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ABSTRACT  The Mn;N; (010) surface has been studied using spin-polarized scanning
tunneling microscopy at the atomic scale. The principle objective of the work is to
elucidate the properties and potential of this technique to measure atomic-scale magnetic
structures. The experimental approach involves the use of a combined molecular beam
epitaxy/scanning tunneling microscopy system which allows the study of atomically
clean magnetic surfaces. Several key findings have been obtained. First, both magnetic
and non-magnetic atomic-scale information has been obtained in a single spin-polarized
image. Magnetic modulation of the height profile having antiferromagnetic super-period
of ¢ = 12.14 A (6 atomic rows) together with a non-magnetic superstructure having
period of ¢/2 = 6.07 A (3 atomic rows) was observed. Methods of separation of magnetic
and non-magnetic profiles are presented. Second, bias voltage-dependent spin-polarized
images show a reversal of the magnetic modulation at a particular voltage. This reversal
is clearly due to a change in the sign of the magnetic term in the tunnel current. Since
this term depends on both the tip’s as well as the sample’s magnetic local density of
states, the reversal can be caused by either the sample or the tip. Third, the shape of the
line profile was found to vary with the bias voltage, which is related to the energy-
dependent spin contribution from the 2 chemically inequivalent Mn sites on the surface.
Overall, the results shown here expand the application of the method of spin-polarized
scanning tunneling microscopy to measure atomic-scale magnetic structures.
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INTRODUCTION

Nanometer scale science and technology has been an area of intense research and development activity
within the last 25 years. This is due to the fact that, although many other beginning points of this field
may be suggested, only since the invention of the scanning tunneling microscope (STM) by Binnig,
Rohrer and coworkers in 1981 has it been possible to directly observe objects of nanometer scale and
smaller (down to single atoms) (Binnig, Rohrer, et al., 1982). This unique ability gives the STM great
usefulness as a means of characterizing materials and devices of such ultra-small dimensions. As the
ability to observe objects of this scale has developed, simultaneously have been great developments in
many other fields, including the electronics and magnetics industries. While each of these industries is
crucial to the world economy, amazingly the STM has been primarily used in its first 25 years to measure
the electronic properties of surfaces. Only a tiny fraction of STM papers, and most of them within the
last 5 years, have described the use of STM to measure the magnetic properties of surfaces (Bode et al.,
2001; Bode et al., 2002, Heinze et al., 2000; Kleiber et al., 2000; Kubetzka et al., 2002, Kubetzka et al.,
2003; Okuno et al., 2002; Vedmedenko et al., 2004; Wiesendanger et al., 1990; Wiesendanger et al., 1999;
Yamada et al., 2003; Yang et al., 2002b). Many of these results have shown astonishing detail of the
nanoscale magnetic structure of ferromagnetic (FM) and antiferromagnetic (aFM) surfaces.

In 2000, Heinze et al. reported the STM observation at low temperature of the ultimate spatial
resolution of a magnetic structure, that being the magnetic structure of an aFM Mn monolayer on a
W(110) substrate (Heinze et al., 2000). The magnetic period in this case was just 5.48 A measured along
the dense-packed [1-11] direction, which equals exactly 2 nearest-neighbor spacings. Since this surface
can be viewed as row-wise aFM, the magnetic period of the rows (along the [1-10] direction) is 4.47 A.

In 2002, Yang et al. reported the STM observation at room temperature of the magnetic structure of an
aFM Mn;N, (010) surface (Yang et al., 2002b). The top layer of atoms of the (010) face in fact has a
similar row-wise magnetic structure to that imaged by Heinze ef al., but different in the structural details
(to be discussed later). As measured along the [001] surface direction, the overall magnetic period
measured is 12.14 A, roughly 3 times larger than that of Heinze et al. However, Yang et al. did observe
the shorter 6.07 A period non-magnetic component.

In this paper, we review our recent work on the SP-STM imaging of Mn3N2 (010). We begin with an
introduction to the surface using non-magnetic, atomically-sharp STM tips. Following that, the SP-STM
imaging is presented of this surface, and methods of separation of magnetic and non-magnetic
components are presented. Following this, we make a schematic comparison/contrast between our results
and those of Heinze et al. in order to highlight the similarities and differences. We show in the next to
last part of the paper bias-dependent SP-STM images in which the magnetic component is found to vary
significantly with bias. The effective spin polarization is calculated, and some discussion is given to the
role of the tip in this bias-dependence. Finally, some discussion is given to the subject of tip stability.



