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Correlation of dislocation and domain structure of Cr(001) investigated by spin-polarized scanning
tunneling microscopy
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The C(001) surface has been investigated by spin-polarized scanning tunneling microscopy to image vari-
ous defects and their effect on the magnetic structure at the surface. The usual magnetic structure is determined
by the antiferromagnetic ordering of Cr leading to the topological antiferromagnetism @Ghesurface. We
found that screw dislocations result in the formation of domain walls with a width of 120-170 nm. The
dependence of the domain-wall width on the distance from the screw dislocation is studied experimentally and
compared to micromagnetic simulations. Our results show that the size and shape of the spin structure is
determined by two parameters, the exchange stiffness and the effective anisotropy. Subsurface step dislocations
lead to ans-like bending of step edges on the sample surface. In spite of the step bending the topological
antiferromagnetic order is strictly maintained. In some rare cases large scale images show a change of the
spin-polarized part of the tunneling current. It is explained by the fourfold symmetry of #®Tsurface
which leads to a 90° degeneracy and the formation of according domains.
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[. INTRODUCTION graphic, electronic, and magnetic contributions to the mea-
sured signaf:*°

Since the discovery of interesting magnetic effects such as Here we report on the influence of screw and step dislo-
giant magnetoresistan’c%and interlayer exchange coupl'r°hg cations, which are regularly found even in single-crystalline
and their rapid application in data storage devices the magsamples;” on the magnetic structure of the (001) surface.
netism of Cr has attracted considerable interest. Bulk Cr exAfter a brief description of the experimental setup, tip, and
hibits a transversal spin-density wal®W) below the Nel ~ Sample preparation procedures, and the contrast mechanism
transition temperatur@y=311 K and a longitudinal SDw ©f spin-polarized scanning tunneling spectroscopy in Sec. Il,
below the spin-flip temperaturEs.=121 K. In particular, we will present |”mages of the undisturbed “topological anti-
(001) terminated interfaces have been used in Fe/CFerromagnetlsm of Cf001) as found on defect-free surfaces

\ 4 . . (Sec. Il A). In Sec. Il B we will introduce the two elemen-
multilayers. The magnetic properties of the (001) surface tary defects, i.e., screw and step dislocations, and discuss

have been studied theoretically and experimentally. Early exaow they change the spin structure of @1). We will show

perimental results were fa”.‘er .cor_n‘usmg since angle- an Sec. Il C that two degenerated domains, which are rotated
energy-resolved photoemission indicated that the Cr surfa 90°, can be found on the fourfold-symmetric (@)

states are exchange splitit no net magnetization was found ¢, t2ce The results are summarized in Sec. IV,
by spin-resolved photoemissiénThis apparent inconsis-
tency was explained by Byel et al.” who calculated that the
magnetic moments of any atomically flat terrace couple par-
allel but—as a result of the antiferromagnetism of Cr— The experiments were performed in an ultrahigh vacuum
adjacent terraces are magnetized antiparallel. Since thi®HV) system with two separate chambers: a preparation
model implies a close link between the surface topology angéhamber for the tip and sample treatment and an analysis
the magnetic structure the magnetic state of00t) was chamber for sample surface characterization by means of
called “topological antiferromagnetism.” low-energy electron diffractiodLEED) and Auger electron

A direct experimental proof of the existence of topologi- spectroscopyAES). Furthermore, a satellite of the analysis
cal antiferromagnetism is difficult. Since the magnetizationchamber contains a combined atomic force and scanning tun-
direction alternates laterally and vertically with periodicities neling microscopgéAFM/STM) which has a maximum scan
which are given by the average terrace width and the interrange of 6umx6 um and which is operated at room tem-
layer distance, respectively, the experimental method operature(RT). The base pressure in both chambers is in the
choice must have a high lateral resolution and a high surfacew 10~ ! torr range. As already described in previous
sensitivity. Both conditions are fulfilled by scanning tunnel- publication§*° the Cf001) single crystal was cleaned by
ing microscopy(STM). As has been shown by Wiesendangerprolonged cycles of Af-ion etching at elevated tempera-
et al® STM can be made sensitive to the spin of the tunneltures T<1100 K) and subsequent annealing for 20—30 min
ing electrons by using a magnetic tip providing experimentalat T=1150 K. However, compared to earlier results the
evidence for the correctness of the theoretical predictionsamount of residual impurities could be reduced significantly
Recently, the topological antiferromagnetic spin structure oby using an Af-ion gun with a mass filtefWien filter).
Cr(001) was imaged by spin-polarized scanning tunnelingEventually, the Qi001) surface contains less than 2% of car-
spectroscopy that allows a clear separation between topdon (C). All other elements, as, e.g., O, S, and N, are below

