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The spin-density wavesSDWd on Crs001d has been investigated at temperatures between 20–300 K by
means of spin-polarized scanning tunneling microscopysSP-STMd. Although neutron-scattering data measured
on the same crystal clearly show a spin-flip transition from a transversalsTd-SDW to a longitudinalsLd-SDW
at the expected spin-flipsSFd temperatureTSF=123 K, no change was found on the Crs001d surface with
SP-STM. Throughout the entire temperature range the Crs001d surface maintains a topological antiferromag-
netic order with an in-plane magnetization that inverts between adjacent atomically flat terraces separated by
monatomic step edges. The experimental results are interpreted by an absence of a spin-flip transition in the
near-surface region probably driven by the surface anisotropy. The continuous connection of the surface
T-SDW to the bulk L-SDW is accomplished by the formation of a 90° domain wall just below the surface.
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I. INTRODUCTION

Since the discovery of an incommensurate spin-density
wave sI-SDWd in 1959,1 the complex magnetic structure of
Cr has been of continuing interest. As the SDW in bulk chro-
mium has been intensively studied it is generally accepted as
a typical example of how the electronic structure and the
topology of the Fermi surface may influence magnetism in
itinerant systems. Arising from its role in exchange-coupled
Fe/Cr bilayers and superlattices,2,3 which feature interesting
magnetic effects such as giant magnetoresistance,4,5 the at-
tention was recently drawn to the magnetic properties of Cr
at reduced dimensionality. Proximity effects of Cr with fer-
romagnetic layers, thin Cr films, and the Cr surface itself
were intensively studied.6 As the physical properties of Cr
exhibit quite complex phenomena we refer to the compre-
hensive review article by Fawcett.7 Here, only the properties
that are of direct concern to the present work are briefly
mentioned.

Chromium has a bcc structure with a lattice parameter of
aCr=2.884 Å in the paramagnetic state. Cr is a 3d transition
metal and has to be considered as an itinerant antiferromag-
net with a Néel transition temperatureTN=311 K in the bulk.
Pure Cr exhibits an incommensurate spin-density wave,
which originates from the nesting of the Fermi surface. It
consists of a static sinusoidal modulation of the magnetic
moments with a periodL between 27aCr s<7.8 nmd at room
temperature and 21aCr s<6.1 nmd at 10 K.6,7 Two different
modifications exist, i.e., the transversesTd and the longitudi-
nal sLd SDW below the Néel temperatureTN=311 K and the
spin-flip sSFd temperatureTSF=123 K, respectively. While in
the case of the T-SDW, the magnetic momentmW is perpen-

dicular to the propagation directionQW of the SDWsmW 'QW d,
the longitudinal SDW exhibits a parallel configuration
smW iQW d. For both SDW types the propagation vectorQW points
along one of the three possiblek100l directions. Since all
threek100l directions are equivalent within the crystal bulk,
they coexist at equal probability. Because of spin-orbit-
induced magnetoelastic interactions the magnetic phase tran-
sitions are accompanied with a change of the crystal symme-
try. Namely, the paramagnetic bcc structure transfers into an
orthorhombic crystal symmetry belowTN and a tetragonal
symmetry is found for the L-SDW.

This situation may change completely if the symmetry is
reduced by introducing a surface or an interface. In spite of
its antiferromagnetic bulk structure, ferromagnetic order and
an increased magnetic moment have been predicted for a
perfect Crs001d surface without any steps.8 Early experimen-
tal data were rather contradictory. Angle- and energy-
resolved photoemission indicated that the Cr surface states
are exchange split,9 which is consistent with the theoretical
prediction of ferromagnetically ordered terraces, but no net
magnetization was found by spin-resolved photoemission.10

This apparent inconsistency was explained by Blügelet al.,11

who calculated that the magnetic moments of any atomically
flat terrace couple parallel, but—as a result of the antiferro-
magnetism of Cr—adjacent terraces are magnetized antipar-
allel. Since this model implies a close link between the sur-
face topology and the magnetic structure the magnetic state
of Crs001d was called “topological antiferromagnetism.”

Since the magnetization direction alternates laterally and
vertically with periodicities, which are given by the average
terrace width and the interlayer distance, respectively, lateral
and vertical averaging leads to the cancellation of the spin

PHYSICAL REVIEW B 71, 184407s2005d

1098-0121/2005/71s18d/184407s11d/$23.00 ©2005 The American Physical Society184407-1



signal, making a direct experimental proof of topological an-
tiferromagnetism extremely difficult. A suitable experimental
method must have a high lateral resolutionsbetter than the
average terrace widthd as well as a high surface sensitivity in
order to exclusively probe the magnetization of one particu-
lar surface layer. Both conditions are fulfilled by spin-
polarized scanning tunneling microscopysSP-STMd and
spectroscopysSP-STSd.12–16Recent studies delivered the fol-
lowing picture of the Crs001d surface magnetic structure at
room temperature forT.TSF.

