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A two-dimensional antiferromagnetic structure within a pseudomorphic mono- 
layer film of chemically identical manganese atoms on tungsten(ll0) was 
observed with atomic resolution by spin-polarized scanning tunneling micros- 
copy at 16 kelvin. A magnetic superstructure changes the translational sym- 
metry of the surface lattice with respect to the chemical unit cell. It is shown, 
with the aid of first-principles calculations, that as a result of this, spin-polarized 
tunneling electrons give rise to an image corresponding to the magnetic su- 
perstructure and not to the chemical unit cell. These investigations demonstrate 
a powerful technique for the understanding of complicated magnetic config- 
urations of nanomagnets and thin films engineered from ferromagnetic and 
antiferromagnetic materials used for magnetoelectronics. 

Nanomagnetism, or the understanding and 
design of complex multicomponent magnetic 
nanostructures. is one of the current frontiers 
in magnetism. kesearch in this field is fueled 
by interesting fundamental physics as well as 
the technological importance of these struc- 
tures to the magnetic data-storage industry 
(1) and the cutting-edge field of magnetoelec- 
tronics (2). Driven by the motivation of ap- 
plying the exchange bias effect (3)to tune the 
device characteristics in giant-magnetoresis- 
tance elements, strong efforts are currently 
being made to study antiferromagnetic 
(AFM) films adjacent to ferromagnetic ones 
(4, 5). This arrangement gives rise to a wide 
variety of complex magnetic structures, e.g., 
antiferromagnetism, spin-density waves, and 
frustrated spin-structures, that determine the 
magnetic structure at the surfaces of thin 
films. Surface-sensitive techniques that com- 
bine high spatial resolution (510 nm) in real- 
space with a sufficient degree of magnetic 
sensitivity could provide a great deal of in- 
sight into these phenomena. Unfortunately at 
present, such techniques are not routinely 
available. This is the reason why, for exam- 
ple, domain boundaries or two-dimensional 
(2D) antiferromagnetism is poorly under-
stood. The ultimate lower limit of a 2D AFM 
is a magnetic monolayer (ML) of chemically 
equivalent atoms, where adjacent atoms at 
nearest-neighbor sites have magnetic mo-
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ments with opposite directions, deposited on 
a nonmagnetic substrate. More than 10 years 
ago, Bliigel et al. ( 6 )predicted the existence 
of such 2D antiferromagnets, such as V, Cr, 
and Mn on noble-metal substrates, on the 
basis of first-principles calculations. Howev- 
er, experimental verification of this is a sci- 
entific challenge because the antiferromag- 
netism is at the atomic scale, the total mag- 
netization is zero, and the Neel-temperature 
T, is unknown. Although there have been a 
variety of attempts to verify that antiferro- 
magnetism in these structures exists and 
some supporting evidence ( 7 )  has been re- 
ported, unambiguous proof is still required. 

We demonstrate the potential of spin-
polarized scanning tunneling microscopy 
(SP-STM) to unravel complex magnetic su- 
perstructures with atomic resolution. In par- 
ticular, we report SP-STM images of a 2D 
AFM prepared as a thin film, one ML thick, of 
chemically identical Mn atoms grown pseudo- 
morphically on W(110). We found that non- 
spin-polarized tunneling electrons image the 
chemical surface unit cell without any magnetic 
contribution, whereas spin-polarized electrons 
probe the change in translational symmetry due 
to the magnetic superstructure, which gives rise 
to a different image corresponding to the re- 
spective magnetic structure. In agreement with 
first-principles calculations, the AFM configu- 
ration is described as a checkerboard arrange- 
ment of Mn atoms with magnetic moments of 
opposite direction and an easy axis of the mag- 
netization oriented in the film plane, and the 
STM image exhibits a stripe pattern rather than 
a diamond pattern. 

