Surface roughness and LEED crystallography: Analysis
of flat and vicinal W(110)Phys. Rev.B 601975–81

[29] Meyerheim H L, Sander D, Popescu R, Steadman P, Ferrer S and Kirschner J 2001 Interlayer relaxation of
W(110) studied by surface x-ray diffractionSurf. Sci.475103–8

[30] Braun K-F, Fölsch S, Meyer G and Rieder K-H 2000 Observation of charge-density wave domains on the
Cr(110) surface by low-temperature scanning tunneling microscopyPhys. Rev. Lett.853500–3

[31] Hänke T, Krause S, Berbil-Bautista L, Bode M, Wiesendanger R, Wagner V, Lott D and Schreyer A 2005
Absence of spin-flip transition at the Cr(001) surface: a combined spin-polarized scanning tunneling
microscopy and neutron scattering studyPhys. Rev.B 71184407

[32] Kubetzka A, Pietzsch O, Bode M and Wiesendanger R 2003 Spin-polarized scanning tunneling microscopy
study of 360◦ walls in an external magnetic fieldPhys. Rev.B 67020401

[33] Feder R 1981 Spin-polarised low-energy electron diffractionJ. Phys. C: Solid State Phys.142049–91
[34] Tamura E, Blugel S and Feder R 1988 On the determination of surface antiferromagnetism by low-energy

electron-diffractionSolid State Commun.651255–7
[35] Palmberg P W, DeWames R E and Vredevoe L A 1968 Direct observation of coherent exchange scattering by

low-energy electron diffraction from antiferromagnetic NiOPhys. Rev. Lett.21682–5

New Journal of Physics 10 (2008) 013005 (http://www.njp.org/)

http://dx.doi.org/10.1038/nature05802
http://dx.doi.org/10.1038/nature05802
http://dx.doi.org/10.1016/0039-6028(96)00599-7
http://dx.doi.org/10.1142/S0218625X99000846
http://dx.doi.org/10.1088/0034-4885/66/4/203
http://dx.doi.org/10.1088/0034-4885/57/9/002
http://dx.doi.org/10.1016/j.susc.2006.02.027
http://dx.doi.org/10.1088/1367-2630/9/3/080
http://dx.doi.org/10.1088/0022-3719/13/5/024
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1063/1.1150218
http://dx.doi.org/10.1016/j.susc.2007.06.017
http://dx.doi.org/10.1103/PhysRevB.73.045413
http://dx.doi.org/10.1016/0039-6028(94)91099-5
http://dx.doi.org/10.1142/S0218625X97001693
http://dx.doi.org/10.1103/PhysRevB.60.1975
http://dx.doi.org/10.1016/S0039-6028(00)01095-5
http://dx.doi.org/10.1103/PhysRevLett.85.3500
http://dx.doi.org/10.1103/PhysRevB.71.184407
http://dx.doi.org/10.1103/PhysRevB.67.020401
http://dx.doi.org/10.1088/0022-3719/14/15/006
http://dx.doi.org/10.1016/0038-1098(88)90934-9
http://dx.doi.org/10.1103/PhysRevLett.21.682
http://www.njp.org/


16

[36] Hanf M C, Krembel C, Bolmont D and Gewinner G 2003 Two-dimensional Ising behavior in c(2× 2)
antiferromagnetic Mn and Cr monolayers on Ag(001)Phys. Rev.B 68144419

[37] Heinze S 2006 Simulation of spin-polarized scanning tunneling microscopy images of nanoscale non-
collinear magnetic structuresAppl. Phys.A 85407–14

[38] Jensen P J and Bennemann K H 2006 Magnetic structure of films: dependence on anisotropy and atomic
morphologySurf. Sci. Rep.61129–99

[39] Fecher G H, Kandpal H C, Wurmehl S, Felser C and Schönhense G 2006 Slater-Pauling rule and Curie
temperature of Co2-based heusler compoundsJ. Appl. Phys.9908J106

New Journal of Physics 10 (2008) 013005 (http://www.njp.org/)

http://dx.doi.org/10.1103/PhysRevB.68.144419
http://dx.doi.org/10.1007/s00339-006-3692-z
http://dx.doi.org/10.1016/j.surfrep.2006.02.001
http://dx.doi.org/10.1063/1.2167629
http://www.njp.org/

	1. Introduction
	2. Experimental and theoretical calculation details
	2.1. Low-energy electron microscopy and diffraction
	2.2. Ab initio calculations
	2.3. SP-STM

	3. Results and discussion
	3.1. Growth of Cr on W(110)
	3.2. The bare W(110) surface
	3.3. The Cr(110) surface
	3.4. Thin Cr films on W

	4. Summary
	Acknowledgments
	References