MATERIALS AND METHODS

The experiments described here are performed in a custom-designed ultra-high vacuum (UHV) system
consisting of a molecular beam epitaxy (MBE) chamber coupled to a STM surface analysis chamber,
which allows direct UHV transfer of samples from the growth chamber to the STM chamber. We have
previously reported that n phase manganese nitride Mn;N, (010) surface, a magnetic transition metal
nitride surface, is ideal for the purpose of exploring atomic-scale SP-STM due to its row-wise aFM
structure. The surface is prepared using a solid source effusion cell for Mn and an rf plasma source for N
(Yang et al., 2001; Yang et al., 2002a). The substrate is MgO(001). Preparation of the substrate for
growth is as follows: after being heated up to 1000 ‘C for 30 minutes with the nitrogen plasma on, the
MgO substrate temperature is lowered to 450 ‘C prior to the growth of manganese nitride. The nitrogen
flow rate is about 1.1 sccm (growth chamber pressure is 1.1x10” Torr) with the RF power set at 500 W.
The Mn flux is about 3.5x10'/cm’s.

The growth condition is monitored using reflection high energy electron diffraction (RHEED) which
enables the determination of the surface crystal symmetry and surface lattice parameters. Following
growth, the samples are investigated with in-situ STM and SP-STM. The bulk crystal structure of these
samples has been verified using x-ray diffraction (XRD), and the bulk magnetic structure was verified by
neutron scattering (NS), which showed that it agreed well with the crystal and magnetic structure
previously determined for bulk Mn;N, (Jacobs et al., 1984; Kreiner et al., 1992).

For growth under the stated conditions, the Mn;N, film has the c-axis in the plane of the film (Yang et
al., 2001; Yang et al., 2002a). Due to the 4-fold symmetry of the substrate, there are therefore 2 types of
domains, A and B, which are equivalent by a rotation of 90°; additional domains due to twinning are also
present; twins are at an angle of ~ 87.74° with respect to each other. All STM imaging is performed at
300 K in constant current (CC) mode.

Regarding the preparation of STM tips, for normal STM measurements we use W tips made by etching
W wires in NaOH solution followed by dipping in clean H,O. After loading into the UHV chamber, the
tips are subsequently cleaned in UHV by electron bombardment. For SP-STM measurements, after the
electron bombardment, we coat the cleaned W tips in-situ at 300 K with either: a) 5-10 ML of Mn; or b)
5-10 ML of Fe. The Fe-coated tips ( Tc of Fe is 1043 K) are magnetized in the direction normal to the tip
axis in a 40 mT field as described earlier (Yang et al., 2002b; Smith et al., 2004). Use of the Mn-coated
tips has been found to be successful; justification for this was explained previously (Yang et al., 2002b)
and briefly it is as follows: although the Néel temperature of Mn is only ~ 100 K (Martin et al., 1967),
spin-polarized photoelectron diffraction of thin films of Mn have shown spin asymmetry up to ~ 500 K
which was attributed to the surface atoms (Keen et al., 1998).



RESULTS AND DISCUSSION

A. Normal Atomic-Resolution Imaging of Mn;N, (010) and Bias-Dependence

Shown in Fig. 1(a) is an STM image of the Mn;N, (010) surface at small scale which was acquired
using sample bias Vs = -0.4V and tunnel current It = 0.8 nA. The image of Fig. 1(a) was acquired with a
tip of average sharpness (Yang et al., 2001). Clearly observable is the row-like structure of the surface;
however, single atoms cannot be distinguished. Using a very sharp tip, as shown in Fig. 1(b), the row-
like structure is also seen, and in addition, single atoms can be distinguished. This image was acquired
with sample bias Vs = -0.3V and tunnel current It = 0.3 nA.

To understand the atomic resolution image in terms of a surface model, the image is compared with a
bulk-like surface model, as shown in Fig. 1(c). This model is the bulk-like termination of the bulk model
as first proposed by Jacobs and Kreiner (Jacobs et al., 1984; Kreiner et al., 1992). Although it is possible
that the (010) surface could reconstruct, that is not found to be the case in experiment, and recent surface
theoretical calculations also confirm that (Smith et al., 2004). There are two types of lattice sites for Mn
atoms: sites having bonds with 2 surface N neighbors (Mn1 sites) and sites having bonds with 3 surface
N neighbors and 1 backbonded N neighbor (Mn2 sites). The atoms which show in the atomic-resolution
image as brighter clearly correspond with the Mn1 sites, whereas those which appear darker correspond to
the Mn2 sites. Note that the Mnl atoms lie in planes perpendicular to the surface which contain no N
atoms, whereas the Mn2 atoms lie in planes perpendicular to the surface which contain N atoms. Thus
the bulk can be considered as a repetition of 2 layers of MnN and 1 layer of Mn stacked along [001].