13–15 In fact, the magnetic
structure of the perfect Crs001d surface is adequately de-
scribed by the model of the topological antiferromagnetism.
A direct comparison of magnetically in-plane sensitive dif-
ferential conductance dI /dU maps with simultaneously mea-
sured topographic STM images revealed that the dI /dU sig-
nal abruptly changes between two discrete levels whenever a
monatomic step edge is crossed. This variation is caused by
the fact that adjacent terraces have opposite in-plane magne-
tization directions. Moreover, it was found that the magneti-
zation direction of adjacent Crs001d terraces persistently al-
ternates even over a large number of terraces without any
change in the dI /dU contrast.14 This is somewhat surprising
as the incommensurate sinusoidal modulation of the SDW
may cause phase slips as found previously for Cr wedges on
Fes001d whiskers.17

Both findings, the in-plane orientation of the magnetiza-
tion as well as the absence of any phase slip or long-
wavelength modulation of the surface magnetic moment,
strongly reduce the number of possible configurations of the
SDW at the Crs001d surface. First, since the above-
mentioned measurements were performed at room tempera-

ture where the SDW is transversalsmW 'QW d and since an in-
plane magnetization was found,14 it can be concluded that

the propagation vectorQW of the SDW is always oriented

perpendicular to the surface plane. This so-called singleQW

state in the near-surface region was also found by x-ray
scattering,18–20 neutron-scattering,19,20 and perturbed angular
correlation spectroscopy studies21 performed at various
Crs001d layered systems.22 On Crs110d a similar situation
was also found by means of low-temperature STM23 for the
charge-density wavesCDWd, which is closely connected to
the SDW.24 Second, in order to explain the constant size of
the surface magnetic moment, the surface SDW cannot be a
simple extension of the bulk SDW. Two possible spin con-
figurations are schematically sketched in Fig. 1. The first
possibility is characterized by a T-SDW that is slightly
shifted between adjacent terraces to maximize the magnetic
moment for every individuals001d surface layer. This situa-
tion is schematically represented in Fig. 1sad. A second modi-
fication, shown in Fig. 1sbd, leaves the bulk SDW un-
changed, but the coupling of the Crs001d surface layer to the
first subsurface layer varies such that the surface magnetic
moment is maximized for any terrace. In principle, both in-
terpretations are consistent with the theoretical calculation
mentioned above that predict an enhanced magnetic moment
for the Crs001d surface,25 similar to recent observations on
Crs110d.26 In either case the magnetic frustration certainly
leads to an enhanced exchange energy. While in the former
model fFig. 1sadg small-angle domain walls are formed at

any step edge between two terraces, the latter model implies
a frustration of the exchange interaction between the surface
and the first subsurface layer.

Thus far, the observed properties of the surface magnetic
structure of Crs001d were obtained at room temperature
above the spin-flip temperatureTSF. The above-described
room-temperature spin configuration with its in-plane mag-
netization and the resulting perpendicular alignment of the

propagation vectorQW relative to a Crs001d surface without
steps is shown in another representation in Fig. 2sad. The
maximum of the T-SDW is located at the surface giving rise
to a maximal surface magnetic moment. The question arises
how the bulk spin-flip reorientation influences the magnetic
structure of the Crs001d surface belowTSF when the SDW
becomes longitudinally polarized. There are two simple sce-
narios that are sketched in Fig. 2sbd and 2scd: Either the
direction of the magnetic momentmW or the propagation vec-

tor QW must be modified. In the former caseQW remains per-
pendicular to thes001d surface. Furthermore, as forT.TSF,
the surface magnetic moment remains maximal and the
SDW antinode is pinned at the surface. Similar to the situa-
tion sketched in Fig. 2sad the surface magnetic order exhibits
topological antiferromagnetism but with an out-of-plane

magnetization of the surface. In the second scenarioQW may
be oriented parallel to thes001d surface as shown in Fig.
2scd. In this case the surface magnetization remains in-plane,
but we shall no longer observe topological antiferromag-
netism. Instead, a modulation of the magnetic moment with
the periodL of the SDW should be visible on atomically flat
terraces. As we will show in the course of this paper both
models are inconsistent with the experimental data, which
will be presented later on.

In this paper, we report on a combined temperature-
dependent investigation of the Cr bulk SDW by neutron scat-
tering and of the Crs001d surface by SP-STS performed on
the same Cr single crystal. The neutron-scattering experi-
ments confirm that—in spite of some mechanical strain