We initially investigated the electronic, 
structural, and magnetic properties of a 
pseudomorphic Mn ML on W(l lo), theoret- 

ically using the first-principles (8, 9) full-
potential linearized augmented plane wave 
(FLAPW) method within the spin-polarized 
local density approximation (LDA) (1 0). Three 
possible magnetic configurations were consid- 
ered: ferromagnetic (Fig. lA), c(2 X 2)-AFM 
(Fig. lB), and p(2 X 1)-AFM (Fig. 1C). For all 
of them, the equilibrium interlayer distance be- 
tween Mn and W was determined by total 
energy minimization. By comparing the total 
energies of the three magnetic structures, we 
conclude that the c(2 X 2)-AFM configura- 
tion (Fig. 1B) is the magnetic ground-state 
structure, i.e., at low temperatures the mag- 
netic moments of adjacent nearest-neighbor 
atoms will point in opposite directions. The 
energy of the c(2 X 2)-AFM configuration is 
100 and 70 meV per Mn atom lower than the 
ferromagnetic (Fig. 1A) or p(2 X 1)-AFM 
(Fig. 1C) state, respectively. The spin-orbit 
interaction added to the calculations favors 
the magnetic moments of the c(2 X 2)-AFM 
structure to have an in-plane orientation 
along the [lTO] direction (long side of the 
surface unit cell). The energy difference be- 
tween the in-plane and out-of-plane orienta- 
tion of the magnetic moment, known as the 
magnetocrystalline anisotropy energy, amounts 
to about 1.3 meV per atom. 

The SP-STM has been explored by 
Wiesendanger et al. (11, 12). In the working 
principle (Fig. 2), the electronic structure of 
Mn is expressed in terms of spin-dependent 
local density of states (DOS) n? Because 
a Mn atom is magnetic, the DOS of majority, 
n ,and minority, n ,electrons (insets in Fig. 
2) around the Fermi energy, E,, which is 
relevant for the tunneling of electrons, is 
different and the spin-polarization, P = (n 
- nL)l(nt + nl), is nonzero. However, the 
sum of both, n,  = n, + n , , is identical 
above any Mn atom, so a noncspin-polarized 
STM measurement will only be sensitive to 
the chemical unit cell. If the STM tip can be 
made sensitive to the spins of the tunneling 
electrons-for example, by coating the STM- 
tip with Fe or Gd-the tunneling current I 
depends on the angle 0 of the relative orien- 
tation between the magnetization axes of tip 
and sample as well as on the electronic struc- 
ture and on the spin-polarization P, and P, of 
the sample (Mn) and the tip states, respec- 
tively. We can decompose the tunneling current 
into two contributions, I(0) = I, + I, cos0, the 
conventional tunneling current of non-spin- 
polarized electrons I,, and the additional con- 
tribution I, due to the tunneling of spin- 
polarized electrons, I, -P,P, (in the limit of 
small applied bias voltage V). Obviously, the 
highest effect is expected where tip and sam- 
ple magnetization are either parallel or anti- 
parallel, whereas the effect vanishes for a 
perpendicular geometry. 

According to conventional wisdom, spin- 
polarization is a small effect, and one might 
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expect normal STM images to be slightly 
modulated because of magnetism. Instead, it 
is quite different. The STM image of a peri- 
odic surface, i.e., the change AI of the tun- 
neling current I as a function of the lateral 
position rll of the tip, can be written in terms 
of a 2D Fourier expansion 

G;; denotes the reciprocal lattice vectors and 
I,;(z,B,V) is the tip-sample distance- (z), 
angle- (O), and bias-voltage (V)-dependent 
expansion coefficient. Because of the tunnel- 
ing of electrons through the vacuum barrier, 
these coefficients decrease exponentially 
with increasing length q, and to a good 
approximation, the topographic STM image 
is determined by the smallest nonvanishing 
reciprocal lattice vectors Gf) (13) 

[I i o ]  

Fig. 1. Comparison of different magnetic con- 
figurations of the Mn ML on W(110): (A) the 
~ ( 1  X 1)-ferromagnetic structure. (B) the c(2 X 
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If we image Mn on W(110) with a nonrnag- 
netic tip, I = I,, all atoms are equivalent and 
the chemical unit cell is diamond shaped 
(Fig. 3A). The four smallest reciprocal lattice 
vectors of this cell, all related by symmetry 
operations, are displayed in Fig. 3B. The 
superposition of the four corresponding plane 
waves gives the expected STM topography 
(Fig. 3C). An antiferromagnetic superstruc- 
ture lowers the translational symmetry, and 
the additional tunneling current due to spin- 
polarized electrons, I,, is sensitive to the unit 
cell of the superstructure (Fig. 3D). There- 
fore, smaller reciprocal lattice vectors be- 
come accessible (Fig. 3E). Since these pos- 
sess exponentially larger coefficients, they' 
dominate the STM image, AI - A I,, even in 
the case of small effective spin-polarization 
PsPT cos0, e.g., if 0 is near to 90'. Thus, the 
corrugation amplitude Az (the maximum dif- 
ference in tip height while it scans the sur- 
face) is directly proportional to the spin- 
polarization, Az(zo) - PsPT cod, where zo is 
the average tip-sample distance. Because of 
the smallest reciprocal superlattice vector, a 
stripe pattern (Fig. 3F) without any chemical 
background is expected to be seen in the 
experiment. Correspondingly, we expect a 

