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Absence of spin-flip transition at the Cr(001) surface: A combined spin-polarized scanning
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The spin-density wavéSDW) on Cr(001) has been investigated at temperatures between 20—300 K by
means of spin-polarized scanning tunneling microsd&®-STM. Although neutron-scattering data measured
on the same crystal clearly show a spin-flip transition from a transveFg&8DW to a longitudinalL)-SDW
at the expected spin-fligSP temperatureTgr=123 K, no change was found on the(@d1) surface with
SP-STM. Throughout the entire temperature range tH@02r 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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. INTRODUCTION dicular to the propagation directidﬁ of the SDW(,&L@,
the longitudinal SDW exhibits a parallel configuration

)(ﬁllé). For both SDW types the propagation vedfpoints
_along one of the three possib{@00 directions. Since all

Since the discovery of an incommensurate spin-densit
wave (I-SDW) in 1959} the complex magnetic structure of
Cr has been of continuing interest. As the SDW in bulk chro L X e
mium has been intensively studied it is generally accepted a; ree(100 directions are equivalent within the crystal bulk,

. . ey coexist at equal probability. Because of spin-orbit-
a typical example of how the elecironic siructure and thelnduced magnetoelastic interactions the magnetic phase tran-

quology of the Fernjllsurface may |an_uence magnetism Ngjinng are accompanied with a change of the crystal symme-
itinerant systems. Arising from its role in exchange-coupled,y “Namely, the paramagnetic bee structure transfers into an
Fe/Cr bilayers and superlatticdwhich feature interesting orthorhombic crystal symmetry belofiy, and a tetragonal
magnetic effects such as giant magnetoresistahtie at- symmetry is found for the L-SDW. "
tention was recently drawn to the magnetic properties of Cr” This situation may change completely if the symmetry is
at reduced dimensionality. Proximity effects of Cr with fer- reduced by introducing a surface or an interface. In spite of
romagnetic layers, thin Cr films, and the Cr surface itselfits antiferromagnetic bulk structure, ferromagnetic order and
were intensively studietlAs the physical properties of Cr an increased magnetic moment have been predicted for a
exhibit quite complex phenomena we refer to the compreperfect Ct001) surface without any stefisEarly experimen-
hensive review article by Fawceéttere, only the properties tal data were rather contradictory. Angle- and energy-
that are of direct concern to the present work are brieflresolved photoemission indicated that the Cr surface states
mentioned. are exchange splftwhich is consistent with the theoretical
Chromium has a bcce structure with a lattice parameter oprediction of ferromagnetically ordered terraces, but no net
ac,=2.884 A in the paramagnetic state. Cr ischtBansition  magnetization was found by spin-resolved photoemis¥on.
metal and has to be considered as an itinerant antiferromagtis apparent inconsistency was explained by Bliggel, '
net with a Néel transition temperatufg=311 K in the bulk.  who calculated that the magnetic moments of any atomically
Pure Cr exhibits an incommensurate spin-density wavefjat terrace couple parallel, but—as a result of the antiferro-
which originates from the nesting of the Fermi surface. Itmagnetism of Cr—adjacent terraces are magnetized antipar-
consists of a static sinusoidal modulation of the magnetigjlel. Since this model implies a close link between the sur-
moments with a periotl between 2@, (=7.8 nm at room  face topology and the magnetic structure the magnetic state
temperature and 2¢, (=6.1 nm at 10 K®’ Two different  of Cr(001) was called “topological antiferromagnetism.”
modifications exist, i.e., the transver@® and the longitudi- Since the magnetization direction alternates laterally and
nal (L) SDW below the Néel temperatulig =311 K and the vertically with periodicities, which are given by the average
spin-flip (SF) temperaturd sg=123 K, respectively. While in  terrace width and the interlayer distance, respectively, lateral
the case of the T-SDW, the magnetic momgnts perpen- and vertical averaging leads to the cancellation of the spin
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signal, making a direct experimental proof of topological an-
tiferromagnetism extremely difficult. A suitable experimental
method must have a high lateral resolutidretter than the
average terrace widtlas 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 microscog$P-STM and
spectroscopySP-ST3$.1216Recent studies delivered the fol-
lowing picture of the Qi001) surface magnetic structure at
room temperature foif>Tge'%"1° In fact, the magnetic
structure of the perfect @01 surface is adequately de-
scribed by the model of the topological antiferromagnetism.
A direct comparison of magnetically in-plane sensitive dif-
ferential conductancel ddU maps with simultaneously mea-
sured topographic STM images revealed that thield sig- FIG. 1. Two different models of the Cr T-SDW at the surface.
nal abruptly changes between two discrete levels whenever(@ The SDW exhibits a maximal magnetic moment for every indi-
monatomic step edge is crossed. This variation is caused pfdual (001) surface layer. In this case small-angle domain walls
the fact that adjacent terraces have opposite in-plane magn@wist exist being oriented perpendicular to the surfémeThe bulk
tization directions. Moreover, it was found that the magneti-SPW is perfectly maintained up to the first subsurface layer. Only
zation direction of adjacent (01) terraces persistently al- _the coupling _between the surfa_ce layer and the first su_bsurface layer
ternates even over a large number of terraces without ani frustrated in order to maximize the surface magnetic moment at

change in the ddU contrast This is somewhat surprising ¢ Surface.