The detailed bias dependence of the atomic-resolution STM image of Mn3;N, (010) is displayed in Fig.
2. Four different biases are shown, a subset of those presented in the paper by Yang et al. (Yang et al.,
2004). In all 4 images, Mnl atoms are clearly observable. Mn2 atoms, however, are only clearly visible
at larger magnitudes of bias voltage (+0.6V, -0.4V). At smaller magnitudes of bias voltage (+0.2V, -
0.2V), the Mn2 atoms are less clearly resolved. A quantitative measure of this effect can be plotted, as
shown in Fig. 2(b). Here, the ratio of the magnitude of the corrugation of Mn1:Mn2 is plotted vs. bias
voltage; it is seen that this ratio is smaller at larger bias magnitudes. Another effect not so easily
noticeable from the images of Fig. 2(a) is the overall corrugation magnitude variation with bias. This is
plotted in Fig. 2(c), in which it can be seen that the magnitude is certainly larger at smaller bias
magnitudes.

The bias-dependent Mn1:Mn2 corrugation ratio and overall corrugation vs. bias voltage were explained
in our recent paper by Yang ef al. in terms of the integrated local density of states (ILDOS) and simulated
tip-sample spacing (Yang et al., 2004). Using values of the calculated LDOS integrated between the
Fermi level (Ef) and Er + eV in atom superposition simulations, the STM height data was simulated.
Despite the fact that the calculated LDOS values were for bulk, good agreement was found with the STM
height profiles vs. sample bias. The tip-sample distance d was also approximately determined from those
simulations. It varied between 3.5 — 4.5 A, with smallest value of d at Vg ~-0.1 Vand d =4 A at Vg =
+0.2 V. At low bias voltages, to maintain constant tunnel current, the tip-sample distance is reduced; this
results in the increased total corrugation at low bias magnitude. Increased resolution of Mn2 at larger bias
magnitudes was explained in terms of a lowering of the ratio ILDOS(Mn1):ILDOS(Mn2) with increasing
bias magnitude, such that the relative contribution from Mn2 is increased.

B. Spin-Polarized Imaging of Mn;N, (010) at Atomic Scale

Using spin-polarized (magnetic) STM tips, images containing a periodic modulation of the apparent
brightness of the rows of the Mn;N, (010) surface, such as that shown in Fig. 3, can be obtained. The
alternation of the brightness, actually the height of the rows, is due to the spin-polarized component of the
tunnel current. This large image, showing two separate terraces, was acquired using a Mn-coated W tip at
sample bias Vg = —0.2 V and tunnel current I; = 0.3 nA. A step edge which is parallel to [100] is seen at
the middle of the image. The arrows indicate the periodic alternation of the spin direction of the



antiferromagnetic structure. The row height modulation is continued across the step edge without any
interruption. This should be the case since the row height modulation of the SP-STM image corresponds
to the surface spin structure which in turn corresponds directly to the bulk spin structure.

Fig. 4(a) is another SP-STM image which was acquired using a Mn-coated W tip. This image spans
slightly more than 3 magnetic periods of the surface structure obtained at a sample bias voltage Vg =
—0.6V and tunnel current I, = 0.8 nA. The period of the magnetic modulation is 2 rows, or ¢ = 12.14 A.
The modulation is clearly seen in the average line profile displayed below in Fig. 4(b).

As explained by several authors (Heinze et al., 2000; Wortmann et al., 2001), the spin-polarized effect
is due to the existence of a second term — the magnetic term - in the equation for the tunnel current. As
with the non-magnetic term, this magnetic term is electronic in origin, being related to an imbalance in
the spin-T LDOS and spin-4 LDOS. The relevant quantities which determines the magnetic term are not
the total magnetic moments of tip and sample (ur and ps), but rather the spin-polarized LDOS of tip and
sample near the Fermi level (m and mg).