Il. EXPERIMENT
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the AES sensitivity limit of<1%. The cleanliness of the
surface is corroborated by the existence af,alike surface
state close to the Fermi levEl: which showed up as a dis-
tinct peak in scanning tunneling spectroscog®TS
measuremenis® and which is characteristic for clean
bco001) surfaces?

We used polycrystalline W tips which were electrochemi-
cally etchedex situ and cleanedin vacuo by a high-
temperature flash &t=2200 K. Spin-resolved studies were
carried out by usingn situ prepared Fe-coated W tips. De-

tails of the tip preparation procedure are described in Ref. 13.

We know from previous experiments, which partly have

been performed in an external magnetic field, that Fe-coate
W trps are preferentially magnetized perpendicular to the tlp

axis**i.e., parallel to the sample’s surface plane. The tuns
neling spectra were measured by adding a modulation volt-
age U o= 15 mV,,s to the applied sample bidd and re-
cording thedl/dU signal by lock-in technique.

The above mentioned,z-like surface state is well suited
for mapping the magnetic domain structure of@x1) as it
is the minority-spin part of an exchange splitband and
exhibits a spin polarization of about 2098 By coating the
W tips with Fe we produce magnetic tips with an intrinsic
spin polarization. If both electrodes are spin polarized the
tunneling current can be described'by

lsg(T Ug)=1o[ 1+ PPicos Mg, M), (1)

wherel =1, (r Uy) is the non-spin-polarized part of the tun-
neling current and®; and P are the spin polarization of the

tip and the sample, respectively. For an electronically homo-

geneous surfack, and P4 are independent of the location
(F). Therefore it is qualitatively clear that any lateral varia-
tion of the tunneling current or its derivativd/dU is due to

a change of the coll,M,) term, i.e., it contains informa-
tion on the local orientation of the sample magnetization
drrectlonM relative to the tip magnetrzatlolvrlt However,

in contrast to the @001) surface with well-defined structural

and spin dependent electronic properties the shape of t én
cluster at the tip apex cannot be controlled in our experimen-
tal setup. Since the atomic structure of this cluster deter=

mines its (spin dependentelectronic properties and since
P,, just asPg, is a bias voltage dependent quantity, the bia
voltage at which the produ®g- P, becomes maximal cannot
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data have been plane-fitted on atomically flat terraces to cor-
rect for the tilt of the sample. In order to enhance the contrast
we mixed the tip height and its derivative with respect to
the fast scan directior, dz/dx. This image processing sug-
gests to the spectator a topography which is illuminated by
an invisible light source from the left.

I1l. RESULTS AND DISCUSSION
A. Defect-free surfaces

Figure 1@ shows the topography of a clean(@®1) sur-

ce. Eight terraces can be recognized which descend from
e upper right to the lower left edge of the image. The
ection in the lower panel of Fig(d has been drawn along
the line in the image. It reveals that adjacent terraces are
separated by monatomic steps of 1.45 A height. This terrace
and step structure which is found on any real surface is the
result of a slight misculocally about 0.04°, averaged over
the whole sample surface approximately 0.15°) with respect
to the ideal(001) surface. Apart from these step edges the
frame of view is free of any defect. Figuréhl shows the
simultaneously acquired map of the differential conductivity
dl/dU as measured with a Fe-coated tungsten tip. Obvi-
ously, the strength of thél/dU signal abruptly changes be-
tween two discrete levels at any step edges which separates
adjacent atomically flat terraces. This is a result of spin-
polarized tunneling between the magnetic sample and the
magnetic tip. Figure (b) nicely confirms the model of “t
pological antiferromagnetism” as proposed by gliet aI7