diagonal stripe pattern for the p(2 X 1)-AFM 
state (Fig. IC). The arguments are quite 
general and are, in principle, applicable to 
any magnetic superstructure. The electronic 
structure, contained in IG(l)(O,V) of Eq. 2, of 
a specific surface can "still compete with 
this effect, and fist-principles calculations 
were performed in order to interpret the 
experiments unambiguously. STM images 
were calculated on the basis of the Tersoff- 
Hamann model (14), an approach equally 
successful for semiconductor (15) and transi- 
tion-metal surfaces (13, 16). The spin-polar- 
ized measurements derived from a ferromag- 
netic tip were simulated by assuming differ- 
ent values for the spin-polarization PT of the 
tip states. 

The SP-STM experiments were performed 
in a cryogenic ultra-high vacuum system 
equipped with a 2.5-T magnet (1 7) and separate 
chambers for substrate preparation, sample 
transfer, metal vapor deposition (MVD), and 
surface analysis. The sample preparation proce- 
dure is described in detail in (1 7, 18). We used 
etched W tips, which were flashed in vacuo to 
remove oxide layers. In the MVD chamber, the 
tips were magnetically coated with Fe or Gd at 
a temperature of 300 K, were subsequently 

2)-antifkrr~ma~netic structure, a'nd (C) 'the Fig. 2. Principle of spin-polarized scanning tunneling microscopy using a ferromagnetically coated 
p(2 X 1)-antiferromagnetic structure. The cal- probe tip that is scanned across a Mn ML film on W(110). The magnetic ground-state configuration 
culated magnetic moments are 2.40 y,, k2.96 is shown (Fig. 1) and the corresponding DOS of the ferro- (top graph) and antiferromagnetic 
y,, and 22.79 ye for (A), (B), and (C), respec- (bottom graph) Mn atoms. The angle 0 between the magnetization axes of tip and sample can be 
tively. The total energies are given with respect related to  8 and cp by cose = coscp cosi?. Additionally, the diamond-shaped chemical unit cells and 
to  the configuration in (B). the rectangular magnetic unit cells are displayed. 
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annealed at T = 550 K for 4 min, and then were 
transferred into the cryogenic STM. During the 
measurement, tip and sample were at a temper- 
ature T = 16 K. 

The growth of Mn on W(110) has previ- 
ously been studied (18). It was found that a 
ML of Mn grows atomically flat and pseudo- 
morphically on W(110); i.e., Mn has the 
same in-plane lattice constant as the underly- 
ing W substrate. No hints of alloying could be 
observed. The topography of 0.75 ML Mn/ 
W(l lo), as grown at a substrate temperature 
T,, = 400 K (Fig. 4), shows atomically flat 
Mn islands as well as parts of the uncovered 
W substrate. 

Using a clean W tip, atomic resolution was 
achieved on the Mn islands (Fig. 5A). The 
diamond-shaped unit cell of the (1 X 1)-grown 
Mn ML is clearly visible. The line-section 
drawn along the dense-packed [ l i l ]  direction 
exhibits a periodicity of 0.27 +. 0.01 nm, which 
almost perfectly fits the expected nearest-neigh- 
bor distance of 0.274 nm. The measured corm- 
gation amplitude amounts to 15 pm (1 pm = 
1 X lo-'' m). A calculated STM image for a 
conventional tip without spin-polarization, i.e., 
P, = 0, is given for comparison (Fig. 5A, 
inset). Obviously, the qualitative agreement be- 
tween theory and experiment is excellent. How- 
ever, the theoretically determined corrugation 
amplitude is by far too small. This deficiency of 
the Tersoff-Hamann model in predicting the 
correct cormgation in atomically resolved STM 
images of close-packed metal surfaces is well 
understood (19) and is related to the unknown 
atomic structure of the tip. 