When mt and mg are both finite and have the same sign, as projected along a common quantization axis,
the tunnel current is increased; when they are finite and have the opposite sign, the tunnel current is
decreased. It is interesting to note that the spin-polarized LDOS m near the Fermi level does not
necessarily have the same sign as the magnetic moment .. Thus it is possible that the tunnel current can
be increased (decreased) even though the magnetic moments of tip and sample are anti-parallel (parallel).

The total tunnel current is related to the product of the non spin-polarized LDOS of tip and sample (nt
and ng) and the vector dot product of mr and ms. For either tip or sample, the non spin-polarized LDOS n
is just the sum of up and down spin channels (nt + ny) while the spin-polarized LDOS m is the difference
of these two (nt —ny). The height of the tip follows the formula:

z~Al(Rr, V, 0) ~ | ntng(Rr,V) de + [ mrms(Rr,V)cosO de - Constant (D)

When my or mg is zero (which implies nt = ny), the spin-polarized term goes to zero and the line profile
just corresponds to the non-magnetic component. Also, if the angle 6 between mt and mg is 90°, the spin-
polarized term goes to zero. But if these conditions are not true, then a spin-polarized component will
exist.

Comparing the total CC line profile with the surface model shown in Fig. 1(c), one observes that the
periodicity of the magnetic modulation corresponds to the periodicity of the Mnl spin directions. The
result indicates that there exists a component of the tip spin which is parallel (or antiparallel) to the
surface spin directions.

In our earlier paper (Yang et al., 2002b), the angular dependence of the magnetic component was
verified by measuring the row height modulation on either side of a surface domain boundary, such that
the row directions on the two sides were at ~ 90° to each other; thus, the angle 6 between the surface spin
vector and the in-plane component of the tip spin vector was different by ~ 90° for the 2 sides, and the
magnetic modulation was correspondingly different on the 2 sides of the domain boundary. A simple
method was determined to use this angle-dependent data to determine the angle of the tip spin compared
to the row direction. In this case, the angle was determined to be 27°, as depicted in Fig. 4(a).

C. Separation of Magnetic and Non-Magnetic Components

Since the total line profile as seen in Fig. 4(b) consists of magnetic and non-magnetic components, a
method of separation was determined by Yang and Smith (Yang et al., 2002b). The method of separation
is based on the consideration that the normal component has a period of ¢/2, whereas the magnetic
component has a period of ¢. Therefore, if one takes a line profile z(x + ¢/2) which is shifted by ¢/2 along
the direction perpendicular to the rows and then subtracts it from the unshifted line profile z(x), the
normal components cancel out, leaving only the magnetic component. Similarly, if one adds these 2 line
profiles together, the magnetic components cancel out, leaving only the normal component.

The separation procedure given below is derived in the following steps and referred to as Method A:

1. assume Eq. (1) for the height of the tip above the magnetic surface



2. form the difference Az = z(X) — z(x + ¢/2)
Az~ ] nt[ns(x) — ng(x+c/2)] + [ mp {mg(x)cos[0(x)] — mg(x+c/2)cos[0(x+c/2)]}

3. Since ng(x) = ng(x+c/2), the non-magnetic part cancels out, and the remainder is of purely
magnetic origin.

4. Next, if we assume reflection symmetry of the magnetic structure about Mnl, then ms(x) =
mg(x+c/2) and O(x + ¢/2) = 0 + © — 23, where B = the (in-plane) angle of the tip moment with
respect to the [100] row direction, then we get:

mrms(x){cos[0(x)] + cos[O(x) - 2B]} ~ z(x) — z(x+c/2)

5. Finally, in the case where the spins are not canted with respect to the [100] row direction, 3 =
0. In this case, the following equation for the magnetic component is derived:

| mrmg(x)cos[0(x)] ~ [z(x) — z(x+¢/2)]/2 (magnetic component) 2)

6. For the non-magnetic component, we follow a similar procedure but taking the sum z(x) +
z(x + ¢/2) to arrive at:

[ nng(x) ~ [z(x) + z(x+c/2)]/2 + C (non-magnetic component) 3)

The result of applying these 2 equations is that from the height profile data, the 2 separate components
are obtained; these 2 components are the energy convolution integrals of the sample and tip LDOS and
magnetic LDOS. If one assumes (or has additional knowledge) that the tip LDOS and magnetic LDOS
are constants over the relevant energy window, then nt and mr can be taken outside the integral.
However, in general this may not be true.