f

B. Dislocations

To our experience structural defects are regularly found
even on well-prepared @021 surfaces. These defects may
be complex, but they can always be reduced to a superposi-
tron of the two elementary defects, i.e., screw and step dis-
locations as schematically represented in Figa) and (b),
respectively. Both, screw as well as step dislocations are de-

ed by the so-called Burgers vectorwhich describes the
Ine along which one half of the crystal is displaced. In any
case the crystal is cut along the plaABCD. To create a

screw dislocation all lattice sites on the left side of plane

gABCD are shifted by half of the cubic lattice constant along

AD while the right side is kept fixed. The Burgers vector

be predicted and varies between different experimental run&f a screw dislocation is pointing parallel to the dislocation

At RT, i.e., about 20 K below the N temperature of
bulk Cr of Ty=311 K, different relative tip-sample magne-
tization directions(parallel versus antiparalletypically re-
sult in a change of thdl/dU signal by=<12%. This result
may be surprising, especially in view of the relatively high
reduced temperature/Ty~0.94. We would like to empha-

line BC. If the top plane of Fig. @) is imaged an additional,
semi-infinite step edge appears on the surface at point C. In
contrast, a step dislocatidirig. 2(b)] is formed by moving
the lower left part of the crystal alongB while the upper

left part stays at place. Consequently, the Burgers vd?Lmr
a step dislocation is perpendicular to the dislocation B

size, however, that in the Stoner picture the magnetizatiokffectively, an additional semi-infinite plarfas indicated by

M(T) behaves likeM(T)/M(0)=(1—T/Ty\)?, wherepg is
the critical exponent. AssumingB=0.33 results in
M (293 K)/M(0)=0.4, i.e., atT=293 K the sample still
possesses 40% of its zero-temperature magnetization.

All “topographic” STM images shown below were mea-

the gray ling is inserted into the crystal. If the dislocation
line BC is located sufficiently close to the imaged surface
[top plane of Fig. )] the resulting mechanical strain can-
not relax and the surface buckles by half of the cubic lattice
constant. As we will see in the following, both dislocations

sured in the constant-current mode of operation. The STMnake the magnetic structure more complicated.
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FIG. 1. (a) Topography andb) spin-resolved map of thél/dU signal of a clean and defect free(@01) surface as measured with a
Fe-coated tip. The bottom panels show averaged sections drawn along the line. Adjacent terraces are separated by steps of monatomic height
The measurement parameters dre —150 mV andl =0.7 nA.

1. Screw dislocations wherey(x) is thedl/dU signal measured at positiof Xq is

Figure 3a) shows the topography of a surface area of thethe position of the domain-waly the domain wall widthy,
Cr(001) single crystal with two screw dislocations which are andys are the non-spin-polarized and spin-polarized part of
marked by arrows. Each screw dislocation leads to the forthedl/dU signal. ¢ is the angle between the tip and sample
mation of a semi-infinite step edge which starts at the respednagnetization. The best fits for domain-wall profiles were
tive point of interception of the dislocation line with the achieved with ¢=30° leading to a width ofw;=145
Cr(001) surface plane. The two step edges propagate inta=4 nm andw;=109+3 nm. The width of wall(i) is in
opposite directions. Our results indicate that step edgegood agreement with former results which showed a domain-
which are caused by screw dislocations are oriented almostall width of 120-170 nni:*° As we will see below the
parallel towards other step edges. Thereby, the crossing @fidth of the wall(ii) is reduced because of its close proxim-
different step edges is avoided. ity to the screw dislocation.

