at the blue end of the spectra, and because the
historical spectrum did not include the SiIV
line. We also derive from the digitized Palomar
Observatory sky surveys (20) a differential pho-
tometric variation of 0.11 * 0.45 magnitude.
The large error bar may be due to the plate
quality and the slight difference in the band-
passes at the two epochs.

For PKS 042413 [z = 2.17, My = -28.6
(19)], the spectrum obtained on 16 February
1990 shows the CIV line to be 25% stronger
than on 20 December 1998, whereas Lya is
~10% stronger in 1990 than in 1998. The
line EW ratio CIV/Lya is thus 14% larger in
1990 than in 1998. In addition, the CIII] line
shows little variation in this object. The CIV
line variation is thus constrained from both
ends of the spectrum, ruling out the possibil-
ity that the observed line variation is caused
by continuum shape variation in this object.

Both MRC 0238+100 and PKS 0038—
019 are lobe-dominant with clear double-
lobed radio structures (22). The ratios of core
to total radio flux density of MRC 0238+100
and PKS 0038-019 at rest frame 5 GHz are
0.098 and 0.067, respectively (23). The lobe-
dominant radio structure of PKS 042413 is
implied by its steep radio spectrum (24). We
do not expect to see the variable blazar con-
tinuum at such large implied viewing angles
away from the beam. Although some large
apparent emission line variations have been
reported in core-dominant quasars with large
continuum variations [e.g., an EW change of
68% in CIV and 82% in CIII] for 3C446
(18)], no large line ratio variations compara-
ble to the cases of MRC 0238+100 and UM
556 have been reported so far, except for the
low-luminosity AGN NGC 5548 [e.g., (25),
where a Hell (468.6 nm) flare was interpreted
as an accretion event]. We also note that
because 90% of quasars are radio-quiet, some
of them have inevitably been observed more
than once, yet no large line ratio variations
have been published (26).

Our observations offer support for the uni-
fied scheme for radio-loud quasars. The
emission line variations provide the most di-
rect evidence for the existence of violent
blazar outbursts in every radio-loud quasar.
Similar ideas can be applied to other jet-disk
systems such as gamma-ray bursts and pro-
tostars. In addition, the disk-wind model for
the broad line—emitting clouds, with the
winds blowing off the accretion disk by ra-
diation pressure (27), is challenged because it
does not include any gas in the polar regions.
Another widely adopted model, the stellar
atmosphere model for the BELR (28), has
been challenged by emission line profile
studies (29). Hence, other explanations for
the origin of BELR gas may be needed. Fi-
nally, our results suggest that radio-loud qua-
sars should be excluded when studying cos-
mology via the Baldwin effect [the inverse
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relation between EW (CIV) and continuum
luminosity (30)]. Reducing the scatter in this
relation is critical for using quasars as lumi-
nosity indicators (3/), whereas radio-loud
quasars introduce extra scatter as a result of
their hidden blazar activity.
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Observation of Magnetic
Hysteresis at the Nanometer
Scale by Spin-Polarized Scanning
Tunneling Spectroscopy

O. Pietzsch,* A. Kubetzka, M. Bode, R. Wiesendanger

Using spin-polarized scanning tunneling microscopy in an external magnetic
field, we have observed magnetic hysteresis on a nanometer scale in an ultrathin
ferromagnetic film. An array of iron nanowires, being two atomic layers thick,
was grown on a stepped tungsten (110) substrate. The microscopic sources of
hysteresis-in this system—domain wall motion, domain creation, and annihi-
lation—were observed with nanometer spatial resolution. A residual domain
6.5 nanometers by 5 nanometers in size has been found which is inherently
stable in saturation fields. Its stability is the consequence of a 360° spin rotation.
With magnetic memory bit sizes approaching the superparamagnetic limit with
sub—10 nanometer characteristic lengths, the understanding of the basic phys-
ical phenomena at this scale is of fundamental importance.