as the incommensurate sinusoidal modulation of the SDWny step edge between two terraces, the latter model implies
may cause phase slips as found previously for Cr wedges of frustration of the exchange interaction between the surface
Fe(001) whiskers!’ and the first subsurface layer.

Both findings, the in-plane orientation of the magnetiza- Thus far, the observed properties of the surface magnetic
tion as well as the absence of any phase slip or longstructure of C{01) were obtained at room temperature
wavelength modulation of the surface magnetic momentabove the spin-flip temperatufEs= The above-described
strongly reduce the number of possible configurations of theoom-temperature spin configuration with its in-plane mag-
SDW at the Cf{001) surface. First, since the above- netization and the resulting perpendicular alignment of the

mentioned measurements were perfoimed at room temperﬁropagation vectoé relative to a Cf001) surface without
ture where the SDW is transverdal L Q) and since an in- steps is shown in another representation in Fi@).2The
plane magnetization was fourtijt can be concluded that maximum of the T-SDW is located at the surface giving rise

the propagation vectoé of the SDW is always oriented t0 @ maximal surface magnetic moment. The question arises
perpendicular to the surface plane. This so-called sile htOW Ihe bufllf{hsplagl(l)p;)rza::czr;';até%rllobr\lrpuecvﬂaesnt?heen;att)gvr:/etlc
state in the near-surface region was also found by x-ra ructure ot the X SF .
scattering®-2° neutron-scatterind®-2° and perturbed angular ecomes longitudinally polarized. There are two simple sce-

correlation spectroscopy studiésperformed at various narios that are SketCh?d n F|g£b2 and Zoy: Elth_er the
Cr(001) layered system& On Cir(110 a similar situation dlregnon of the magr.1et|c momept or the ptopaga'Flon vec-
was also found by means of low-temperature $¥fdr the  tor Q must be modified. In the former cageremains per-
charge-density wavéCDW), which is closely connected to Pendicular to the001) surface. Furthermore, as far>Tgp,

the SDW24 Second, in order to explain the constant size ofthe surface magnetic moment remains maximal and the
the surface magnetic moment, the surface SDW cannot be%DW antinode is pinn8d at the surface. Similar to the situa-
Simp|e extension of the bulk SDW. Two possib]e Spin Con_tion sketched in Flg @) the surface magnetiC order exhibits
figurations are schematically sketched in Fig. 1. The firstopological antiferromagnetism but with an out-of-plane
possibility is characterized by a T-SDW that is slightly magnetization of the surface. In the second scen@rinay
shifted between adjacent terraces to maximize the magnetlee oriented parallel to th€001) surface as shown in Fig.
moment for every individua{001) surface layer. This situa- 2(c). In this case the surface magnetization remains in-plane,
tion is schematically represented in Figall A second modi- but we shall no longer observe topological antiferromag-
fication, shown in Fig. (), leaves the bulk SDW un- netism. Instead, a modulation of the magnetic moment with
changed, but the coupling of the (@01) surface layer to the the periodL of the SDW should be visible on atomically flat
first subsurface layer varies such that the surface magnetterraces. As we will show in the course of this paper both
moment is maximized for any terrace. In principle, both in-models are inconsistent with the experimental data, which
terpretations are consistent with the theoretical calculationvill be presented later on.

mentioned above that predict an enhanced magnetic moment In this paper, we report on a combined temperature-
for the C(001) surface?® similar to recent observations on dependent investigation of the Cr bulk SDW by neutron scat-
Cr(110.2% In either case the magnetic frustration certainlytering and of the G001) surface by SP-STS performed on
leads to an enhanced exchange energy. While in the formeéhe same Cr single crystal. The neutron-scattering experi-
model [Fig. (@] small-angle domain walls are formed at ments confirm that—in spite of some mechanical strain
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experiments. Furthermore, the SP-STS experimental setup,
[100] (001)-sutnca 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(@¥))
— — T>Te single crystal in Sec. Ill A by neutron scattering, we will
= e present temperature-dependent SP-STS measurements of
p = Cr(00)) in Sec. Ill B. First SP-STS measurements showing
- m— the topological antiferromagnetism as found on clean
= = : Cr(001) surfaces aboveTgr are presented. Then the
. P — temperature-dependent magnetic structure of theQy
- — — surface is studied by SP-STS between room temperature and
I B — p— T=23 K. Finally, in Sec. IV we discuss the results and com-
: . pare them to measurements obtained for epitaxially grown

= ——C) Cr(00)) films.