Obviously, the resulting terrace-and-step structure of Fig.  Although Fe-coated W tips are usually magnetized per-
3(a) cannot exhibit a perfect topological antiferromagneticpendicular to the tip axis which makes them sensitive to the
order as shown in Fig. 1. The simultaneously recordeqn-plane component of the sample magnetization a slight out-
di/dU map[Fig. 3(b)] reveals that the topological antiferro- of-plane component cannot be excluded. Therefore on the
magnetic order remains unchanged in the upper right angasis of the experimental data shown in Figb)3t is not
lower left corner of the image. The order is frustrated, how-possible to determine whether the observed domain walls are
ever, between the two screw dislocations where a domaiBjoch or Neel walls, i.e., whether the magnetization in the
wall is formed. We have determined the domain-wall widthcenter of the wall is parallel or perpendicular to the wall
by drawing line sections along the lin€s and (i) in Fig.  plane, respectively. It is well known that domain walls in
3(b). The result is plotted in Fig. (8). Both domain-wall  fefromagnetic bulk materials like Fe prefer the Bloch type
profiles exhibit a gradual and slightly asymmetric transitionpecause this avoids any stray field energy due to “magnetic
region with a width of 100-200 nm. The asymmetric shapecharges.® At the surface, however, the magnetization of a
of the domain-wall profile indicates that tip and sample magg|joch wall would produce a magnetic stray field. Therefore
netization are not collinear but canted. ~ the Bloch wall of a ferromagnetic sample is capped with a

A quantitative analysis can be performed on the basis ofgel-type structuré”!® In contrast, the stray field energy
continuum micromagnetic theoty.We have fitted the mea- plays no role in an antiferromagnet like Cr, since adjacent

sured data with a standard domain-wall profile, magnetic moments cancel each other, and other parameters
like, e.g., the surface anisotropy, determine the character of
Y(X) =Yo+Ysp codarccogtant (x—xo)/ (w/2) ]} + ¢), the wall. To our opinion previous experiments indicate that

(2 domain walls found on @001) are Nesl walls: Firstly, it was
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FIG. 2. Schematic representation @ a screw andb) a step © i

. I . ) 80 [ 0
dislocation w, =109 + 3 nm
shown that both the charge-density wa@@DW) and the g L il
spin-density wave(SDW) preferentially propagate perpen- 3 i
dicular to the surface plane in the near surface region. For % L2
example, x-ray scatterifigon Cr001) and scanning tunnel- 3 851 ‘ |

ing spectroscoy on Cr001) reveal that the particular do- 3 & “‘ ki

main with the propagation vector within the sample surface sof  FMEOSIIN e,

is strongly damped. As corroborated by spin-polarized ‘“'}13‘:‘
(SP-STM," this leads to an in-plane orientation of the sur- 75F  w,=145+4 nm e sl
face magnetic moments for the transversal SDW, i.e., at I ‘.."‘\"\“‘I"W\"ﬁ‘\"
Tse<T<Ty. Furthermore, large lateral-scale SP-STM im- s e e ST &
ages revealed that the contrast between adjacent terraces lateral displacement [nm]

does not change for different surface sites indicating that the . .
SDW always pins with an antinode at the surfaten other FIG. 3. (@ Topography andb) magneticdl/dU signal of a

words, the SDW adopts a position such that a maximun‘f:r(oon surface with two screw dislocatiorimmeasurement param-
in-plane value of the magnetic moment is obtained all oveft€rs:U=—150 mV and1=0.7 nA). The magnetic frustration
the C(001) surface, which is consistent with the predicted leads to the formation of a domain wall between the dislocation.

enhanced magnetic moment at the Cr surfdelherefore, € Sections drawn across the domain wall on two adjacent ter-
races along the lines ifb). The fit of the domain-wall profiles result

it can be gxpgcted that th.e magnetization .Wlt’hln the domalri1n wall width of 145 and 110 nm.