FIG. 1. Two different models of the Cr T-SDW at the surface.
sad The SDW exhibits a maximal magnetic moment for every indi-
vidual s001d surface layer. In this case small-angle domain walls
must exist being oriented perpendicular to the surface.sbd The bulk
SDW is perfectly maintained up to the first subsurface layer. Only
the coupling between the surface layer and the first subsurface layer
is frustrated in order to maximize the surface magnetic moment at
the surface.
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caused by the clamping of the crystal onto the sample
holder—the incommensurable SDW dominates the bulk
magnetic structure and that the spin-flip transition occurs at
the expected temperature. In contrast, no transition is ob-
served on the surface, but topological antiferromagnetic or-
der with the magnetization lying in the surface plane is found
by SP-STS within the entire studied temperature range of
23 KøTø293 K. The paper is organized as follows. In Sec.
II we outline the experimental setup of the neutron-scattering

experiments. Furthermore, the SP-STS experimental setup,
including tip and sample preparation procedures and the con-
trast mechanism, are described. After describing the charac-
terization of the magnetic bulk properties of our Crs001d
single crystal in Sec. III A by neutron scattering, we will
present temperature-dependent SP-STS measurements of
Crs001d in Sec. III B. First SP-STS measurements showing
the topological antiferromagnetism as found on clean
Crs001d surfaces aboveTSF are presented. Then the
temperature-dependent magnetic structure of the Crs001d
surface is studied by SP-STS between room temperature and
T=23 K. Finally, in Sec. IV we discuss the results and com-
pare them to measurements obtained for epitaxially grown
Crs001d films.

II. EXPERIMENTAL SETUP

A. Neutron scattering

In the past the spin structures and phase transitions of Cr
were primarily studied by elastic neutron scattering. It is a
well-established technique that is used here to complement
the SP-STS characterization of our Cr single crystal by prob-
ing its SDW bulk behavior. The scattering cross section of an

unpolarized neutron beam with a spin-density waveMW srWd is
given by7,27,28

ds

dV
= uMW qu2 sin2 Qq · dsqW + qW± − GW bccd, s1d

whereQq is the angle between the magnetizationMW srWd and

the scattering vectorqW, MW q is the Fourier component ofMW srWd
corresponding to the scattering vectorqW =kW8−kW9, qW±=GW h001j
3s1−ed is the wave vector of the spin-density wave withe
as a measure of the deviation from the commensurability,

andGW bcc are the reciprocal lattice vectors for the allowed bcc
reflections. Thed function in Eq.s1d indicates that the inten-
sity from the magnetic scattering is only observed at posi-

tions in reciprocal space for whichqW =GW bcc−qW±. The exis-
tence of incommensurate SDWssi.e., eÞ0d results in
characteristic satellite peaks in the vicinity of the structurally
forbidden bcc reflections. The bottom panel of Fig. 3 illus-
trates possible satellite reflections for neutron scattering in
reciprocal space originating from SDW structures in Cr.

Two criteria need to be considered in order to determine
the propagation direction and polarization of the SDW in Cr,

i.e., qW± and MW q. The orientation and magnitude ofqW± corre-
sponds to the vector between any of the satellite peak posi-
tions and the next-nearest allowed bcc reciprocal-lattice
point which identifies the propagation direction of the SDW.
Second, the magnetic neutron-scattering cross section only
yields intensity for components of the magnetization vector

MW q perpendicular to the scattering vector. With several se-
lected scans in orthogonal directions these criteria can be
used to unambiguously determine the nature of the SDW.
Figure 3 provides a summary of the conditions for the obser-
vation of satellite reflections in various directions because of
the selection criteria. The period lengthLSDW of the SDW

FIG. 2. Schematic scenarios of the spin configuration of the Cr
SDW at different temperatures.sad At T.TSF the T-SDW propa-
gates perpendicular toward the Crs001d surface. The maximum of
the SDW is located at the surface, and the surface layer has an

in-plane ferromagnetic order. BelowTSF the QW vector of the
L-SDW has two possible orientations relative to the surface:sbd
perpendicular, with a maximum at the surface resulting in an out-
of-plane ferromagnetic surface layer orscd parallel to the surface
with a modulation of the surface magnetic moment within thes001d
surface. As will be shown in the course of this paper both models
are inconsistent with the experimental data.
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can be determined from the distance of the satellite position

to the next-nearestGW h001j position with

LSDW =
aCr

e
, s2d

whereaCr is the lattice constant of Cr.
In case ofe=0 sLSDW=`d the Cr SDW is commensurate,

resulting in a simple antiferromagneticsAF0d structure with
the corner atoms on the Cr bcc lattice antiparallely aligned to
the center atoms. According to the discussion above, this
leads to peaks at theh001j positions in the neutron- scatter-
ing spectra, whereas the incommensurate SDW creates
maxima in the proximity of theh001j positions. Thus, the
distinction of the commensurate and incommensurate Cr-
SDW by neutron scattering is straightforward.

The experiments were carried out at POLDI, a neutron
diffractometer, situated on a thermal neutron guide at the
Geesthacht Neutron Scattering FacilitysGENFd at GKSS us-
ing monochromatic neutrons with a wavelength of 0.18 nm.
Higher harmonics, which would be reflected by POLDI’s
graphite monochromator potentially causing spurious peaks
at theh001j positions, were completely suppressed by the use
of a velocity selector. A cryostat was employed to set the
sample temperature within the required range between 13
and 350 K.