[001]

[001]
(001)-surface Il. 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 w&fﬂ/@) is
given by 2728
do
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where @, is the angle between the magnetizatlﬁmf) and
[100] (001)-surface . S ) .
the scattering vectay, M, is the Fourier component ofl(r)

ol F T ERERY corresponding to the scattering vectrk —K’, G.=Gooy
T<Tq X(1-e¢) is the wave vector of the spin-density wave with
oy EElEEee R as a measure of the deviation from the commensurability,

andé-bCC are the reciprocal lattice vectors for the allowed bcc
reflections. The’ function in Eq.(1) indicates that the inten-
sity from the magnetic scattering is only observed at posi-

FIG. 2. Schematic scenarios of the spin configuration of the C{ions in repiprocal space for Whicq:Gbcc_qi- The eXi§'
SDW at different temperaturega) At T>Tsr the T-SDW propa- tence of incommensurate SDW@.e., e#0) results in
gates perpendicular toward the(@®1) surface. The maximum of characteristic satellite peaks in the vicinity of the structurally

the SDW is located at the surface, and the surface layer has dorbidden bcc reflections. The bottom panel of Fig. 3 illus-
trates possible satellite reflections for neutron scattering in

[001]

(©

IRt s e T R BRSO |

in-plane ferromagnetic order. BeloWgg the 6 vector of the ¢ =line T ;
L-SDW has two possible orientations relative to the surfgbg:  reciprocal space originating from SDW structures in Cr.

perpendicular, with a maximum at the surface resulting in an out- Two criteria need to be considered in order to determine
of-plane ferromagnetic surface layer @ parallel to the surface the propagation direction and polarization of the SDW in Cr,

with a modulation of the surface magnetic moment within ({b&l) i.e., 4. and Mq- The orientation and magnitude @f corre-
surfgce. A; will be_ shown in th_e course of this paper both mOdel%ponas to the vector between any of the satellite peak posi-
are inconsistent with the experimental data. tions and the next-nearest allowed bcc reciprocal-lattice

caused by the clamping of the crystal onto the Samp|£point which identifies the propagation direction of the SDW.

holder—the incommensurable SDW dominates the bulkSecond, the magnetic neutron-scattering cross section only
magnetic structure and that the spin-flip transition occurs aYields intensity for components of the magnetization vector

the expected temperature. In contrast, no transition is obM, perpendicular to the scattering vector. With several se-

served on the surface, but topological antiferromagnetic orlected scans in orthogonal directions these criteria can be
der with the magnetization lying in the surface plane is foundused to unambiguously determine the nature of the SDW.
by SP-STS within the entire studied temperature range ofigure 3 provides a summary of the conditions for the obser-
23 K=T=293 K. The paper is organized as follows. In Sec.vation of satellite reflections in various directions because of
Il we outline the experimental setup of the neutron-scatteringhe selection criteria. The period lengttyp,y of the SDW
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(001) (001) (010) (010)
SDW-moade L-satellite K-satellite L-satellite K-satellite

out-of-plane longitudinal
spins out-of-plane o o L o FIG. 3. (Bottom row) Over-
out-of-plane transversal ® I fo) I ® I o view of neutron-scattering geom-
spins in-plane __ etries with satellite reflections as
:‘ﬂ:’i‘: "I’:g'etl"'d'"al (o) ) lo) (o} they occur for different longitudi-
inp- Iane‘t)ransversal nal and transverse incommensu-
spi’:‘s in-plane o) l o . o l | . rate spin-density waves.(Top
in-plane transversal o o ° rows) Lopkup t_abl_e W@th filled and
spins out-of-plane O empty circles indicating the pres-

N ] 1“[. JfL 1L 1 L ence and absence of satellite re-
l"):flseltclz’toig?l:fatr!;?l:gtt?]"elte v ore N = flections for certain spin-density
[010] and [001] Bragg - i . " waves(adapted from Ref. 20
e T P P G

AR VA VAR VA

can be determined from the distance of the satellite positioelectron spectroscopfAES) sensitivity limit of <1%. The
to the next_nearegg{om} position with cleanliness of the surface is corroborated by the existence of
a de-like surface state close to the Fermi le\®l, which
_agy shows up as a distinct peak in scanning tunneling spectros-
Aspw= e’ 2 copy measuremerfs!* and is characteristic for clean

. _ bca00) surfaces?®
whereag, is the lattice constant of Cr.