wall remains in-plane which then results in aeélevall. A

definite proof requires a tip with an out-of-plane sensitivity. dislocation on a stepped @01) surface amounts to 120-
Up to now any domain wall we have observed was caused70 nm. In analogy to ferromagnetic domain walls this value

by a screw dislocations. As mentioned above the averaged determined by intrinsic material parameters, i.e., the

domain-wall width as measured far away from the screwstrength of the exchange coupling and the magnetocrystalline
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FIG. 4. (a) Topography andb) magneticdl/dU signal of a C(001) surface with a single screw dislocatiomeasurement parameters:
U=-43 mV andl=0.22 nA). The magnetic frustration leads to the formation of a domain wall between the dislo¢ati@itcular
sections drawn at different radii around the center of the screw dislocation.

anisotropy. Obviously, the domain-wall width cannot remaindomain wall which propagates towards the upper side of the
unchanged very close to the screw dislocation where the cimage. Starting at the tail of the arro@ero lateral displace-
cumference becomes comparable with or smaller than theen) we have drawn eight circular line sections counter-
intrinsic domain-wall width. clockwise around the screw dislocation at different ragljj
We have experimentally studied the dependence of théom 75 nm down to 7.5 nm. The data are plotted in Fig.

domain-wall width on the distance from the screw disloca-4(c). In order to improve the signal-to-noise ratio the data
tion at the location of the @01) surface which is shown in have been averaged betwegp, andr .. Apart from the
Fig. 4(a). Approximately 100 nm from the next step edge ashortest circular sectionr {,,=7.5=-2.5 nm) the averaging
single screw dislocation can be recognized in the upper lefivas performed over,,,=5 nm by radially projecting the
corner of the image. The magneti¢/dU map of Fig. 4b) measured data onto the minimal radiug;,. Again, the
reveals that this screw dislocation is the starting point of alomain-wall profiles were fitted with Eq2). However, the
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FIG. 5. (a) Calculated spin structur@Ref. 22 of a screw dislocation (1000750 nm). The inset shows a circular section around the
screw dislocation of thex component of the magnetization measured at an average nagjgs240 nm. This and larger radii result in
domain-wall widthsw being consistent with an infinite domain walb) Circular sections of the calculated spin structugg) (drawn at
different radii around the center of the screw dislocation. Each circular section was fitted wi®) Egray line.

fitting procedure has been performed in two steps. In the firsgius (favg=7.5=2.5 nm) we find an excellent agreement
step, we fitted the eight domain walls independently, i.e.with the experimental data. At an average radiyg
with individual fitting parameterg,, ys,, and¢. Since the =75 nm the domain-wall width is/;=125+3 nm being in
data of the eight domain-wall profiles were taken from aclose agreement with the intrinsic domain-wall width of
single data seftFig. 4(b)], which has been measured with the Cr(001) as determined far away from screw dislocations.
same tipyo, Ysp, @and¢ should be identical for all of them. This may not be surprising as the circumference amounts to
Indeed, a very small scatter was founyy€8.81+0.02, 471 nm which is much larger than the intrinsic domain-wall
Ysp=0.48£0.02, and¢p=—57+2°). In asecond step, the width. However, as soon as, is reduced below 60 nm a
domain walls were again fitted but nowy, ys,, and¢ were  significant reduction of the domain-wall width can be ob-
kept fixed at the average values. The results are shown a&grved although the circumference still exceeds the intrinsic
gray lines in[Fig. 4(c)]. Except for the smallest average ra- domain-wall width: The following values of the domain-wall
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160 = - — width have been founécircumferences in the brackgtsv,
ol ¥ it ATiAiHE distahce > =125+3 nm (471 nm, w,=115+3 nm (408 nm), wy= 94
o +*3 nm (346 nm, w,=73x2 nm (283 nm, ws=61
E T +2 nm (220 nm, wg=45+2 nm (157 nm, w,=24
< 100 i +1 nm (94 nm), andwg=13=3 nm (47 nm). The results
2 clearly show that the domain-wall width is always consider-
§ i T ably narrower than the circumference of the cross section.
z el i We have simulated the spin structure which is formed
E o experiment around a screw dislocation by performing micromagnetic
s 4f —o— simulation T calculation$? The magnetic frustration as produced by a
ol ] screw dislocation was generated by a negative exchange cou-
pling along the lineAB in Fig. 5(a) while keeping the ex-
Gy %0 100 5 change coupling positive elsewhere. The sample has lateral