B. Cr preparation

All experiments were performed using the sames001d-
oriented disk-shaped Cr single crystal, which has a
10 mm diam and 0.8 mm thickness. It is rigidly mounted
with a Tantalum frame spot-welded on top of the tungsten
sample holder. As already described in previous
publications,13,14 the Crs001d single crystal was cleaned by
prolonged cycles of Ar+ ion etching at elevated temperatures
sTø1100 Kd and subsequent annealing for 20–30 min atT
=1150 K. Compared to early experiments, the amount of
residual impurities could be reduced significantly by using
an Ar+ ion gun with a mass filtersWien filterd. Eventually,
the Crs001d surface contains less than 2% of carbonsCd. All
other elements, such as O, S, and N, are below the Auger

electron spectroscopysAESd sensitivity limit of ø1%. The
cleanliness of the surface is corroborated by the existence of
a dz2-like surface state close to the Fermi levelEF, which
shows up as a distinct peak in scanning tunneling spectros-
copy measurements13,14 and is characteristic for clean
bccs001d surfaces.25

C. Spin-polarized scanning tunneling microscopy

The SP-STM experiments were performed in an ultrahigh
vacuum sUHVd system with two separate chambers:sid a
preparation chamber for the tip and sample treatment andsii d
an analysis chamber for sample surface characterization by
means of low-energy electron diffractionsLEEDd and Auger
electron spectroscopy. Furthermore, a satellite of the analysis
chamber contains a home-built scanning tunneling micro-
scopesSTMd, which operates at temperatures between 20
and 350 K. It has a maximum scan range of 838 mm2 at
room temperaturesRTd and 535 mm2 at 20 K. The core of
the STM is similar in design to the microscope described in
Ref. 29 and is equipped with a tip exchange mechanism. In
contrast to some commercially available variable-
temperature scanning tunneling microscopessVT-STMd,
where only the sample is cooled but the tip always remains at
RT, the entire microscope including tip and scanner is cooled
in our setup. This is performed by connecting the STM via a
highly flexible copper braid to the cold finger of a
continuous-flow liquid He cryostat. The STM is situated in-
side a radiation shield that is connected with a second copper
braid to the outer radiation shield of the cryostat being
cooled by the exhaust He. For vibration isolation the entire
setup is mounted on top of an eddy current damping stage. A
resistive heater inside the flow cryostat allows the precise
variation of temperature. The base pressure in both chambers
is in the low 10−11 torr range.

We used polycrystalline W tips that were electrochemi-
cally etched ex situ and cleanedin vacuo by a high-
temperature flash atTù2200 K. Spin-resolved studies were
carried out by usingin situ prepared Fe-coated W tips. De-
tails of the tip-preparation procedure are described in Refs.
16 and 30. From previous experiments, which partly have
been performed in an external magnetic field, we know that

FIG. 3. sBottom rowd Over-
view of neutron-scattering geom-
etries with satellite reflections as
they occur for different longitudi-
nal and transverse incommensu-
rate spin-density waves.sTop
rowsd Lookup table with filled and
empty circles indicating the pres-
ence and absence of satellite re-
flections for certain spin-density
wavessadapted from Ref. 20d.
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Fe-coated W tips are preferentially magnetized perpendicular
to the tip axis,30,31 i.e., parallel to the sample’s surface plane.
With both tip and sample held at the same temperatureT,
maps of the spin-resolved differential tunneling conductance
dI /dU smagnetic signald were recorded simultaneously to the
constant-current imagesstopographyd by adding a modula-
tion voltageUmod=10 mVrms to the sample biasU and de-
tecting the dI /dU signal by lock-in technique in closed-
feedback circuit configuration.

To image the magnetic structure of the Crs001d surface,
the above-mentioneddz2-like surface state can be utilized as
it exhibits a spin polarization of about 20% because it is the
minority-spin part of an exchange splitd band.12,13 As we
use Fe-coated W tips both electrodes are spin-polarized and
the differential conductance measured at the locationrW on the
surface for a sample bias voltageU0 can be written as32

dI

dU
srW,U0dSP= Cs1 + PsPt cosud, s3d

whereC=dI /dUsrW ,U0dsa is the spin-averaged part of the dif-
ferential conductance,Pt=PtsEF−eU0d and Ps=PssEF

+eU0d is the spin polarization of the tip and the sample at the

energyEF±eU0, respectively. The angleu=ufMW s,MW tsrWdg is

enclosed by the tip magnetizationMW t and the local sample

magnetizationMW ssrWd below the tip apex. For an electroni-
cally homogeneous surface,C andPs are independent of the
location rW on the surface. Therefore, any lateral variation of
dI /dU signal is caused by the cosu term, which—at a fixed
magnetization direction of the tip—only depends on the local

orientation of the sample magnetizationMW ssrWd. Accordingly,
the dI /dU signal is sensitive to the local electron spin den-
sity of the sample surface. Since the atomic structure of the
cluster at the tip apex determines itssspin-dependentd elec-
tronic structure andPt, just asPs, is a bias voltage-dependent
quantity, the bias voltage at which the productPtPs becomes
maximal cannot be predicted and varies between different
tips prepared in different experimental runs.