In case ofe=0 (Agpyw=2°) the Cr SDW is commensurate, _ _ _ _ _
resulting in a simple antiferromagneti&F,) structure with C. Spin-polarized scanning tunneling microscopy

the corner atoms on the Cr bcc lattice antiparallely aligned to  The SP-STM experiments were performed in an ultrahigh
the center atoms. According to the discussion above, thigacuum (UHV) system with two separate chambefd: a
leads to peaks at th@01} positions in the neutron- scatter- preparation chamber for the tip and sample treatmentiand
ing spectra, whereas the incommensurate SDW createg analysis chamber for sample surface characterization by
maxima in the proximity of thef00L positions. Thus, the means of low-energy electron diffractishEED) and Auger
distinction of the commensurate and incommensurate Crglectron spectroscopy. Furthermore, a satellite of the analysis
SDW by neutron scattering is straightforward. chamber contains a home-built scanning tunneling micro-
The experiments were carried out at POLDI, a neutronscope (STM), which operates at temperatures between 20
diffractometer, situated on a thermal neutron guide at thend 350 K. It has a maximum scan range of 8 um? at
Geesthacht Neutron Scattering FacillGENF) at GKSS us-  rgom temperatur¢RT) and 5% 5 um? at 20 K. The core of
ing monochromatic neutrons with a wavelength of 0.18 nm¢he STM is similar in design to the microscope described in
Higher harmonics, which would be reflected by POLDI's Ref. 29 and is equipped with a tip exchange mechanism. In
graphite monochromator potentially causing spurious peakgontrast to some commercially available variable-
at the{001} positions, were completely suppressed by the usgemperature scanning tunneling microscop@&T-STM),
of a velocity selector. A cryostat was employed to set theyhere only the sample is cooled but the tip always remains at
sample temperature within the required range between 18T, the entire microscope including tip and scanner is cooled
and 350 K. 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
All experiments were performed using the sa@@1)- braid to the outer radiation shield of the cryostat being
oriented disk-shaped Cr single crystal, which has &cooled by the exhaust He. For vibration isolation the entire
10 mmdiam and 0.8 mm thickness. It is rigidly mountedsetup is mounted on top of an eddy current damping stage. A
with a Tantalum frame spot-welded on top of the tungstenesistive heater inside the flow cryostat allows the precise
sample holder. As already described in previousvariation of temperature. The base pressure in both chambers
publicationst®14 the C(001) single crystal was cleaned by is in the low 10! torr range.
prolonged cycles of Arion etching at elevated temperatures  We used polycrystalline W tips that were electrochemi-
(T=1100 K) and subsequent annealing for 20-30 mifTat cally etchedex situ and cleanedin vacuo by a high-
=1150 K. Compared to early experiments, the amount ofemperature flash a&t=2200 K. Spin-resolved studies were
residual impurities could be reduced significantly by usingcarried out by usingn situ prepared Fe-coated W tips. De-
an Ar* ion gun with a mass filtefWien filter). Eventually, tails of the tip-preparation procedure are described in Refs.
the C(001) surface contains less than 2% of carki@. All 16 and 30. From previous experiments, which partly have
other elements, such as O, S, and N, are below the Augdreen performed in an external magnetic field, we know that

B. Cr preparation
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FIG. 4. Neutron-scattering data of (001) measured with neutrons illuminating the entire crystale hatched area in drawing on the
left). Measurement temperatures dig-<T=200 K (filled circles and Tge>T=20 K (open circleg to explore the propagation directions
and polarizations of the spin-density waves. The sequende)«fd) follows the same order as the columns of Fig. 3. The scattering
geometries are sketched as insets.

Fe-coated W tips are preferentially magnetized perpendiculahe sample. In order to enhance the contrast we mixed the tip
to the tip axis’®31i.e., parallel to the sample’s surface plane. heightz and its derivative @/ dx with respect to the fast scan
With both tip and sample held at the same temperalyre direction X. This image processing suggests a topography
maps of the spin-resolved differential tunneling conductancéhat is illuminated by an invisible light source from the left.
dl/dU (magnetic signalwere recorded simultaneously to the

constant-current imagegopography by adding a modula-

tion voltageU,,,q=10 mV,,s to the sample biat) and de- IIl. RESULTS
tecting the d/dU signal by lock-in technique in closed- )
feedback circuit configuration. A. Neutron scattering
To image the magnetic structure of the(@1) surface, The properties of the Cr SDW are highly sensitive to the

the above-mentioned,-like surface state can be utilized as sample quality. For example, elastic strain can cause the
it exhibits a spin polarization of about 20% because it is theSDW to change from commensurate to incommensurate
minority-spin part of an exchange sptitband:>'*As we yielding qualitatively different neutron-scattering spectra. In
use Fe-coated W tips both electrodes are spin-polarized anfle case of the Cr crystal examined here mechanical strain
the differential conductance measured at the locationthe  may result from the mounting procedufgee Sec. Il B In

surface for a sample bias voltagk can be written &% particular, locations where the Cr sample and the tantalum
foil touch are more susceptible to irregularities with crystal-
i(r” Ug)sp= C(1 + PP, cos6) (3) line imperfectiondripples visible to the naked eye.
du T UsP st ’ In order to examine the SDW bulk behavior of the Cr

