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Magnetism of nanoscale Fe islands studied by spin-polarized scanning tunneling spectroscopy
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We have performed low-temperaturé= 15 K) spin-polarized scanning tunneling spectroscopy of nanos-
cale Fe islands with a height of two atomic layers, grown on a steppdd ®Vsurface and surrounded by a
closed monolayetML) Fe. These islands are single domain particles up to a coverage of 1.5 pseudomorphic
ML and keep an antiferromagnetic out-of-plane ordering far beyond the onset of their coalescence. For small
islands we observe a reorientation to in-plane magnetization between 2 and 3 nm island width due to exchange
coupling to the in-plane magnetized ML.

DOI: 10.1103/PhysRevB.63.140407 PACS nuni®er75.70.Ak, 07.79.Cz, 75.60.Ch

The investigation of magnetic nanostructures has beearientation transition of small DL islands to in plane, driven

brought into focus both by the demand for high density magby exchange coupling to the in-plane magnetized ML.
netic data storage media as well as to gain improved insight The experiments have been performed in an ultrahigh
into the magnetic phenomena governing systems of reducedcuum system consisting of separate chambers for substrate
dimension. In the past, nanomagnetic systems have been ipteparation, metal vapor deposition, surface analysis, sample
vestigated intensively by laterally averaging techniques, oftransfer, and cryogenic STMT(mye Tip=15 K).° The
ten assisted by scanning tunneling microscépyM) for a  base pressure in each chamber is in the low't@orr range.
structural and electronic analysis. With such an approachlhe W(110 substrate crystal is miscut by 0.5° leading to a
however, details of the magnetic domain structure remai€race width of~25 nm. The Fe films were grown at RT
unknown and a correlation of structural and magnetic prop!Ref- 7 at a rate of 0.6 ML per minute and transferred into
erties is difficult, if possible at all. In contrast, spin-polarized e STM without annealing. We used etched W tips which
scanning tunneling spectroscop$P-STS has been devel- were fIashedn vacuq then magnetically coated with=8L
oped as a reliable tool to investigate magnetism down to th&fL Gd ;Nh'le held %t RT, fsubze.quen;c]ly anneale_d Bt
atomic levet and thus allows to simultaneously access andA” 55? Kdor 4hm|n, gnRt;ar;sgge w;todtv\? fryogemc SEM'
correlate the sample’s structural, electronic, and magnetigS aiready shown in Ret. - coate lps, prepared as

roperties on a nanometer scalés a model system for such gscnbed above, exhibit &t=15 K a magnetization perpen-
brop o . Y . - _dicular to the surface plane. The tunnel current thereby be-
an investigation we regard ultrathin pseudomorphic Fe film

. . Tomes sensitive to the out-of-plane component of the surface
on W(110 in a coverage regime around 1.5 monOIayerSmagnetization.

(ML).** Room temperaturéRT) growth of Fe on W110 In the first experiment we investigated the spin-dependent
leads to doublelaygDL ) islands surrounded by a single ML gjectronic structure of the surface by means of SP-STS. Fig-
Fe, with island sizes of a few nanometers. For this systenyre 1@ shows a constant current image of 1.4 ML Fe/
Weberet al® suggested a model of spatially switching an-y(110). On top of a nearly closed ML anisotropic islands of
isotropy where the easy axis of magnetization changes digshe second layer have nucleated. Figufb) Hisplays aver-
continuously from in-plane in the ML to out-of-plane in the ageddI/dU spectra taken above the sites marked in Fig.
DL islands. From the competition of anisotropy and ex-1(a). ML and DL spectra exhibit characteristic peakstat
change energy a complex magnetic ordering is to be ex=+0.4 V andU=+0.69 V, respectively, at the same ener-
pected, the details of which could, so far, not be investigategjetic positions as measured with bé&nenmagnetic\W tips?
directly. At negative bias the spectra are dominated by the tip’s den-
In the present work we report on the direct imaging of thesity of states, since here the spectra varied considerably from
magnetic domain structure of nanoscale Fe DL islands suttip to tip.2 On the DL we found two distinct types of spectra,
rounded by a single ML Fe, grown on (MO at RT in a  represented by sitd andB. Since these sites are identical in
total coverage regime between 1.2 and 2.1 ML Fe by meantheir (spin averagedelectronic structure—as known from
of SP-STS. We observe an antiferromagné8&M) order-  measurements with bare W tipsot shown—we can safely
ing of DL islands with a magnetization direction perpendicu-conclude that the difference between spectra of #p&dB
lar to the surface. This ordering persists up to a coverage dé a pure magnetic effect, caused by spin-polarized tunneling.
2.1 ML, well above the onset of island coalescence andrrom the known orientation of the tip magnetization we con-
strain relaxation. Whereas small islands are in a single doslude that the two DL islands are magnetized up and down,
main state, extended islands beyond a length=80 nm  respectively, perpendicular to the surface. In Fi¢c) e
exhibit domain walls which are always oriented along thehave plotted the lateral distribution of tltd/dU signal at
[110] direction. A detailed analysis of the data reveals a vanU= —0.25 V using a linear gray scale. For this particular tip
ishing of the magnetic out-of-plane contrast for islands bethis bias voltage yields a maximum contrast with an effective
low 2—3 nm island width. This result is explained by a re-spin-polarization of the tunnel junction oP.s=0.45,