distance from screw dislocation [nm] dimensions of 1000 nx750 nm and a height of 2 nm. It
FIG. 6. Plot of the experimentally determined and micromag-"@S discretized into cells of 1 nkil nmx2 nm. According

netically simulated domain-wall width in a layered antiferromagnett0 the relationshipw=2/A/k the domain-wall widthw is

in dependence on the distance from a screw dislocation. The intePne-to-one determined by the ra#dk, whereA is the so-
connecting line between the data points serves as a guide for the egalled exchange stiffness andis the effective anisotropy
only. energy density. On the basis of the measured Cr domain-wall

06f @ |1 ]
o3t {5 ]
E 06} (ii) 5 :
= 03} 1
S 00f ] % )
§03 S ]
P — S
8 ool 2 ]
° ;
B — W k
05 = [(iv)
ook ] _

100 200 200

lateral displacement [nm] lateral displacement [nm]

FIG. 7. (a) Topography andb) map of the magnetidl/dU signal of a C(001) surface with a step dislocatigmeasurement parameters:
U=-130 mV and =0.5 nA). The bottom panels show averaged sections drawn along théi)in@e). The topological antiferromagnetic
order of the surface is not distorted by the step dislocation.
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width we, =150 nm we can deduce thac,/ke=5.625
X 10" m?. For instance, we may assume thag,=1
X101 J/m andkce,=1.77x10% J/n?. We believe that in
consideration of the fact that the “Stoner parameteof Cr,

| ,=0.58-0.68 e\?*~? is considerably smaller thatg,
=0.88 eV?® this assumption fol, is justified. Since the =>
magnetic moments of adjacent atoms in antiferromagnets
compensate each other Cr produces no stray field. Therefor

it is not necessary to consider any demagnetizing field.

Our calculations showed that a magnetocrystalline anisot-
ropy with fourfold symmetry, which may be expected on the
(00 surface of a cubic material like Cr, always leads to the
formation of two separate 90° domain walls around a screw™»
dislocation. A similar behavior is also known from cubic
ferromagnetic materials where—in the absence of uniaxial
contributions to the anisotropy—a 180° domain wall tends to
split into two 90° domain wall$® This is in contrast to our
experimental findings which clearly show a single 180° do-
main wall[cf. Fig. 4(b)]. In order to reproduce this result in
the simulations we had to assume an uniaxial effective an-
isotropy. We speculate that—similar to cubic ferromagnetic
materials—the uniaxial effective anisotropy is caused by a
magnetostrictive self-enerd$.Since the domain wall profile
exhibits only one point of inflection we can conclude that the
ratio of the magnetostrictive and the magnetocrystalline an-
isotropy energy densityc=K,o/Kn=—0.5 (Ref. 16, p.
227ff). For a rough estimation we may assume for a moment
that ke,=1.77x 10° J/n? is dominated by magnetostrictive
contributions.  With K e=3C,\%,,,'® where C,~1.4
X 10" N/m? is the shear modulus of Cr, we can deduce
N10g~10 %-10"°, which according to Hubert and Sdka
(Ref. 16, p. 13%is a rather typical value for magnetostric-
tion.