. ) _ ~crystal, neutron-scattering experiments were carried out. The
whereC=dl/dU(F,Ug)s,is the spin-averaged part of the dif- \yhjte hatched area in the left sketch of Fig. 4 shows the area
ferential conductance,Pi=P(Er-eUy) and P=Py(Er jlluminated with the neutron beam in the first measurements.
+elp) is the spin polarization of the tip and the sample at theThis includes the Cr crystal and some of the surrounding Ta
energyEr+eU,, respectively. The ang|9:9[|\7|s,|\/|t(r)] is  frame. The resulting scans are shown in Figs)-44(d). At

: o i 200 K, well above the spin-flip temperatufer, satellite re-
losed by the t tizat d the local I : S ST
enclosed by the tip magnetizatidv, an © local sample flections are observed along tike and L direction in the

magnetizationM(r) below the tip apex. For an electroni- yicinity of the (010) and the(001) forbidden Bragg positions
cally homogeneous surfacg,andPs are independent of the ¢4, the structural reflections.
locationr on the surface. Therefore, any lateral variation of  aAg the dark gray shaded components in Fig. 3 indicate,
di/dU signal is caused by the casterm, which—at a fixed  the gccurrence of the satellites is characteristic for a trans-
magnetization direction of the t|p—onI3£depends on the local,erse |-SDW as expected aboVe- At 20 K, far below the
orientation of the sample magnetizatibh(r). Accordingly,  spin-flip temperature, the satellites in the vicinity of the
the d/dU signal is sensitive to the local electron spin den-(001) position along theK direction in Fig. 4b) and the
sity of the sample surface. Since the atomic structure of theatellites along thé& direction next to th€010) position in
cluster at the tip apex determines {&pin-dependentelec-  Fig. 4(c) remain present, but the satellites in the proximity of
tronic structure andp,, just asP, is a bias voltage-dependent the (001) and (010) positions along the. and K direction,
guantity, the bias voltage at which the prod&gP, becomes respectively, in Fig. @) and 4d) disappear. The result is
maximal cannot be predicted and varies between differerthighlighted in light gray in Fig. 3 and corresponds to the
tips prepared in different experimental runs. expected behavior for a longitudinal I-SDW in tKeand L

All “topographic” STM data shown below have been directions. From the peak positions in Figb} the period
plane fitted on atomically flat terraces to correct for the tilt oflength of the SDW is calculated to b&gp=70+4 A at
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FIG. 5. Neutron-scattering data of (001 measured with the neutron beam confined to the central region of the Cr dgestathatched
area in drawing on the leftMeasurement temperatures dig-<T=200 K (filled circles and Tsg>T=20 K (open circleg to explore the
propagation directions and polarizations of the spin-density waves. The sequediaggdffollows the same order as the columns of Fig.
3. The scattering geometries are as sketched as insets.

200 K andAgpy=64+4 A at 20 K using Eq(2), whichisin  of the sample, leading to minor contributions from areas
good agreement with Ref. 33. closer to the edges of the Cr crystal. This effect is signifi-
In addition to the scans at 20 and 200 K, the intensity ofcantly weaker for the scattering geometry of Fig&) @and

the satellite reflection in th& direction close to th€010  5(d), than for Figs. %) and 5b), explaining the stronger

position was recorded during the cooldown prodelsga not  peaks at the commensurd@01) position in the latter case.
shown herg It was found that the intensity drops rapidly at