The investigation of magnetic nanostructures
has been hampered by the lack of magnetic
imaging techniques with an adequate spatial
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11, D-20355 Hamburg, Germany.
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resolution [for an overview on the relevance
of such structures see, e.g., ()]. A scanning
tunneling microscope is expected to be the
ultimate microscopic magnetic investigation
tool if the tip itself is a source of spin-
polarized electrons (2). First reports on spin-
polarized scanning tunneling microscopy
(SP-STM) 10 years ago (3, 4) have shown
that the use of magnetic probe tips provides
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an appropriate approach in achieving this goal.
More recently, the in-plane magnetic domain
structure of nmanometer-scale Gd islands and
also perpendicularly magnetized nanostructures
have been resolved utilizing.tunneling tips with
a ferromagnetic thin-film coating in conjunc-
tion with a spectroscopic mode of STM opera-
tion (5, 6). Moreover, SP-STM has recently
provided first atomic-resolution real-space im-
ages of an antiferromagnetically ordered Mn
monolayer (7) demonstrating that STM-based
magnetic imaging has become a mature tech-
nique. Nanometer-scale magnetic imaging is
particularly challenging if a strong external
magnetic field is to be applied to the system
under study, a condition being, in general, pro-
hibitive for microscopy techniques relying on a
yield of secondary electrons. Acquisition of
hysteresis curves of thin films remained mainly
the realm of techniques using polarized photons
as a probe such as magneto-optical Kerr effect
measurements, which, even if applied as a mi-
croscopy method, suffer from an appropriate
spatial resolution owing to the limit of optical
wavelengths. It is clear that the signal obtained
is spatially averaged over a considerable frac-
tion of the surface. In magnetic transmission
X-ray microscopy strong variable magnetic
fields can be applied to the sample, and a
resolution better than 100 nm has been
achieved (8). A comparable resolution has been
obtained in both Fresnel and Foucault micros-
copy in external fields up to ~1 T (9). Also,
arrays of magnetic elements as small as 200 nm
by 40 nm have been observed at different stages
of a magnetization cycle using various modes
of Lorentz microscopy (/0). Ballistic electron
magnetic microscopy (BEMM) has recently
been introduced as a new method for domain
observation (//-13). A nonmagnetic STM tip
is used to locally inject a current into a trilayer
consisting of two thin ferromagnetic films
separated by a non-magnetic spacer layer de-
posited on a semiconductor substrate. As bal-
listic electron transport into the semiconduc-
tor is enhanced (reduced) for regions of par-
allel (antiparallel) magnetization alignment
of the ferromagnetic films BEMM images
display maps of the relative orientation of the
magnetic films as a function of the tip posi-
tion. This technique has been used to study
the magnetization reversal in nanostructures
at ~50 nm resolution.

We report an SP-STM study of the effect of
an external magnetic field on the magnetic do-
main structure of a self-organized array of Fe
nanowires grown pseudomorphically on a
stepped W(110) single crystal. A similar system
has been investigated by magneto-optical Kerr
effect measurements (/4), i.e. by a spatially
averaging technique which is unable to resolve
the underlying nanometer-sized domain struc-
ture. We present a detailed study of the changes
the domain structure undergoes in an applied
field. The images obtained allow direct extrac-
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tion of a hysteresis curve based on information
acquired at the nanometer scale. Moreover, we
imaged the processes behind hysteresis, i.e. do-
main wall motion, domain creation and annihi-
lation. A stable residual domain is found which
is, due to its small size, inaccessible to imaging
methods other than SP-STM.

The experiments were performed in an
ultrahigh vacuum STM system especially de-
signed for magnetic imaging, equipped with a
2.5-T superconducting magnet (/5). Details of
the preparation and the structural and magnetic
properties of sample and ferromagnetic STM
tip are described elsewhere (6). In short, an Fe
film with a nominal thickness of 1.65 pseudo-
morphic atomic layers was deposited onto a
stepped W(110) single crystal held at 450 = 50
K. This preparation leads to step-flow growth
resulting in a system of stripes of alternating
monolayer (ML) and double layer (DL) thick-
ness which extends along the W terrace steps
(14). Although the ML stripes are magnetized
in the sample plane with the easy axis along
[110], the DL stripes exhibit a perpendicular
easy axis with an antiparallel coupling of adja-
cent DL stripes resulting from dipolar interac-
tion (6, 14, 16). The structural periodicity of the
DL stripes is determined by the miscut of the