The spin-polarized line profile data of Fig. 4(b) is decomposed using equations (2) and (3) (method A),
resulting in the separated line profiles shown in Fig. 4(c). The result shows that the normal component
has the typical sinusoid-like line profile with period of ¢/2 obtained with non-magnetic STM tips. The
non-magnetic peak-to-valley amplitude in this case is ~ 0.2 A. The magnetic component (obtained with
the same tip) clearly has period = ¢ and magnetic amplitude ~ 0.025 A. Also, at this bias voltage, a
trapezoidal shape is observed. In section (F), the origin of this shape will be discussed in more detail.

A more subtle effect which can be noticed from the magnetic line profile is a slight slanting of the
trapezoidal shapes. While this effect may be related to inaccuracy in determining which points to subtract
from each other and the fact that we are looking at the difference between 2 large quantities (the total
height profile amplitude is much larger than the magnetic profile amplitude), variation of the method with
one pixel shift of the points subtracted does not remove this effect. To explore if this effect could be
related to some physical mechanism, a new subtraction procedure was developed which can allow the
possibility of spin canting relative to the [100] direction — this is called method B. Method B is derived as
follows:

1. Begin with the same expression (Eq. 1) as with method A for z

2. Form the difference z(x) — z(c/2 — x):

Az ~ [ nq[ns(x) — ns(c/2 — x)] + | my {ms(x)cos[0(x)] — ms(c/2 — x)cos[0(c/2 — x)]}



3. Assuming ng(x) = ng(¢/2 — x), the non-magnetic part cancels out, and the remainder is of purely
magnetic origin. This can be done since the normal part of the surface LDOS must be
symmetrical by mirror reflection about a Mnl atom. However, this requires the non-magnetic
aspect of our tip to be symmetrical. Because of this requirement, care must be exercised in the
interpretation of the results of this method since tip asymmetries can exist.

4. The result is a magnetic quantity which does permit the possibility of spin canting.
| mymg(x)cos[0(x)] ~ [z(X) — z(c/2 — x)]/2 (magnetic component) 4

5. For the non-magnetic component, we follow a similar procedure but taking the sum z(x) + z(c/2 —
X) to arrive at:

) nng(x) ~ [z(x) + z(c/2 —x)]/2 +C (non-magnetic component) ®)]

Shown in Fig. 4(d) is the result of applying separation method B [Egs. (4) and (5)] to the line profile
data shown in Fig. 4(b). In practice, the method B is most easily applied by mirror-reflecting the (n+1)*
peak about its midpoint and adding or subtracting this to the n™ peak. One can see that the results are
very similar to the case of method A; however, one notices that the slanting angle of the magnetic
trapezoidal profile has changed such that the slope of the profile for the peak and valley have the same
sign. It is possible to explain this asymmetrical profile using a spin canted model, as shown in Fig. 4(e).
Given a tip spin at the angle shown, the profile is qualitatively obtained due to the cosine dependence of
the magnetic term. Note that the angle of the tip spin is the same as the angle deduced experimentally for
this data set from the domain boundary information (Yang et al., 2002b). However, proof for this
explanation will require more data. Moreover, theoretical calculations taking into account spin canting
are currently intractable, so it is not possible to confirm the explanation using theory. Finally, since a
physical mechanism for this type of canting is not obvious, the effect will remain only as a possibility for
the present time.

D. Comparison of Spin-Polarized Results with Those Obtained by Heinze et al. (Heinze et al., 2000)

Heinze et al. used Fe-coated and Gd-coated W tips to image the aFM structure of a Mn monolayer on
W(110) (Heinze et al., 2000). Interestingly, they reported that although non-magnetic tips allowed to
observe the atom-by-atom registry of the surface structure composed of chemically identical Mn atoms,
use of the magnetic tips resulted in striped images in which the period of the stripes was equal to the
magnetic period and the non-magnetic chemical contrast was absent. In our work, we found a different
result in general, that with the use of magnetic-coated tips, we resolved the sum of the non-magnetic and
magnetic components of the surface structure. It is thus useful to make a side-by-side comparison of
these two independent results, as depicted in Fig. 5, which is a schematic illustration of the results on
Mn;N; (010) and Mn ¢(2x2)/W(110), and to try to understand the similarities and differences.