aboutT=125+5 K, agreeing well with the expectddr of
123 K. By heating the sample above the bulk Néel tempera-
ture of Ty=311 K, all peaks related to magnetic scattering Although a commensurate SDWF, phasg is present in
disappear(data not shown heyg indicating that the Cr our Cr crystal—presumably because of the elastic strain
sample became paramagnetic. caused by the clamping mechanism—our neutron-scattering
Along with the satellite peaks in Fig. 4, peaks owed toexperiments revealed that the incommensurate SDW domi-
magnetic scattering also appear directly at (&0 and the nates the central region of the sample surface where the SP-
(001) Bragg positions. These reflections arise from magnetiSTM measurements are performed. In the following we
scattering from a commensurate SDWF, phasé¢. The ap- present surface-sensitive spin-polarized STS measurements,
pearance of the Afphase can be attributed to the mechani-starting with a brief synopsis of a typical (001) surface at
cal strain, which is expected to be present at the crystal edgéemperatures betweel and Tse
where the Ta foil presses onto the Cr surface. In order to Figure §a) shows the topography of a clean(@®1) sur-
check whether the Afphase pervades the whole sample orface measured &t=200 K. Ten terraces can be recognized
is only restricted to the edges of the sample, the beam size tiiat descend from the lower-left to the upper-right edge of
the neutron beam was confined by a Lithium plated aperturéhe image. The section in the upper panel of Fig) has
to an area of X 2 mn?, narrowing the illuminated spot to been drawn along the surface region indicated by the black
the center of the Cr crystésee white hatched area in the left box in Fig. §a). It reveals that adjacent terraces are separated
sketch of Fig. 5. Figure 5 shows the corresponding neutron-by monatomic steps of 1.44+0.08 A height. This terrace-
scattering scans. Qualitatively, the satellite reflections exhibiand-step structure, which is found on any real surface, is the
the same behavior as without an aperture, i.e., the existeneesult of a slight miscutlocally about 0.04°, averaged over
of a transverse I-SDW above and a longitudinal I-SDW be-the whole sample approximately 0.]15%ith respect to the
low Tge In contrast to the previous data taken by averagingdeal (001) surface. Figure @) shows the simultaneously
over the entire crystal, however, the intensities of the comacquired map of the differential conductandédl as mea-
mensurate SDWs are now dramatically reduced relative tsured with an magnetically in-plane sensitive Fe-coated
the incommensurate satellites. The reflection af@i€) po-  tungsten tip. Obviously, the strength of thé/dU signal
sition has completely disappeargske Figs. &) and 5d)].  abruptly changes between two discrete levels at any step
Obviously, the incommensurate SDW phase is dominant iredge as expected for a surface that exhibits topological anti-
the center of the Cr crystal, the same position at which théerromagnetism. This signal variation is the result of spin-
SP-STS measurements were carried out later. Similarly, thpolarized tunneling between the magnetic sample and the
still visible but very weak commensurate SDW reflections atmagnetic tip. The section of the /U signal in the lower
the (001) position is found to be minimal, when the neutron panel of Fig. éc) confirms that there are only two levels of
beam hits the sample centesee Figs. &) and 5b)]. The the d/dU signal, denoted A and B. Apart from these step
remaining intensity at001) can be attributed to the fact that edges two further defects in form of screw dislocations are
during a scan the projection of the neutron beam onto theisible in the lower-right part of Fig. @) and are marked by
sample surface actually deviates from the square form showarrows. Screw dislocations lead to the formation of semi-
in Fig. 5 toward a rectangular shape, hitting off-center areafinite step edges that start at the respective point of inter-

B. T-dependent SP-STS
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FIG. 6. (a) Constant-current STM image of the clean@Y1) surface showing several terraces separated by monatomic steps. The data
were obtained at a temperature E200 K with a magnetic Fe-coated probe tip using a tunneling cufre@it3 nA and a sample bias
voltageU=-100 mV.(b) Spin-polarized spectroscopic image of tHédlU signal of the same surface region showr{ah The right panels
show averaged sections drawn along the boxes, whécpasrresponds to the line perpendicular to the step edgask box and(d) to the
one across the domain wallvhite boX.

ception of the dislocation line with the @O01) surface former results, which showed a domain-wall width of
plane. Obviously, the @@01) surface cannot exhibit the per- 120—170 nnmt315

fect topological antiferromagnetic order around a screw dis- It is a rather obvious but still open question how the mag-
location. Instead, a domain wall is formed between the twdhetic structure of the @01) surface behaves when crossing
screw dislocations. A more detailed analysis of domain wallghe spin-flip temperature. Figure 7 shows a series of six SP-
induced by dislocations on the ©01) surface can be found STS measurements of the(@@1) surface taken at tempera-

in Ref. 15. To determine the domain-wall width we havetures between room temperatuf@=293 K) and 23 K,
drawn an average profile of thé/dlU signal along the white thereby crossing the spin-flip temperatirg-=123 K. The

line section in Fig. &). The result is plotted in Fig.(6). A~ Simultaneously measured topography and spin-resolved
quantitative analysis is performed on the basis of continuungl!/dY map are presented for each temperature. Because of

: : e ; the experimental requirement of a rather good temperature
micromagnetic theory by fitting the measured data with a o .
st;ndardgdonzain—wal?? pr)i)fillel 9 u w stability during the measuremef@tT<0.05 K) and the rela-

tively high reactivity of Cr, it was not possible to measure
y(X) = yg + ygpcodarccogtant (x — Xo)/(w/2)]} + ¢), 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,
wherey(x) is the d/dU signal measured at positiof xo is  which includes the Cr sample as well as the Fe-coated tip.
the position of the domain wally the domain wall width, Beginning with the left columifFig. 7(a)-7(c)], the tem-
andy, andysp are the non-spin-polarized and spin-polarizedperature of each measurement is above the spin-flip tempera-
part of the d/dU signal, respectivelye is the azimuth be- ture Tge In principle, we observe the same magnetic struc-
tween the tip and sample magnetization. For this particulature in any data sefi.e., topological antiferromagnetism,
domain wall the best fit is achieved with=31°, leadingto a which in some cases is frustrated due to the presence of
width of w=162+10 nm being in good agreement with screw dislocations The magnetic contrast—in this case the
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|T=200K