The inset of Fig. Ba) reveals that the chosen material
parameters lead to a domain-wall width that is consistent
with an infinite wall as long as a circular line section with a
sufficiently large average radius =240 nm) is drawn FIG. 8. (a) Topography andb) map of the magnetid!/dU
around the screw dislocation. In some respects the spin strusignal of a Cf001) surface with step and screw dislocatignsea-
ture around the screw dislocation shown in Figa)5re-  surement parametersi=—130 mV andl =0.5 nA).
sembles the magnetic configuration as found in small ferro-
magnetic islands, e.g., circular dots of permalloy withintersection of the screw dislocation with the sample surface
submicrometer siZé?® or small Fe islands on Y¥10.2° causes a change from negative and positive coupling con-
These ferromagnetic particles minimize their stray field enstants (180°) along the lin@B and beyond point A, respec-
ergy by the formation of a magnetic vortex where the magdtively. This frustration may by compensated by a rotation
netization continuously curls around the particle center. Foeither through the out-of-plane or through the in-plane direc-
topological reasons the magnetization in the vortex coretion which is perpendicular to the magnetization direction far
which is about 10 nm wide, must be orientated perpendiculaaway from the screw dislocation. In other words, a perpen-
to the surface. By using SP-STM Wachowiakal?® re-  dicular component is possible but not necessary. We believe
cently proved that the size and the shape of the vortex core that in the case of C901) the surface anisotropy prefers an
governed by only two material parameters, i.e., the exchangi-plane orientation(ii) In contrast to a ferromagnetic vortex
stiffness and the saturation magnetization which determinesore the size and shape of which is governed by only two
the stray field energy. There exist, however, two differencesnaterial parameters, i.e., the exchange stiffness and the satu-
between the spin frustration in an antiferromagnet around &ation magnetization, the latter plays no role in an antiferro-
screw dislocation and the spin structure of a ferromagnetiecnagnet and is to be replaced by the effective anisotropy.
vortex which are of great importance for the resulting spin In analogy to the previously presented experimental re-
structurex(i) In contrast to the ferromagnetic vortex the mag- sults[cf. Fig. 4b)], eight circular line sections which were
netization of which continuously rotates by 360° around thedrawn at different average radii,4 around the simulated
vortex core and which—as no other direction is left—mustscrew dislocatior{point A) are shown in Fig. &). In order
lead to an out-of-plane magnetization in the vortex core, theo quantify the domain-wall width each circular section was

A \E
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FIG. 9. Large scale images of tli@ topography andb) magneticdl/dU signal of a C(001) surface with multiple screw dislocations
(measurement parametets= — 130 mV and =0.5 nA). In(b) the magnetic contrast is much stronger on the righthan on the left side
(Il of the image. The variation of the contrast is caused by two domains which are rotated by 90° towards each other and which are

equivalent on Q©01) with its fourfold symmetry.(c) An analysis of the line sections measured along the lines indicatéd) iallows a
determination of the azimuth of the tip magnetization direction.

fitted with Eq.(2) (gray line. Experimental and theoretical plane, which is inserted into the crystaf. dark line in Fig.
results are summarized in Fig. 6. The excellent agreemerfi(b)] and forms the step dislocation, has migrated to the
between experimental and micromagnetically simulated datgurface leading to its annihilation. Line sections drawn along
confirms that the shape of the spin structure around the screwde rectangles in Figs.(@ and (b) are plotted in the lower
dislocation in a layered antiferromagnet is determined by thganels. A comparison between a normal $tege sectionsi)
exchange stiffnes®\ and the effective anisotropi. The  and ii)] and the relaxed step dislocatifline sections(iii)
small deviation at 20 nmir,, =50 nm may be caused by and (iv)] reveals an identical step height of a 1.47
the elastic deformation of the crystal lattice around the screw. g 93 nm being consistent with the Cr lattice constant. As

dislocation which has not been considered in the Simu"”‘tion%videnced by the magnetit!/dU map in Fig. Tb) every

step edge—irrespective of its origin—leads to a reversal of
the surface magnetization, i.e., the topological antiferromag-
The second distortion of the crystal structure we want tonetic order is maintained.
discuss is a step dislocation. The first hint that step disloca- The topography and the magnetit/dU map of C{001)
tions exist on G001 surfaces was derived from the data as measured on a larger lateral scale is shown in Figs. 8
shown in Fig. 7. The constant current “topography” image in and(b), respectively. Again, a relaxed step dislocation can be
Fig. 7(a) exhibits eleven normal step edges running from therecognized in the upper part of the images. Since this step
upper left to the lower right corner. These step edges aredge is almost parallel with the fast scan direction it is only
crossed by another almost perpendicularly arranged stepeakly visible between the white arrows in the topographic
edge. We relate the latter step edge to a relaxed step disloc#nage [Fig. 8@]. However, the resulting distortion of the
tion. As a result of these crossing steps a double step exists sitirface magnetic structure is clearly observable in the mag-
the point of intersection with kinks in either step edge. Prob-netic dI/dU map [Fig. 8b)]. In addition, a noncontinuous
ably, during the final annealing step the semi-infinite latticestep edge is found between the black arrows in Fig). &t