As can be seen in Fig. 5, the spatial arrangement of Mn atoms is very similar for the 2 different
systems, Mn;N, (010) and Mn/W(110). In either case, the surface Mn atoms form a centered rectangular
lattice with their magnetic moments alternating in direction from row to row, with rows along [100] for
MnzN, (010) and along [001] for Mn/W(110). Although the lattice constants and a:b ratios are slightly
different (b = ¢/3 = 4.04 A for Mn3;N, vs. b = 4.47 A for Mn/W(110), for comparison in Fig. 5 we have
normalized the 2 lattices along the x-direction.

If there were no other important differences between the 2 surfaces, then it would be very surprising to
see the very different results obtained for the 2 cases - namely, for Mn/W(110), a purely magnetic
component was found having period equal to 2 atomic rows and no normal component, whereas for
Mn;N; (010), a magnetic component was found with period 6 atomic rows and a normal component was
also found with period 3 atomic rows. On the other hand, for Mn/W(110), with non-magnetic tips the



normal component with period equal to 1 atomic row was seen, and also for Mn;N, (010), with non-
magnetic tips the normal component with period equal to 1 atomic row was also seen, as shown here in
Figs. 1 and 2.

It is thus important to consider the effect of the N atoms on Mn3;N, (010) which divide Mn into two
categories, Mnl and Mn2 [see Fig. 1(c)]. As deduced from neutron diffraction measurements, the bulk
magnetic moments of Mnl and Mn2 are 3.75 ug and (-)3.47 ug, respectively, or 3.38 ug and (-)3.65 pg,
respectively, the two possibilities being indistinguishable from the powder diffraction patterns
(Leineweber et al., 2000). Lambrecht et al. calculated the bulk magnetic structure of Mn;N,, finding bulk
magnetic moments Ly, puk = 3.0 g and Py puk = —2.8 pg. More recently, Dick and Neugebauer have
calculated both the bulk and surface magnetic structure of Mn;N,. Their calculated bulk magnetic
moments are Uy puk = 2.9 Ug and Py pu = —2.6 1, which are comparable to the values calculated by
Lambrecht. The calculated surface magnetic moments are slightly larger with Py surface = 3.4 Up and
Unin2surface = —3.2 Ug. The surface (and in fact bulk as well) magnetic moments are arranged as shown in
the model of Fig. 5(a). From both experiment and theory, although the magnetic moments of Mnl and
Mn2 are similar, they are not equal. This is also true of the LDOS.

Plotted in Fig. 6(a) are the normal and magnetic bulk LDOS of Mn1 and Mn2 integrated from Er to Er
+ eVs as functions of energy, as calculated by Lambrecht et al. using the full potential linear muffin-tin
orbital (FP-LMTO) method (Lambrecht et al., 2003). Plotted in Fig. 6(b) are the same quantities, as
calculated by Dick and Neugebauer employing density functional theory (DFT) in the spin-LDA
approximation (Smith et al., 2004). One can see that these two bulk results [Figs. 6(a) and 6(b)] are very
similar, showing excellent agreement of the two different calculations. In Fig. 6(c) are the same
quantities for the surface, as calculated by Dick and Neugebauer. Importantly, for either surface or bulk,
the spin-polarized LDOS in the vicinity of the Fermi level, my;,, and my,,, are not generally equal and
opposite, and neither are their integrals, (i.e. [my, de # —/my;,.de for most energies), as one can clearly
see from Fig. 6.

Therefore the magnetic period is really 3b = ¢, which is 3% the normalized magnetic period for
Mn/W(110). We may refer to the surface magnetic structure as triple-row-wise aFM. So it is quite
reasonable that the measured magnetic image for Mn;N, (010) has period equal to ¢ and not ¢/3.
Similarly, since the LDOS for Mnl and Mn2 are different, it is also quite reasonable that the non-
magnetic component measured simultaneously with the same tip has a period equal to ¢/2, rather than c¢/6.

Still, we have shown that at the same sample bias voltages, a sharp tip is able to measure the smaller
single atom-resolved non-magnetic image. The question therefore remains: is it possible using a sharper
magnetic tip to measure the finer magnetic period of ¢/3? Heinze et al. gave an explanation for why they
could not resolve the smaller spatial period non-magnetic image using their magnetic tips. By writing the
change A/ of the tunnel current / as a Fourier expansion in surface reciprocal lattice vectors, they showed
that the terms involving the largest surface reciprocal lattice vectors (smallest spatial periods) are
exponentially reduced in magnitude compared to terms involving smaller reciprocal lattice vectors (larger
spatial periods). Thus, as a general principle, STM images will be dominated by corrugations having the
largest spatial periods. In the results of Heinze et al. (Heinze et al., 2000), the magnetic component
completely dominated the non-magnetic component to its total exclusion. In our results on Mn;N, (010)
(Yang et al., 2002b), similar reasoning could be applied to explain why our spin-polarized images have
nonmagnetic spatial period of ¢/2 rather than ¢/6 and magnetic spatial period of ¢ rather than ¢/3.