0163-1829/2001/634)/1404074)/$20.00 63 140407-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

KUBETZKA, PIETZSCH, BODE, AND WIESENDANGER PHYSICAL REVIEW B3 140407R)

O DLsiteA (b)
@ DLsite B -
ML site C

H
-

w
—

dl/dU signal [nA/V]
A N

o

FIG. 1. (a) Constant current imaggartially differentiated of
1.4 ML Fe/W(110. (b) Averaged spectra taken at the marked sites§
in Fig. 1(a), tip stabilized atU=0.9 V, I=1 nA. On the DL two |
distinct types of spectra®(andB) exist due to spin-polarized tun- #
neling, corresponding to parallel and antiparallel configurations o' ##
tip and surface magnetizatiofc) Correspondingdl/dU signal at
U=—0.25 V. The ML appears gray whereas the DL areas exhibit z[§
two-stage contrast corresponding to an up and down magnetizatio {,

defined as the(voltage dependentasymmetry P.#(U)
=[dI/dUx(U)—dI/dUg(U)]/[dI/dU(U)+dI/dUg(U)].
The ML appears gray, whereas the DL areas—islands as we
as stripes at the W step edges—exhibit a two-stage contras
corresponding to an up and down magnetization. Note the@%
the intermediatedl/dU signal of the ML is not a result of

=+0.69, e.g., the DL areas exhibit an inverted contrast an ¥
the ML appears darkest, due to its low differential conduc- it { I3 A '
tivity at this bias voltagé. FIG. 2. Constant current imagékeft) and simultaneously re-

In a second set of experiments we investigated the depemerdeddl/dU maps (right). 1.2 ML (U=-0.4 V) and 1.3 ML
dence of the magnetic structure upon Fe coverage. Instead @f = —0.8 V): all DL islands are in a single domain state with the
taking full spectra as described above, we measured maps wiagnetization pointing up or down. An exception is marked by an
the d1/dU signal at specific bias voltages only, which were arrow. Small islands exhibit intermediate gray levels due to a reori-
chosen separately to optimize the magnetic contrast. Wentation to in plane. 1.6 ML= +0.7 V): Dislocation lines are
thereby increased the lateral resolution and reduced the me¥sible (see ovalsas well as small patches of the third layer. Two
surement time by a factor of 20. Simultaneously we recordedomain walls oriented alonfl10] are marked by arrows. 2.1 ML
constant current images to allow a direct comparison witdU=—1.0 V): The DL is nearly closed and the third layer contri-
the sample’s topography. Figure 2 shows a sequence of coRution |s.substant|al. Nevertheless, an out-of-plane AFM ordering is
stant current imagesleft) and simultaneously acquired Presentin the DL.