All “topographic” STM data shown below have been
plane fitted on atomically flat terraces to correct for the tilt of

the sample. In order to enhance the contrast we mixed the tip
heightz and its derivative dz/dx with respect to the fast scan
direction x. This image processing suggests a topography
that is illuminated by an invisible light source from the left.

III. RESULTS

A. Neutron scattering

The properties of the Cr SDW are highly sensitive to the
sample quality. For example, elastic strain can cause the
SDW to change from commensurate to incommensurate
yielding qualitatively different neutron-scattering spectra. In
the case of the Cr crystal examined here mechanical strain
may result from the mounting proceduressee Sec. II Bd. In
particular, locations where the Cr sample and the tantalum
foil touch are more susceptible to irregularities with crystal-
line imperfectionssripplesd visible to the naked eye.

In order to examine the SDW bulk behavior of the Cr
crystal, neutron-scattering experiments were carried out. The
white hatched area in the left sketch of Fig. 4 shows the area
illuminated with the neutron beam in the first measurements.
This includes the Cr crystal and some of the surrounding Ta
frame. The resulting scans are shown in Figs. 4sad–4sdd. At
200 K, well above the spin-flip temperatureTSF, satellite re-
flections are observed along theK and L direction in the
vicinity of the s010d and thes001d forbidden Bragg positions
for the structural reflections.

As the dark gray shaded components in Fig. 3 indicate,
the occurrence of the satellites is characteristic for a trans-
verse I-SDW as expected aboveTSF. At 20 K, far below the
spin-flip temperature, the satellites in the vicinity of the
s001d position along theK direction in Fig. 4sbd and the
satellites along theL direction next to thes010d position in
Fig. 4scd remain present, but the satellites in the proximity of
the s001d and s010d positions along theL and K direction,
respectively, in Fig. 4sad and 4sdd disappear. The result is
highlighted in light gray in Fig. 3 and corresponds to the
expected behavior for a longitudinal I-SDW in theK andL
directions. From the peak positions in Fig. 4sbd, the period
length of the SDW is calculated to beLSDW=70±4 Å at

FIG. 4. Neutron-scattering data of Crs001d measured with neutrons illuminating the entire crystalssee hatched area in drawing on the
leftd. Measurement temperatures areTSF,T=200 K sfilled circlesd andTSF.T=20 K sopen circlesd to explore the propagation directions
and polarizations of the spin-density waves. The sequence ofsad–sdd follows the same order as the columns of Fig. 3. The scattering
geometries are sketched as insets.
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200 K andLSDW=64±4 Å at 20 K using Eq.s2d, which is in
good agreement with Ref. 33.

In addition to the scans at 20 and 200 K, the intensity of
the satellite reflection in theK direction close to thes010d
position was recorded during the cooldown processsdata not
shown hered. It was found that the intensity drops rapidly at
aboutT=125±5 K, agreeing well with the expectedTSF of
123 K. By heating the sample above the bulk Néel tempera-
ture of TN=311 K, all peaks related to magnetic scattering
disappearsdata not shown hered, indicating that the Cr
sample became paramagnetic.

Along with the satellite peaks in Fig. 4, peaks owed to
magnetic scattering also appear directly at thes010d and the
s001d Bragg positions. These reflections arise from magnetic
scattering from a commensurate SDWsAF0 phased. The ap-
pearance of the AF0 phase can be attributed to the mechani-
cal strain, which is expected to be present at the crystal edges
where the Ta foil presses onto the Cr surface. In order to
check whether the AF0 phase pervades the whole sample or
is only restricted to the edges of the sample, the beam size of
the neutron beam was confined by a Lithium plated aperture
to an area of 232 mm2, narrowing the illuminated spot to
the center of the Cr crystalssee white hatched area in the left
sketch of Fig. 5d. Figure 5 shows the corresponding neutron-
scattering scans. Qualitatively, the satellite reflections exhibit
the same behavior as without an aperture, i.e., the existence
of a transverse I-SDW above and a longitudinal I-SDW be-
low TSF. In contrast to the previous data taken by averaging
over the entire crystal, however, the intensities of the com-
mensurate SDWs are now dramatically reduced relative to
the incommensurate satellites. The reflection at thes010d po-
sition has completely disappearedfsee Figs. 5scd and 5sddg.
Obviously, the incommensurate SDW phase is dominant in
the center of the Cr crystal, the same position at which the
SP-STS measurements were carried out later. Similarly, the
still visible but very weak commensurate SDW reflections at
the s001d position is found to be minimal, when the neutron
beam hits the sample centerfsee Figs. 5sad and 5sbdg. The
remaining intensity ats001d can be attributed to the fact that
during a scan the projection of the neutron beam onto the
sample surface actually deviates from the square form shown
in Fig. 5 toward a rectangular shape, hitting off-center areas

of the sample, leading to minor contributions from areas
closer to the edges of the Cr crystal. This effect is signifi-
cantly weaker for the scattering geometry of Figs. 5scd and
5sdd, than for Figs. 5sad and 5sbd, explaining the stronger
peaks at the commensurates001d position in the latter case.