underlying W substrate and amounts to 9 nm on
average. At the chosen coverage, the DL stripes
have an average width of W = 5.8 nm and a
variation of local widths between 10 nm and
less than 2 nm. We used a W STM tip coated
with 8 = 1 ML of Gd. The tip is then magne-
tized along its axis, i.e. perpendicular to the
sample plane. In all measurements, tip and sam-
ple had a temperature of 7 = 145 = 1 K.
Evolution of the DL magnetic domain
structure as a function of a variable magnetic
field applied perpendicular to the sample
plane is shown in 12 frames selected from a
series of 24 images (/7). The scan range is
200 nm by 200 nm. The signal providing the
contrast is the differential tunneling conduc-
tance dZ/dU which is acquired by a lock-in
technique simultaneously to the topographic
image [not shown here; for details of the
imaging process, see (3, 6)]. At the chosen
bias voltage of +700 mV, the ML areas
exhibit the lowest differential conductance
and appear black in all the images. In DL
stripes a two-stage contrast is observed, the
latter being of magnetic origin. Using a fer-
romagnetic probe tip, the spin valve effect
can be exploited as a contrast mechanism: the
differential conductance will be different at

Fig. 1. Twelve images selected from a series of 24 taken at field values as indicated (77). Scan
range is 200 nm by 200 nm. Because of the growth conditions (see text), a system of
alternating ML and DL Fe stripes emerges on the W terraces. When measured with a
ferromagnetic probe tip with perpendicular anisotropy, DL stripes show a two-stage contrast
in the conductance map. It arises from the out-of-plane magnetization of DL stripes, being
either parallel or antiparallel to the tip magnetization (spin valve effect). As a guide to the eyes,
a dislocation line (a) is marked. Dark domains progressively vanish as positive field increases,
and at saturation, only bright domains remain. High remanence is observed. A small negative
field of —50 mT is sufficient to switch the tip magnetization whereas the sample stays almost
unaffected. A contrast reversal results [compare (v) and (vi)]. At negative saturation, all stripes
are once again bright (viii). Circles (b} and (c) refer to the enlarged views given in Figs. 3 and
4. Tunneling parameters: / = 0.5 nA, U = +700 mV.
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sample locations having a magnetization par-
allel to the tip magnetization as compared to
locations being magnetized antiparallel.
Thus, given an appropriate anisotropy of the
tip, a d//dU-map provides an image of the
magnetic domain structure of the sample.

In the magnetic virgin state of the sample
[Fig. 1(i)], the antiparallel order of the DL
areas shows up as alternating white and red
stripes (in the following, the DL contrasts
will be referred to as bright and dark). Within
the frame, 15 domain boundaries can be seen,
and a certain tendency to form spatial corre-
lations of domain walls among neighboring
stripes in a checkerboard manner is found.
The widths of the walls confirm the previous-
ly reported result of 6 = 1 nm (6). As the
overall distribution of bright and dark DL
areas is balanced, the sample is macroscopi-
cally demagnetized.

Panels (ii) to (xii) show the development
of the domains as a function of the external
magnetic field. With increasing positive field
bright areas grow at the expense of dark areas
until, at +400 mT, almost all dark DL areas
have vanished indicating saturation [Fig.
1(iv)]. So far, we can identify bright areas as
being magnetized parallel to the external
field, i.e. up (1), whereas the dark domains
are magnetized down (| ). High remanence is
observed [Fig. 1(v)].

Taking the step from remanence to —50
mT [Fig. 1, (v) and (vi)], a change takes place
in the distribution of bright and dark. The
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Fig. 2. Hysteresis curves obtained from the
distribution of bright domains (A) and stripes
with +z magnetization (1) (B). The butterfly
curve in (A) shows properties of the complete
tunneling junction consisting of two ferro-
magnetic electrodes, whereas the curve in (B)
displays only sample properties. Arrow sym-
bols in (A) indicate the relative alignment of
tip and sample magnetization. Roman num-
bers at solid circles correspond to the images
shown in Fig. 1.
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contrast of all DL stripes is reversed. This is
explained by a switching of the tip’s magne-
tization by the extemal field from (1) to (|)
while the sample remains almost unaffected.
As a consequence, at (1) domains the tip-
sample configuration is changed from (71) to
(I1), and the opposite happens for (|) do-
mains where (1)) is changed to (}{).