d1/dU maps(right) with an Fe coverage from 1.2 up to 2.1 jntermediated|/dU signal, a finding we will discuss in detail
ML. At 1.2 ML all DL islands are in a Slngle domain state. later. Also at 1.3 ML we observe an 0ut-of-p|ane AFM or-
They display a two-stage contrast corresponding to an oufgering with the islands as single domain particles. There is,
of-plane AFM ordering. Small islands, however, show anhowever, one exception to this rule for an island with a con-
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striction (see arrow. Here a domain wall is found right at the o experiment O theory (a)
constriction where the domain-wall energy is minimal. Fur- 2R RN

thermore, the magnetic structure of the island ensemble is —292
not completely random. Chains of parallelly magnetized is-
lands are found along the step edges, reminiscent of the
AFM coupled DL wires investigated in Ref. 2. This ordering

is obviously a result of ferromagnetid=M) coupling be-
tween the islands which is mediated by exchange coupling to
the DL stripes that have grown at tiéstep edges. This kind

of magnetic structure becomes even more pronounced at 1.6
ML. At this coverage island coalescence has started and ex-
tended islands display misfit dislocation lines oriented along

dI/dU signal [arb. units

[001]. We marked two such islands by ovals in the topogra- 10F— ™ b
phy image. The dislocation lines are also visible as white 08F —]

. . . . S06F -60 ?
lines in thedl/dU map due to their local influence on the 5 04l 8 fifii 1.3
electronic structure. In contrast to lower coverages domain 02f A ¥ e
walls are present in islands beyond a length=@0 nm even 00F | TstMLFe EN

in the absence of constrictions. They are always oriented = w2 o

along[110] with a wall width of 71 nm. We suggest these . .

domain walls to be Bloch-type walls with the magnetization ~FIG. 3. (&) Averagedl/dU signal of DL islands(gray squares

within the wall pointing alond110] which is the easy direc- VS island widths alon§110]. A vanishing of magnetic out-of-plane

tion of the closed DL at elevated temperatlfré'srvo domain  contrast is observed with decreasing width at 2—3 nm. Calculations

walls are marked by arrows. The lower one crosses a disldSicles suggest a transition to in-plane magnetization at 2.4 nm.

cation line on which third layer patches have nucleated. SurlN€ Inset showsil/dU map and topography for islands with three

prisingly, the appearance of dislocation lines and the accomq'Stht magnetization directiongb) Calculated magnetization di-
ied ’ tial rel f misfit strain h detectabl rectionp(x) (gray curve and its singblack curve as a function of

panied partial release of misfit strain has no detectable Lo S o DL

influence on the magnetic domain structure. We observe nei-

ther a loss of out-of-plane contrast nor any local interaction. . .

of dislocation lines and domain walls. At 2.1 ML the secondn[Ion over the island area. Beyond 4 nm width a strong two-

; : tage contrast is displayed correspondin@tg~0.45. This
layer is nearly closed except for trenches running roughlf : .
along [001]. Lines of third layer patches have nucleated cONtrast vanishes between 2 and 3 nm width anditidU

along the same direction. Nevertheless, tiédU map re- signal then stays constant within our measurement accuracy

veals that out-of-plane AFM ordering is still present in theat ?2 'Eﬁ;gg?;ﬁge tlﬁi\;elr.esult we performed micromaanetic
DL, with domain sizes governed by the substrates terrace P 9

width, i.e., 25 nm. These results are different from those incalculations in the spirit of Ref. 10. Taking inta account

Refs. 3 and 4. Elmerst al. observed in-plane FM ordering exchange and anisotropy energy only and neglecting the fi-

for coverages®>1.5 ML at T>115 K and Sandeet al nite island length alon§001], we searched for one dimen-

found in-plane FM ordering for the full range of coverage sional functions of the magnetization angx) that mini-