B. T-dependent SP-STS

Although a commensurate SDWsAF0 phased is present in
our Cr crystal—presumably because of the elastic strain
caused by the clamping mechanism—our neutron-scattering
experiments revealed that the incommensurate SDW domi-
nates the central region of the sample surface where the SP-
STM measurements are performed. In the following we
present surface-sensitive spin-polarized STS measurements,
starting with a brief synopsis of a typical Crs001d surface at
temperatures betweenTN andTSF.

Figure 6sad shows the topography of a clean Crs001d sur-
face measured atT=200 K. Ten terraces can be recognized
that descend from the lower-left to the upper-right edge of
the image. The section in the upper panel of Fig. 6scd has
been drawn along the surface region indicated by the black
box in Fig. 6sad. It reveals that adjacent terraces are separated
by monatomic steps of 1.44±0.08 Å height. This terrace-
and-step structure, which is found on any real surface, is the
result of a slight miscutslocally about 0.04°, averaged over
the whole sample approximately 0.15°d with respect to the
ideal s001d surface. Figure 6sbd shows the simultaneously
acquired map of the differential conductance dI /dU as mea-
sured with an magnetically in-plane sensitive Fe-coated
tungsten tip. Obviously, the strength of the dI /dU signal
abruptly changes between two discrete levels at any step
edge as expected for a surface that exhibits topological anti-
ferromagnetism. This signal variation is the result of spin-
polarized tunneling between the magnetic sample and the
magnetic tip. The section of the dI /dU signal in the lower
panel of Fig. 6scd confirms that there are only two levels of
the dI /dU signal, denoted A and B. Apart from these step
edges two further defects in form of screw dislocations are
visible in the lower-right part of Fig. 6sad and are marked by
arrows. Screw dislocations lead to the formation of semi-
infinite step edges that start at the respective point of inter-

FIG. 5. Neutron-scattering data of Crs001d measured with the neutron beam confined to the central region of the Cr crystalssee hatched
area in drawing on the leftd. Measurement temperatures areTSF,T=200 K sfilled circlesd andTSF.T=20 K sopen circlesd to explore the
propagation directions and polarizations of the spin-density waves. The sequence ofsad–sdd follows the same order as the columns of Fig.
3. The scattering geometries are as sketched as insets.
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ception of the dislocation line with the Crs001d surface
plane. Obviously, the Crs001d surface cannot exhibit the per-
fect topological antiferromagnetic order around a screw dis-
location. Instead, a domain wall is formed between the two
screw dislocations. A more detailed analysis of domain walls
induced by dislocations on the Crs001d surface can be found
in Ref. 15. To determine the domain-wall width we have
drawn an average profile of the dI /dU signal along the white
line section in Fig. 6sbd. The result is plotted in Fig. 6sdd. A
quantitative analysis is performed on the basis of continuum
micromagnetic theory34 by fitting the measured data with a
standard domain-wall profile

ysxd = y0 + ySPcossarccoshtanhfsx − x0d/sw/2dgj + fd,

s4d

whereysxd is the dI /dU signal measured at positionx, x0 is
the position of the domain wall,w the domain wall width,
andy0 andySP are the non-spin-polarized and spin-polarized
part of the dI /dU signal, respectively.f is the azimuth be-
tween the tip and sample magnetization. For this particular
domain wall the best fit is achieved withf=31°, leading to a
width of w=162±10 nm being in good agreement with

former results, which showed a domain-wall width of
120–170 nm.13,15

It is a rather obvious but still open question how the mag-
netic structure of the Crs001d surface behaves when crossing
the spin-flip temperature. Figure 7 shows a series of six SP-
STS measurements of the Crs001d surface taken at tempera-
tures between room temperaturesT=293 Kd and 23 K,
thereby crossing the spin-flip temperatureTSF=123 K. The
simultaneously measured topography and spin-resolved
dI /dU map are presented for each temperature. Because of
the experimental requirement of a rather good temperature
stability during the measurementsDTø0.05 Kd and the rela-
tively high reactivity of Cr, it was not possible to measure
the entire temperature series within a single experimental run
using the same tip and the same sample surface. Instead,
each data set shown in Fig. 7 represents a new preparation,
which includes the Cr sample as well as the Fe-coated tip.