A further field increase in —z direction
leads again to a growth of bright DL domains
until, at —400 mT, saturation in the negative
direction is reached, again with no dark do-
mains left [Fig. 1(viii)]. At +50 mT, the tip
has switched again [Fig. 1(ix)], symmetrical
to the previous switching event, and the effect
on the images is analogous. This observation
allows an estimation of the coercive field for
the Gd tip, p,H &P < 50 mT.

By evaluating the bright DL stripe length
percentage we obtain the butterfly hysteresis
curve displayed in Fig. 2A. The shape of this
curve results from the fact that two ferromag-
netic electrodes are involved, namely tip and
sample. Taking the effect of tip switching into
account pure sample properties can easily be
separated. They are represented by the second
hysteresis curve (Fig. 2B) which displays the
percentage of (1) domains as a function of the
applied field. A remanence-to-saturation ratio
M/Mg ~ 0.98 is observed. The sample coer-
civity is p HE™' ~ 200 * 50 mT. The cor-
responding domain structure is shown in Fig.
1(x). Comparing this frame to the initial demag-
netized state [Fig. 1(i)], we observe that the
detailed magnetic order of the stripes has
changed significantly. No domain wall can be
found at its initial location. This is not surpris-
ing, because the existence of a hysteresis is
already a consequence of the irreversibility of
the remagnetization process. The initial contrast

pattern alternating from one stripe to the next is
replaced by an occurrence of bunches of two,
three, or even four stripes of the same magne-
tization next to bundles of stripes of opposite
magnetization. The dipolar order has coarsened
significantly, attributed to the different history
of these demagnetized states. The initial order
was formed when the sample was cooled down
from its growth temperature to 14.5 K. At the
DL Curie temperature 72% = 300 K (/8), the
thermal energy is of a magnitude comparable to
that of the magnetization-related energy contri-
butions. This supports the formation of a fine-
sized equilibrium order such that the stray field
energy is minimized. This effect of thermal
energy is greatly reduced at low temperatures.
The virgin state emerged from a transition from
the paramagnetic phase with no magnetic order,
whereas coercivity was preceded by saturation
with all domains perfectly aligned, i.e., maxi-
mum magnetic order.

The general shape of the hysteresis loop of
Fig. 2B is not a simple square loop but shows a
slope. It is clear that the magnetic reorientation
does not take place in a single jump from one
saturated state to the opposite one but progress-
es successively. Except for the weak spatial
correlations of domain walls mentioned earlier
caused by dipolar interaction, the DL stripes are
found to be effectively decoupled even by ML
stripes as narrow as ~1.5 nm. Every single
stripe is remagnetized individually. Two mech-
anisms of remagnetization are observed, do-
main creation and domain wall motion. Wall
motion is restricted to the direction along the
stripe. Both mechanisms are illustrated in Fig.
3A, taken at the location marked (b) in Fig. 1.
Two new domains (a) and (b) are created. Be-
cause the spins have to rotate continuously at
both domain ends, the sense of rotation within

Fig. 3. (A) Creation and
annihilation of do- yf‘ -
mains. Two new bright
domains, marked (a) pinned ¢)
and (b), are being cre- 0
ated, bounded by Bloch - }
walls. The lower wall of -% ‘a
(a) moves toward (b), N
and the trapped dark . D
area shrinks. The last moving ‘) \b
dark portion is marked —
by an arrow in (iii),
immediately before it it |
gets annihilated. (B) — g
Sketch of the magne- pinned q)
tization reorientation <D
process roughly at the ¥ |
stage of panel (ii) (side e il
view, not to scale). & |
Arrows indicate the <D [
magnetization  direc- moving v
tion. Note the vector T . o
orientation at the wall ——
centers, all intin
mtothe same drectioe. |A 100 150 200 250mT| B
The new domains will
again be annihilated on field reversal.

www.sciencemag.org SCIENCE VOL 292 15 JUNE 2001

2055



2056

the two Bloch walls bounding a new domain
must be opposite, namely +180° and —-180°
(Fig. 3B). With increasing field, the lower wall
of domain (a) moves toward domain (b). Final-
ly, (a) and (b) merge, which is equvalent to an
annihilation of the dark domain trapped be-
tween them. In panel (iii), the last dark portion,
marked by an arrow, is visible just before it
vanishes. From the viewpoint of the dark do-
main, its bounding walls get unwound. On field
reversal, the new bright domain will also be
annihilated because the same arguments apply.