2. Step dislocations
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this location each individual normal step edge fulfills anA;,=0.44 a.u., differ significantly. On the basis of Kfj) we
slike curvature resulting in a lateral offset which is equiva- can calculate the relative orientation between the tip magne-
lent to one terrace width. Effectively, the surface level in thetization and the magnetization of the two domains which is
lower part of the image is lowered by one half of the Crgiven by the relations

lattice constant. We believe that this structural feature is

caused by a relaxed step dislocation, but in contrast to the Ay

step dislocation shown in Fig. 7 the step edges are smoothed, tanalle ©
possibly to remove energetically unfavorable kink sites. In

spite of this structural defect the surface magnetic structuréd

of Cr(001) strictly maintains its topological antiferromag- g+ ap=90°. (4)

netic order as can be seen in FigbB This result confirms
our earlier finding that the antinode of the Cr spin-density. . B R B R
wave is strongly pinned to th@01) surface'® More compli- We Oﬁta'net.d””_ 25.8t4.5t %nda%h_ 64'.2(;?‘6 ' 'It'hef rFe_sng
cated structures are found in the middle part of Fig. 8 wherd> Schemalically represented in the middié part o @”)
two obtuse angled~155°), about 500-nm-long step dislo- with the tip as a plack uprlght arrow and the orientation of
cations are visible. A screw dislocatid¢aircle) can be found the sample domains as white arrows and error margins.

at each end of a step dislocation.
IV. SUMMARY

C. Domain issues In summary, we have imaged the surface spin structure of
Cr(001) and the effect of screw and step dislocations on it.
As bee Cr has a fourfold symmetry two degenerate dogcrew dislocations were found to cause domain walls. At
mains of the topological antiferromagnetic order with an Ori-sufﬁcienﬂy large distance from the screw dislocation
entation perpendicular to each other are possible. Since Sli’> 60 nm) the domain-wall width amounts to 120—170 nm.
STM is sensitive to the projection of the surface at smaller distances narrower domain walls were found. The
magnetization onto the tip magnetizatifwt. Eq.(1)] sucha  gpin structure around a screw dislocation in(@GD) was
domain formation would generally lead to two different dark/ sjmylated by micromagnetic calculations using an uniaxial
pnght m_tensmes. Only the.unhkely case that thg tip magne-gffective anisotropy which is probably caused by a magneto-
tization is rotated by 45° with respectbothdomains would  grictive self-energy. An excellent agreement between the
result in the Same signal strength. Previous SP-STMneasured and the simulated data was found indicating that
measurements® never showed such domains. The explanathe width and the shape of the spin frustration around the
tion could be a single domain state of the entire sample Ojis|ocation is determined by two material parameters, i.e.,
domains being much larger than the scan range. Indeed, rgye exchange stiffness and the effective anisotropy. In the
cent magneuc3 x-ray-diffraction microscopy measurementgase of step dislocations, irrespective of whether they are
by Evenset al®® which have been performed aroude  straight or exhibit ars-like bending, the topological antifer-
revealed domain sizes from tens to hundredg.of. romagnetic order is strictly maintained. In some rare cases
Meanwhile, in some rare cases we have also found evigrge scale images show a change of the spin-polarized part
dence for the existence of degenerate domains on cleas the tunneling current which is probably caused by the

Cr(001). For example, the constant currentimage of Fi@ 9 fourfold symmetry of the G001) surface.
shows the topography of a particular location of the Cr single

crystal with numerous steps and screw dislocations. Two dif- ACKNOWLEDGMENTS
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