FIG. 7. Temperature-dependent SP-STM series 3@ measured with an Fe-coated W tip. The topografiéft) and the d/dU map
(right) are shown for any temperature. The bias voltagend the asymmetrP,s,mare indicated in the upper- and lower-right corner of the
di/dU map, respectively.

asymmetry of the ddU signal with tip and surface spins simple scenarios outlined in Fig. 2 we expected that below
parallel(o;) and the signal with spins antiparallet, )—is  Tsg either the surface magnetization becomes perpendicular

given by (out-of-plane or that the SDW propagates within the surface
plane, leading to a periodic magnetization modulation. Ob-
_ ooy viously, both proposals sketched in FiggsbRand Zc) are
Pasym— (5) . . . .
o+ o not in agreement with our experimental observations.

In general, the easy magnetization axis of thin film tips
and varies between 1.5% and about 5%. As already merused in SP-STM experiments is mainly determined by the
tioned in Sec. Il C, a quantitative discussion of the achievednaterial-specific surface and interface anisotropié8The
di/dU contrast is difficult as the data were measured withmagnetization direction of Fe-coated tips, which were used
different tips that exhibit different spin-dependent electronicfor the experiments described here, was found to be particu-
properties. Therefore, the differences in théd) contrast larly reproducible perpendicular to the tip axis, i.e., within
may be the result of a nonsystematic variation of the tip’sthe sample’s surface plane. Occasionally, however, we ob-
spin-polarization or of the angle between the tip and the served single tips with an odd magnetization direction that
sample magnetization directions rather than a systematic irwas not in agreement with the expected one. Furthermore, it
crease because of the reduction of the temperature. The righas been demonstrated that in some cases intra-atomic non-
column|[Figs. 7d)-7(f)] shows data that were measured atcollinear magnetism leads to a bias dependence of the tip’s
temperatures beloWse Surprisingly, the &/dU map in Fig.  spin-density orientation, i.e., some tips are in-plane sensitive
7(d) exhibits the same magnetic structure as the images iat one bias voltage but out-of-plane sensitive at another bias
Figs. a-7(c). Even down to 23 K[Fig. 7(f)] there is no  voltage3!
general change in the magnetic structure with adjacent ter- In order to exclude that the contrast observed béelgpin
races having an antiparallel magnetization. The asymmetrifigs. 1d)-7(f) is caused by out-of-plane topological antifer-
varies between about 3% at 100 K and 10.6% at 23 K. romagnetism, we performed a comparative study on the

Since we know from the neutron-scattering experimentsvell-studied magnetic model system of two-monolagét. )
that the bulk of this particular Cr crystal exhibits a spin-flip Fe on W110) serving as a reference sampte®Fe grows in
transition at the expected spin flip temperatirg, the the step-flow mode, i.e., the W substrate’s step edges are
SP-STM data of Fig. 7 are quite surprising. According to thedecorated with Fe nanostripes of alternating monolayer and
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double-layer thicknes¥. The Fe double-layer nanostripes QR Fe/W(110)
exhibit an out-of-plane easy axis with stripe domains running

along the 10 direction3>-37 As the up or down magnetized
stripes are about 25 nm wide, the lateral magnetic periodicity
along the[001] direction amounts to=50 nm. The stripe
domains are separated by 180° domain w#llgVithin the
domain walls the magnetization continuously rotates thereby
passing one magnetically hard in-plane orientatfon.

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.
8(a), which shows the topography of an almost perfect Fe
double layer grown on a stepped(¥0 substrate at about
T=450+50 K. The measurement temperature during the en-
tire cycle was 40 K. In the bottom part of Fig(l8 the si-
multaneously acquired map of the spin-resolved differential
tunneling conductance IdU at U=-50 mV is shown.
About 7 nm wide bright and dark lines running along the

110 direction can be recognized being characteristic for do-
main walls as imaged with an in-plane sensitive3fipddi-
tionally, dislocation lines are also visible as dark lines along
the [001] direction.