Beginning with the left columnfFig. 7sad–7scdg, the tem-
perature of each measurement is above the spin-flip tempera-
ture TSF. In principle, we observe the same magnetic struc-
ture in any data setsi.e., topological antiferromagnetism,
which in some cases is frustrated due to the presence of
screw dislocationsd. The magnetic contrast—in this case the

FIG. 6. sad Constant-current STM image of the clean Crs001d surface showing several terraces separated by monatomic steps. The data
were obtained at a temperature ofT=200 K with a magnetic Fe-coated probe tip using a tunneling currentI =0.3 nA and a sample bias
voltageU=−100 mV.sbd Spin-polarized spectroscopic image of the dI /dU signal of the same surface region shown insad. The right panels
show averaged sections drawn along the boxes, whereasscd corresponds to the line perpendicular to the step edgessblack boxd andsdd to the
one across the domain wallswhite boxd.
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asymmetry of the dI /dU signal with tip and surface spins
parallelss↑↑d and the signal with spins antiparallelss↑↓d—is
given by

Pasym=
s↑↑ − s↑↓
s↑↑ + s↑↓

s5d

and varies between 1.5% and about 5%. As already men-
tioned in Sec. II C, a quantitative discussion of the achieved
dI /dU contrast is difficult as the data were measured with
different tips that exhibit different spin-dependent electronic
properties. Therefore, the differences in the dI /dU contrast
may be the result of a nonsystematic variation of the tip’s
spin-polarization or of the anglef between the tip and the
sample magnetization directions rather than a systematic in-
crease because of the reduction of the temperature. The right
column fFigs. 7sdd–7sfdg shows data that were measured at
temperatures belowTSF. Surprisingly, the dI /dU map in Fig.
7sdd exhibits the same magnetic structure as the images in
Figs. 7sad–7scd. Even down to 23 KfFig. 7sfdg there is no
general change in the magnetic structure with adjacent ter-
races having an antiparallel magnetization. The asymmetry
varies between about 3% at 100 K and 10.6% at 23 K.

Since we know from the neutron-scattering experiments
that the bulk of this particular Cr crystal exhibits a spin-flip
transition at the expected spin flip temperatureTSF, the
SP-STM data of Fig. 7 are quite surprising. According to the

simple scenarios outlined in Fig. 2 we expected that below
TSF either the surface magnetization becomes perpendicular
sout-of-planed or that the SDW propagates within the surface
plane, leading to a periodic magnetization modulation. Ob-
viously, both proposals sketched in Figs. 2sbd and 2scd are
not in agreement with our experimental observations.

In general, the easy magnetization axis of thin film tips
used in SP-STM experiments is mainly determined by the
material-specific surface and interface anisotropies.16,30 The
magnetization direction of Fe-coated tips, which were used
for the experiments described here, was found to be particu-
larly reproducible perpendicular to the tip axis, i.e., within
the sample’s surface plane. Occasionally, however, we ob-
served single tips with an odd magnetization direction that
was not in agreement with the expected one. Furthermore, it
has been demonstrated that in some cases intra-atomic non-
collinear magnetism leads to a bias dependence of the tip’s
spin-density orientation, i.e., some tips are in-plane sensitive
at one bias voltage but out-of-plane sensitive at another bias
voltage.31

In order to exclude that the contrast observed belowTSF in
Figs. 7sdd–7sfd is caused by out-of-plane topological antifer-
romagnetism, we performed a comparative study on the
well-studied magnetic model system of two-monolayersML d
Fe on Ws110d serving as a reference sample.35,36Fe grows in
the step-flow mode, i.e., the W substrate’s step edges are
decorated with Fe nanostripes of alternating monolayer and

FIG. 7. Temperature-dependent SP-STM series of Crs001d measured with an Fe-coated W tip. The topographysleftd and the dI /dU map
srightd are shown for any temperature. The bias voltageU and the asymmetryPasymare indicated in the upper- and lower-right corner of the
dI /dU map, respectively.
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double-layer thickness.37 The Fe double-layer nanostripes
exhibit an out-of-plane easy axis with stripe domains running

along the 11̄0 direction.35–37As the up or down magnetized
stripes are about 25 nm wide, the lateral magnetic periodicity
along thef001g direction amounts to<50 nm. The stripe
domains are separated by 180° domain walls.36 Within the
domain walls the magnetization continuously rotates thereby
passing one magnetically hard in-plane orientation.35

In the comparative study we have coated a clean W tip
with about 10 ML Fe. Upon preparation the tip was trans-
ferred into the STM. With this tip we have measured Fig.
8sad, which shows the topography of an almost perfect Fe
double layer grown on a stepped Ws110d substrate at about
T=450±50 K. The measurement temperature during the en-
tire cycle was 40 K. In the bottom part of Fig. 8sbd the si-
multaneously acquired map of the spin-resolved differential
tunneling conductance dI /dU at U=−50 mV is shown.
About 7 nm wide bright and dark lines running along the

11̄0 direction can be recognized being characteristic for do-
main walls as imaged with an in-plane sensitive tip.36 Addi-
tionally, dislocation lines are also visible as dark lines along
the f001g direction.