Fig. 3. Lattice (A and D), shortest reciprocal 
lattice vectors (B and E), and the expected STM 
images (C and F), associated to  the shortest 
reciprocal lattice vectors of the chemical (left) 
and the magnetic (right) unit cell of a Mn ML on 
W(110). Note that (E) contains the shortest 
vectors of the chemical unit cell (dashed lines) 
and the two inequivalent pairs of additional 
vectors due to  the magnetic superstructure. 

In a second set of experiments, we used 
different ferromagnetic tips. Because we know 
from the first-principles computations that 
the easy magnetization axis of the Mn ML on 
W(110) is in-plane, the experiment required a 
magnetic tip with a magnetization axis in the 
plane of the surface in order to maximize the 
effects. This condition is fulfilled by Fe-coat- 
ed probe tips (20). Figure 5B shows an STM 
image taken with such a tip. Periodic parallel 
stripes along the [OOl] direction of the sur- 
face can be recognized. The periodicity along 
the [ l i ~ ]  direction amounts to 4.5 + 0.1 A, 
which corresponds well to the size of the 
magnetic c(2 X 2) unit cell. The inset in Fig. 
5B shows the calculated STM image for the 
magnetic ground state, i.e., the c(2 X 2)- 
AFM configuration as discussed in Fig. 1B. 
We find that theory and experiment give a 
consistent picture. Even the predicted faint 
constrictions of the stripes along the [OOl] 
direction related to the pair of second small- 
est reciprocal lattice vectors of Fig. 3E are 
visible in the measurement. Again, experi- 
mental and theoretical data can be compared 
more quantitatively by drawing line-sections 
along the dense-packed [1 i 1] direction (Fig. 
5B). The result is plotted in Fig. 5C. It reveals 
that the periodicity, when measured with a 
Fe-coated probe, is twice the nearest-neigh- 
bor distance-i.e., 0.548 nm. The experimen- 
tal corrugation amounts to 3 to 4 pm, which is 
slightly below the corrugation expected from 
theory (21), A z(5A) = 7 pm. 

The strong dependence of the effect on 
the magnetization direction of the tip can 
be exploited to gain further information on 
the magnetization direction of the sample 
by using a tip that exhibits an easy magne- 
tization axis that is almost (22) perpendic- 
ular to the one of the sample surface. This 
condition is fulfilled by a W tip coated with 
7 f. 1 ML Gd, as we recently showed (23). 

50 100 150 
Lateral dkpboement (nm) 

Fig. 4. Topography of 0.75 ML Mn grown on a 
stepped W(110) substrate. A line-section (bot- 
tom panel) was drawn at the bottom edge of 
the image. The structure of the sample is sche- 
matically represented by different gray levels. 
The image size is 200 nm by 200 nm. 

In Fig. 5C, we included a typical line- 
section as measured with a Gd-coated 
probe tip (gray line). Indeed, the cormga- 
tion amplitude was always much smaller 
than that for Fe-coated tips and never ex- 
ceeded 1 pm, thus supporting the theoreti- 
cal results that the easy axis of the Mn 
atoms is in-plane. Note that the image still 
displays the stripe pattern characteristic of 
the magnetic superstructure, as proposed by 
the discussion of Eqs. 1 and 2; even for a 
small effective spin-polarization due to 
nearly orthogonal magnetization directions. 

In conclusion, we present a direct proof of 
the predicted 2D antiferromagnetic state of a 
Mn ML film on W(110). Because it is able to 
resolve antiferromagnetism at the ultimate 
limit, SP-STM opens the door to the investi- 
gation of atomic-scale magnetism with com- 
plex magnetic structures. 

lateral dlsplacwnent (nm) 

Fig. 5. Comparison of experimental and theo- 
retical STM images of a Mn ML on W(110) with 
(A) a nonmagnetic W tip and (B) a magnetic Fe 
tip. (C) Experimental and theoretical line sec- 
tions for the images in (A) and (8). The unit cell 
of the calculated magnetic ground-state con- 
figuration is shown in (A) and (B) for compar- 
ison. Tunneling parameters for both images are 
I,,, = 40 nA and U = -3 mV. The image size 
is 2.7 nm by 2.2 nm. 
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A Nanoplotter with Both 