In the second step of the comparative study, we have re-
placed the Fe/\110) sample by the G001) sample while
leaving the tip unchanged. Figure(c shows the spin-
resolved dl/dU map of the C{001) surface as measured at
U=-100 mV with the sample held a=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. 8b) on Fe/W110) that this particular Fe-coated tip is
magnetically in-plane sensitive, we can now conclude that
the Cr moments of th€001) surface are still in-plane al-
though we are far belowge In order to exclude that the
magnetization changed between taking the data of Figs. 8
and 8c) we have replaced the @01) sample by the origi-
nally used Fe/WL10 sample agaifFigs. 8d) and §e)]. In
fact, the tip still shows an in-plane sensitivifiFig. 8€)].
After accomplishing this experimental cycle we have pro-
vided strong evidence that the (G021 surface exhibits an
in-plane magnetization even far below the spin-flip tempera-
ture Tgp

IV. DISCUSSION

In Sec. Il we have shown by neutron scattering that the
the particular Gi001) crystal used in this study exhibits
SDWs along the polar direction and one longitudinal direc-
tion, i.e.,L andK, respectively. Although we have not per-
formed measurements that are sensitive to the second longi- FIG. 8. Experimental cycle as described in the text to determine
tudinal direction H, which is equivalent toK, we can the orientation of the magnetization of the(@1) surface at 40 K.
conclude that the bulk properties of this(@®1) crystal are (2 and (b) show the topography andl &lU map of a two-ML
well described by a SDW state in poy-mode. All three ~ F&/W(110) test sample(c) and(d) di/dU maps of of C(001). (d)
propagation directions for the L-SDW as for the T-SDw 2nd(e) again the test-sample Fe{140).
along the equivalen001} directions were observed by neu- states on a large variety of @01 surfaces and
tr_on scattering. _On the Q@OY) su_rface., n (_:ontrast, we.fmd 2 interfaces8-2038This near-surface region was determined to
singleQ state with the propagation direction perpendicular topaye an extension &1 wm.

the surface. This result is in agreement with previouséx—ray Our neutron-scattering experiments also confirm that the
and neutron-scattering studies, which observed sirf@le bulk of our Cr crystal exhibits the spin-flip reorientation. The
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phase transition was found @tz=125+5 K being in good [001]
agreement with the literature value. Nevertheless, no indica-
tion of a spin-flip transition of the @@01) surface is ob- T
served by means of SP-STS downTe23 K. Throughout ——
the entire temperature range, both above and far bé&lgw ——
the surface remains in-plane magnetized and no modulation [010]
of the magnetic moment is observed in the surface plane, v
suggesting the perpetuation of the T-SDW at the surface. =
Since neutron-scattering data clearly showed a L-SDW with =
out-of-plane magnetic momentgcf. Fig. 2b)] 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 f
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could not be performedn situ (i.e., at the same location
where the sample preparation took pladeading to expo-
sure to ambient conditions and oxidation, the SP-STS experi-
ments of this study were conducted on a clean and well-
defined C(001) surface. Probably, the oxidation of the
samples used in Ref. 19 drastically changed the surface spin _ ) _
configuration. FIG. 9. Model of the low-temperature spin conflgtjratlon of

Obviously, the surface magnetic structure cannot be deCr(001). At T<Tsg the bulk exhibits a L-SDW. A singl® state
scribed appropriately by a simple continuation of the bulkwith Q perpendicular to the surface dominates in the near-surface
SDW. A possible magnetic configuration at the surface igegion. The surface layer, in contrast, still exhibits a T-SDW with
schematically shown in Fig. 9. Here, the Cr surface layetthe magnetization lying within the surface plane. A 90° domain wall
exhibits the same magnetic structure as Tor Tg, i.e., a  interconnects the L-SDW to the surface spins.

T-SDW (éLﬁ) with 6 perpendicular to the surface plane.

This T-SDW with the spins in-plane forms a quasiclosurethe known bulk characteristics. We observed a transverse in-
domain. A Continuous ConneCtion Of the Surface T-SDW tOCommensurate SDW abo\]'%': and |ongitudinal incommen_
the L-SDW in the near-surface region is accomplished by thg,rate SDW below. The commensurate,Afhase was only
formation of a 90° domain wall. The origin of the pinning of gpserved at the edge of the Cr crystal. Temperature-
the surface magnetization within the plane may arise from ependent SP-STS measurements revealed that t0©1Cr
strong in-plane surface anisotropy of the(@rl) surface. syrface exhibits topological antiferromagnetic order with an
The magnetic structure of Fig. 9 is only stable if the gain ofjn_plane magnetization throughout the entire temperature
the surface anisotropy energy is higher than the energy of theynge 300 k= T<23 K. No spin-flip transition is observed
90° domain wall. In other words, the energy required for theat the surface. This experimental result is interpreted in terms
formation of a 90° domain wall must be overcompensated by a high surface anisotropy large enough to overcompensate
an alignment of the surface magnetization along the easye energy required for the formation of 90° domain wall that

axis, which, because of surface anisotropy, is oriented parajnterconnects the in-plane magnetized near-surface region to
lel to the (001) plane. Based on the knowledge of the the L-SDW in the bulk.

domain-wall width(cf. Fig. 6 we may speculate that the
vertical extension of the 90° domain wall is on the order of a
hundred to several hundreds of nanometer.
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