In the second step of the comparative study, we have re-
placed the Fe/Ws110d sample by the Crs001d sample while
leaving the tip unchanged. Figure 8scd shows the spin-
resolved dI /dU map of the Crs001d surface as measured at
U=−100 mV with the sample held atT=40 K. One can rec-
ognize the typical contrast between adjacent terraces as al-
ready described in Figs. 6 and 7. Since we have shown in
Fig. 8sbd on Fe/Ws110d that this particular Fe-coated tip is
magnetically in-plane sensitive, we can now conclude that
the Cr moments of thes001d surface are still in-plane al-
though we are far belowTSF. In order to exclude that the
magnetization changed between taking the data of Figs. 8sbd
and 8scd we have replaced the Crs001d sample by the origi-
nally used Fe/Ws110d sample againfFigs. 8sdd and 8sedg. In
fact, the tip still shows an in-plane sensitivityfFig. 8sedg.
After accomplishing this experimental cycle we have pro-
vided strong evidence that the Crs001d surface exhibits an
in-plane magnetization even far below the spin-flip tempera-
ture TSF.

IV. DISCUSSION

In Sec. III we have shown by neutron scattering that the
the particular Crs001d crystal used in this study exhibits
SDWs along the polar direction and one longitudinal direc-
tion, i.e., L and K, respectively. Although we have not per-
formed measurements that are sensitive to the second longi-
tudinal direction H, which is equivalent toK, we can
conclude that the bulk properties of this Crs001d crystal are

well described by a SDW state in poly-QW mode. All three
propagation directions for the L-SDW as for the T-SDW
along the equivalenth001j directions were observed by neu-
tron scattering. On the Crs001d surface, in contrast, we find a

singleQW state with the propagation direction perpendicular to
the surface. This result is in agreement with previous x-ray

and neutron-scattering studies, which observed singleQW

states on a large variety of Crs001d surfaces and
interfaces.18–20,38This near-surface region was determined to
have an extension of<1 mm.

Our neutron-scattering experiments also confirm that the
bulk of our Cr crystal exhibits the spin-flip reorientation. The

FIG. 8. Experimental cycle as described in the text to determine
the orientation of the magnetization of the Crs001d surface at 40 K.
sad and sbd show the topography and dI /dU map of a two-ML
Fe/Ws110d test sample.scd andsdd dI /dU maps of of Crs001d. sdd
and sed again the test-sample Fe/Ws110d.
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phase transition was found atTSF=125±5 K being in good
agreement with the literature value. Nevertheless, no indica-
tion of a spin-flip transition of the Crs001d surface is ob-
served by means of SP-STS down toT=23 K. Throughout
the entire temperature range, both above and far belowTSF,
the surface remains in-plane magnetized and no modulation
of the magnetic moment is observed in the surface plane,
suggesting the perpetuation of the T-SDW at the surface.
Since neutron-scattering data clearly showed a L-SDW with
out-of-plane magnetic moments19 fcf. Fig. 2sbdg there seems
to be an ostensible disagreement with our SP-STS results.
We have to keep in mind, however, that in contrast to the
neutron-scattering measurements mentioned above, which
could not be performedin situ si.e., at the same location
where the sample preparation took placed, leading to expo-
sure to ambient conditions and oxidation, the SP-STS experi-
ments of this study were conducted on a clean and well-
defined Crs001d surface. Probably, the oxidation of the
samples used in Ref. 19 drastically changed the surface spin
configuration.

Obviously, the surface magnetic structure cannot be de-
scribed appropriately by a simple continuation of the bulk
SDW. A possible magnetic configuration at the surface is
schematically shown in Fig. 9. Here, the Cr surface layer
exhibits the same magnetic structure as forT.TSF, i.e., a

T-SDW sQW 'mW d with QW perpendicular to the surface plane.
This T-SDW with the spins in-plane forms a quasiclosure
domain. A continuous connection of the surface T-SDW to
the L-SDW in the near-surface region is accomplished by the
formation of a 90° domain wall. The origin of the pinning of
the surface magnetization within the plane may arise from a
strong in-plane surface anisotropy of the Crs001d surface.
The magnetic structure of Fig. 9 is only stable if the gain of
the surface anisotropy energy is higher than the energy of the
90° domain wall. In other words, the energy required for the
formation of a 90° domain wall must be overcompensated by
an alignment of the surface magnetization along the easy
axis, which, because of surface anisotropy, is oriented paral-
lel to the s001d plane. Based on the knowledge of the
domain-wall width scf. Fig. 6d we may speculate that the
vertical extension of the 90° domain wall is on the order of a
hundred to several hundreds of nanometer.

V. SUMMARY

In summary, we have shown by neutron scattering that the
center of the Cr crystal used in the present work exhibits all

the known bulk characteristics. We observed a transverse in-
commensurate SDW aboveTSF and longitudinal incommen-
surate SDW below. The commensurate AF0 phase was only
observed at the edge of the Cr crystal. Temperature-
dependent SP-STS measurements revealed that the Crs001d
surface exhibits topological antiferromagnetic order with an
in-plane magnetization throughout the entire temperature
range 300 K,Tø23 K. No spin-flip transition is observed
at the surface. This experimental result is interpreted in terms
of a high surface anisotropy large enough to overcompensate
the energy required for the formation of 90° domain wall that
interconnects the in-plane magnetized near-surface region to
the L-SDW in the bulk.
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