Parallel and Serial Writing 


Capabilities 

Seunghun Hong and Chad A. Mirkin* 

The development of an eight-pen nanoplotter capable of doing parallel dip-pen 
nanolithography (DPN) is reported. Because line width and patterning speed in  
DPN are independent of contact force, only one of the tips in the parallel writing 
mode (the "imaging" tip) has a feedback system t o  monitor t ip position and t o  
write the pattern; all other tips reproduce what occurs at  the imaging t ip in  a 
passive fashion. Proof-of-concept experiments that demonstrate eight-pen par- 
allel writing, ink and rinsing wells, and "molecular corralling" via a nanoplotter- 
generated structure are reported. 

The greatest limitation in using scanning- 
probe methodologies for doing ultrahigh-res- 
olution nanolithography over large areas de- 
rives from the serial nature of most of these 
techniques. For this reason, scanning probe 
lithography (SPL) methods have been pri- 
marily used as customization tools for pre- 
paring and studying academic curiosities (1- 
9). If SPL methodologies are ever to compete 
with optical or even stamping lithographic 
methods for patterning large areas (10-12), 
they must be expanded to parallel processes. 
Several important steps have been taken in 
this direction. For example, researchers have 
developed a variety of different multiple-
probe instruments for scanning (13-16), and 
some have begun to use these instruments for 
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parallel SPL. In particular, Quate and co-
workers have shown that as many as 50 tips 
can be used at once (15), and with such a 
strategy, both imaging and patterning speeds 
could be dramatically improved. However, a 
major limitation of all parallel SPL methods 
thus far developed is that each tip within the 
array needs a separate feedback system, 
which dramatically increases the instrumen- 
tation complexity and cost. One of the rea- 
sons separate feedback systems are required 
in such processes is that tip-substrate contact 
forces influence the line width and quality of 
the patterned structures. Although parallel 
scanning tunneling microscope lithography 
has not yet been demonstrated, such a process 
would presumably require a feedback system 
for each tip that would allow one to maintain 
constant tunneling currents. Herein, we report 
a method for doing Or single-pen soft 
nanolithography using an array of cantilevers 
and a conventional atomic force microscope 
(AFM) with a single feedback system. 

Recently, we invented a type of serial 
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trolled and, in principle, i t  can be noncollinear, 
which might explain the discrepency between theo- 
ry and experiment. 
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SPL, called dip-pen nanolithography (DPN) 
(17-20), in which organic molecules 
("inks"), which are cast onto an AFM tip, are 
deposited through a water meniscus (21) di- 
rectly onto an underlying substrate. An ink 
that reacts with the substrate is often chosen 
so that the process will yield stable monolay- 
er structures. The technique can be applied in 
general with many types of molecule-based 
inks (1 7-20), it works under ambient condi- 
tions, it offers 15-nm line-width resolution 
and 5-nm spatial resolution, and it can be 
done over relatively large areas in automated 
fashion. Moreover, others have shown that 
DPN can be merged with nanografting to 
increase the resolution of this lithography 
further for soft structures (22). However, as 
with most other SPL methods, DPN thus far 
has been used exclusively in a serial format. 
Finally, it is important to note that others 
have unsuccessfully attempted to use scan-
ning-probe instruments to transport organic 
materials onto solid substrates to form stable 
nanostructures (23). It is, in part, the recog- 
nition of the existence of the meniscus (21) 
and the ability to use it as an ink transport 
medium under regulated humidity (1 7-20) 
that make controlled molecular writing on the 
nanometer-length scale possible. 

All experiments were performed on a 
Thermomicroscopes M5 AFM, which is 
equipped with a closed-loop scanner that 
minimizes thermal drift. Custom nanolithog- 
raphy software was used to drive the instru- 
ment. The instrument has a 200-mm by 200- 
mm sample holder mounted on an automated 
translation stage. The details of serial, single- 
tip DPN writing and pattern alignment pro- 
cedures have been described elsewhere (19) 
Our intention in transforming DPN into a 
parallel process was to create an SPL method 
that enables one to generate multiple, single-

1808 	 9 JUNE 2000 VOL 288 SCIENCE www.sciencemag.org 

mailto:carnirkin@chem.nwu.edu