On the other hand, the fact that in our spin-polarized images of Mn;N, (010) we can resolve a smaller
spatial period of ¢/2 compared to the magnetic spatial period of ¢ suggests that the magnetic component
may contain (in fact, should contain) more information than a single Fourier component. This was first
demonstrated in our earlier paper by Yang et al. (Yang et al. 2002b) in which the magnetic component
was found to have a non-sinusoidal shape at Vs = —0.6 eV. In fact, a trapezoidal-like shape was found
which will be further discussed in section F. The explanation for this profile shape is based on
considering the contributions from both Mnl and Mn2 atoms in adjacent atomic rows.



E. Bias-Dependence of Magnetic Line Profile Amplitude

Shown in Fig. 7 is a set of CC mode SP-STM images, each acquired from the exact same location on
the sample surface. First of all, we see that magnetic modulation of the row structure is observed at all
the displayed biases (Vs =-0.4, -0.2, +0.2, +0.6V). But, we see that for 3 out of the 4 images (-0.4, -0.2,
and +0.2V), there are 2 high rows and 3 low rows, whereas at +0.6V there are 3 high rows and 2 low rows.
Thus we find that between +0.2V and +0.6V, the magnetic modulation is reversed.

More information regarding these images is obtained by separating the magnetic and non-magnetic
components using methods as described in Section C. The results (using Method A) are displayed in Fig.
8 where for each image, the total averaged line profile and also the separated components are displayed.
First of all, it may be noticed that the amplitudes of the magnetic and non-magnetic components vary as a
function of the bias. These amplitudes have been measured for an even larger set of bias voltages, and the
results (peak-to-valley amplitudes) are plotted in Fig. 9(a). It is seen from Fig. 9(a) that the non-magnetic
component is maximized at slightly positive sample bias, reaching a value of ~ 0.26 A (peak-valley) at Vg
=+0.1V. The general shape of the non-magnetic component amplitude curve is to be compared with the
results plotted in Fig. 2(b) based on non-magnetic atomic-resolution data. The general agreement is fairly
good, except that the maximum amplitude (peak-valley) for the sharper tip is ~ 0.49 A at Vg =+0.2V.

The magnetic component, as seen in Fig. 8, varies in both magnitude and also in polarity, as indicated
by the reversal seen between +0.2V and +0.6V in Fig. 7. The magnetic component amplitude (peak-
valley), including sign, is also plotted in Fig. 9(a), including many other data points not presented in Fig.
7 or Fig. 8. The maximum magnetic amplitude (peak-valley) observed here is ~ 0.07 A at Vg = -0.15V
and goes to zero at Vg ~ +0.4V. Above 0.4V, the polarity is reversed.

F. Shape of Magnetic Line Profile

It is interesting to note the variation in the shape of the magnetic line profile with bias voltage. The
trapezoidal shape seen at negative and small positive sample voltages (-0.6V to +0.2V) has already been
mentioned in Section C. A more sinusoidal or even slightly triangular magnetic profile is observed at
larger positive sample voltages. It is therefore clear that the shape of the line profile contains energy-
dependent information.

Noting that the aFM half-period equals 3 single atomic rows — 1 row of Mnl atoms and 2 rows (1 on
each side of Mnl) of Mn2 atoms — Yang et al. gave an explanation for the trapezoidal shape of the
magnetic profile at negative sample bias in terms of the magnetic ILDOS of Mnl and Mn2 (Yang et al.,
2002b). In particular, it was found using bulk spin-polarized LDOS calculations, that [mynde = 0.12
states/atom > [my,;de = 0.02 states/atom at Vs = —0.7 eV. Using an atom superposition simulation and
these ILDOS values, a flattened, trapezoidal-like profile was found. Therefore, comparing again with the
work of Heinze et al. (Heinze et al., 2000) who observed a magnetic spatial period of just 2 atomic rows
for Mn/W(110) (see Fig. 5) whereas our magnetic period is 6 atomic rows, the non-sinusoidal magnetic
profile has particular significance. In Heinze’s case, the Mn atoms in adjacent atomic rows were
chemically equivalent (i.e. [m(Mn atom in i" row) de = -/m[Mn atom in (i+1)" row] de. In our case
[Mn3;N, (010)], Mnl and Mn2 are in different bonding configurations (chemically inequivalent) and
therefore do not have opposite ILDOS at all energies; thus, the observation of magnetic information
having spatial period of only 2 atomic rows clearly depends on the energy window of integration (from Eg
to Er + eVg). Although a 2 atomic-row magnetic modulation period is not obvious from the magnetic
height profiles measured, in fact, since the trapezoidal line profile at negative bias is found to depend on
magnetic contributions from individual Mnl and Mn2 atomic rows, magnetic information from single
atomic rows is actually observed.