_ ; -~ mize the energy integral across a single DL area of wadth
from 0.8 to 2 ML atT=140 K. The perpendicular magneti \élith the DL betweerx=—a and 0 andp=0 corresponding

zation we observe at 2.1 ML despite island coalescence a in-plane magnetization, the relevant integration extends
presumably magnetic percolation is, however, in agreeme%fom Ealz 0 Oo_9 ) g

with perpendicular domains we observe for annealed films o
the same coverag@ot shown. A possible explanation for
the discrepancy is an enhanced perpendicular anisotropy at r —ZJO (A 2t<d—
DL™ a DL
low temperatures. -7 dx
Utilizing the high spatial resolution of SP-STS we have
performed a detailed analysis of the size dependence of the
magnetization of the DL islands. The inset of Figal3shows I ZJ’w[AMLt(d—(P
two small islands displaying an intermediad&/dU signal 0 dx
(left) and the corresponding topograpkyght).® From the
model of spatially switching anisotropya reorientation of HereA is the exchange stiffnesk the anisotropy constant,
island magnetization to in plane is expected below a criticarnd t=2 A is the layer thickness. We parametrized test
island size, driven by exchange coupling to the in-plandunctions in a way that they automatically satisfied the
magnetized ML. In order to verify this prediction quantita- boundary conditions and numerically calculated the set of
tively we plotted the averagdl/dU signal of ~140 free  parameters minimizin@'p, + 1"y for a number of widths.
standing DL islands vs their width alongl10] for the = We used the boundary conditiors (—a/2)=0, ¢()=0,
sample of 1.3 ML coverage presented in Fig. 2. The result iso(07)=¢(07), ande’ (07)=2Ap, /Ay ¢'(07). The last
shown in Fig. 8a) with each gray square corresponding to acondition ensures a continuous torque at the boundary be-
particular island. The error bar represents the standard devilween ML and DL, with a factor of 2 arising from the dif-

2

+Kp 2t cos%]dx (1)

2
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ferent layer heights. The anisotropy constants have been déie calculated magnetization directigiix) (gray curve and
termined experimentally td,, =5x10° Jm 2 and Kp, its sine(black curve for a width ofa=6 nm. Since for an
=1x10° Jm 3.2 For an estimate oAy, we utilize the out-of-plane magnetized tip thl/dU signal is proportional
domain-wall widthwp, =7+1 nm as observed by SP-STS. to the sine of the magnetization angle the black curve is the
With the equationwp, =2\Ap /Ko, We get Ay =1.25 One as measured by SP-STS. It agrees with the experimental
%10 Jm L. The exchange stifiness of the ML is chosen data in the way that thdl/dU signal appears rather flat on
to Ay, =1.25<10 2 Jm ! to achieve a good agreement the DL and we do not observe any magnetic contrast in the
with the experimental data. In Fig(s we have plotted the ML in the vicinity of the DL islands. We therefore assume
sine of the magnetization angle in the middle of the DL aream?etrgsergﬁa';[/'lcl)_natnaé(eDstlace in a very narrow region at the
sing(—a/2), vs the widtha (white circles, with the dashed In summary, we havé imaged the magnetic domain struc-
grid lines corresponding to 0 antl1, respectively. The cal- Y, Imag 9 )

) o : ture of Fe DL islands which are surrounded by a single ML
culated values display a transition to perfect in-plane MagNe&=. " \va observed out-of-nlane AEM ordering in the full
tization in the DL ata.=2.4 nm, in good agreement with the __~ p . 9

) . ; range of coverage from isolated DL islands at 1.2 ML up to
experimental data. The scattering of experimental values be-

. . ! . anearly closed DL at 2.1 ML. For small islands we observed
tween 2 and 3 nm is not surprising, since the energy differ-

. ) . 27 a vanishing of the magnetic out-of-plane contrast at 2—3 nm
ence between in-plane and a slightly tilted magnetization be- . ; . . .

. 7 o . island width, a result we explain by a reorientation transition
comes very small in the vicinity of the critical width, and the |~ . . . |

.~ 1o in plane, driven by exchange coupling to the in-plane

actual angle therefore depends on the exact local configura- :
. ) i X magnetized ML.
tion, like, e.g., island shape and local stray field. Further-
more, we only considered a symmetric boundary condition We are indebted to the mechanical workshop’s expert-
with the ML magnetized parallel on both sides of the DL. In ness and gratefully acknowledge financial support from the
an antiparallel configuration, however, the magnetizatiorDeutsche Forschungsgemeinsch@trant No. Wi 1277/3
must rotate via 90° in the DL which might explain some the GIF(Grant No. |-550-184.14/97 and the BMBFGrant
deviations observed for small isIan%stigure 3b) shows No. 13N 7647.
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