In Fig. 1, (ii) through (iv), a dark spot
marked (c) is present which is a relict of the
dark domain visible in Fig. 1(i). This spot
retains its size and position regardless of the
increasing field and serves as a nucleation
center for an extended dark domain in this
particular wire at decreasing field [Fig. 1(v)].
An enlarged view of this small domain, taken
at +400 mT, is presented in Fig. 4A. Its
surprising stability can be understood in the
following way: Due to the increasing field a
dark domain has shrunken. Its two domain
walls approach each other and end up in
direct contact. However, the domain can only
be annihilated if the sense of rotation inside
its bounding walls is opposite. This was the
case in the previously discussed example. If,
on the other hand, both walls exhibit the same
sense of rotation the result is a total spin
rotation of 360° which is inherently stable in
an external field. To overcome such a con-
figuration a breakdown process is required,
with external fields equal to the exchange
field B,, which can be roughly estimated
from considering wgB,, ~ kT (19), with
g as the Bohr magneton and ky as Boltz-
mann’s constant. Taking 2.2, for Fe yields
B_, =~ 200 T, a value not accessible by lab-
oratory magnets. The actual value remains to
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be investigated and may be considerably
smaller due to the reduced number of nearest-
neighbor atoms in a film as thin as two ML
(six instead of eight in the bulk), with this
number even more reduced to three at the
step edges, but B, may still be large. In this
picture the smallest possible stable domain
exhibiting a magnetization direction opposed
to the external field is the result of two 180°
walls forced together in a winding process by
the external field. We have fitted two tanh
standard wall profiles to the dZ/dU-signal as-
suming a 360° rotation (see the red line in
Fig. 4B), thereby determining the length of
the residual domain to L = 6.5 = 0.5 nm; a
180° spin rotation thus takes place over 42 =
4 atomic rows. Due to their small size, the
presence of residual domains will not be no-
ticeable in conventional, spatially averaging
measurements of a hysteresis loop. However,
we can expect the question of their existence
to be crucial for the remagnetization process,
opening two different paths: (i) a first degree
of saturation is attained when only residual
domains are left in the sample. They will act
as seeds for a magnetization reversal. (ii) If
all residual domains can get eliminated,
which requires much higher fields, then re-
versed domains must be nucleated as a first
step of the magnetization reversal.

The requirement of a 360° spin rotation
implies that, at the wall centers, the magne-
tization vectors lie in the sample plane point-
ing in opposite directions. This can be made
visible by using a ferromagnetic tip with
in-plane anisotropy being sensitive to the do-
main walls rather than to the domains (20).
Figure 4C was imaged with a W tip coated
with 5 = 1 ML Fe (5). It shows a similarly
prepared sample in its magnetic virgin state
exhibiting a strictly alternating order of bright

L]

w

dl/dU signal (arb. units)

L]

)

Fig. 4. (A) A residual domain resulting from two winding 180° Bloch walls at B = +400 mT. The
walls have been forced together by the external field. (B) Section taken along the line in (A), with
arrows indicating magnetization orientation. In the wall centers, the magnetization vectors point
in opposite directions such that, in total, a 360° spin rotation is given. This configuration is
inherently stable in an applied external field and thus constitutes the smallest possible domain with
a magnetization opposite to the field. On field reversal, such residual domains provide nuclei for the
remagnetization. (C) A virgin sample as imaged by a Fe-coated tip with in-plane sensitivity. High
contrast is then found in domain walls. The walls show an alternating orientation along each stripe.
For any pair of walls within a stripe, a 360° spin rotation is given.
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and dark domain walls. So far, we never
observed two walls of the same type next to
each other in a virgin sample. Any pair of
walls within a single stripe may thus form a
residual domain regardless of the polarity of
the saturated state. The image suggests that a
sufficient number of nuclei will be available
for a magnetization reversal.

In conclusion, SP-STM~based magnetic
imaging allows for a study of magnetic nano-
structures in strong magnetic fields at a scale
that is characterized by the magnetic ex-
change length. The method may contribute to
an improved understanding of the basic phys-
ical phenomena relating magnetism to sur-
face properties like structural and chemical
roughness, or to the presence of single impu-
rity atoms and defects.
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