More recently, the line profile results were re-examined using now-available surface theoretical
calculations and SP-STM simulations performed by Alexey Dick and Joerg Neugebauer (Smith et al.,
2004). In particular, the plot of surface ILDOS and surface magnetic ILDOS vs. energy, as seen in Fig.
6(c), was found to be very similar to that from bulk calculations as seen in Figs. 6(a) and 6(b), with some
small, but consequential, differences.



Regarding similarity, | My de and me“zda from the surface calculations are both positive for most of
the range from 0V to —0.8eV, and at ~ —0.8 eV, [myide > 0, similar to the bulk calculations. Thus, the
atom superposition simulation of the magnetic component using surface magnetic ILDOS values agreed
qualitatively with the results shown in our earlier paper (Yang et al., 2002b) which were based on the bulk
theoretical calculations. Thus, both surface-based and bulk-based simulations confirm that the magnetic
height profile of Mn;N, (010) contains information from the individual Mn1l and Mn2 atomic rows.

Regarding the small differences between the results of surface and bulk calculations, the surface
calculations found annzds > annlds over the range 0 to —1 eV, whereas the bulk calculations had the
opposite result, ) Ny de > ) nympde over the same energy range. This switch led to a 1.5 atomic row shift
of the position of the normal component in the atom superposition simulation (Smith et al., 2004), placing
the peak of the normal (non-magnetic) component midway between the Mn2 rows rather than centered on
the Mnl row. This of course does not agree with the experimental STM data, and it represents a
breakdown of the atom superposition method.

It is interesting to note that at bias voltages in which menlda and ,(mandC have the same sign, the spin
arrangement can be viewed as 111]|] rather than 1|11/, which is another way to understand why the
magnetic line profile has a trapezoidal shape at those biases. It is important to note however, that the total
magnetic moments still have aFM periodicity of 1|1]1].

One of the key points of our recent work (Smith et al., 2004) is the direct, side-by-side comparison of
the results of atom superposition with Tersoff-Hammann (T-H) simulations for SP-STM based on the
energy-integrated surface LDOS. While some experimentally-observed trends in the height profile data
have been reasonably well reproduced using atom superposition (see Yang et al., 2004), we have also
found that atom superposition simulations can lead to inconsistencies with the non-magnetic STM data, as
just discussed (Smith et al., 2004). Similarly, while atom superposition simulations reproduced
reasonably well our experimental magnetic height profile data as we have shown previously (Yang et al.,
2002b, Smith et al., 2004), we also found that the T-H simulations are in general necessary for correct
simulation of spin-polarized STM data.

One of the main reasons for this is the fact that, for magnetic transition metal atoms, strongly
directional spin-polarized orbital lobes can play a major role in the SP-STM image. In our recent paper
(Smith et al., 2004), the spin-polarized orbital lobes are plotted in cross-section, and it is clearly seen that
in the case of Mnl, although the sphere-summed magnetic ILDOS is net spin-1, the orbital lobe the STM
tip sees is spin-|. The Mn2 atom, on the other hand, has a spin-1 orbital lobe with the net sphere-summed
magnetic ILDOS also spin-1. Thus, the sphere-summed magnetic ILDOS may or may not have the same
sign of the spin as the orbital lobe seen by the STM tip. However, after performing the T-H simulation
using the surface orbital lobe magnetic ILDOS, we also found qualitative agreement with our
experimental magnetic STM data at Vg = —0.2V (Smith et al., 2004).

Due to the strongly localized nature of the spin-polarized orbital lobes, this T-H simulation contained
sharp, atom-resolved magnetic features not found in our experiment to date. Improved agreement with
the experimental magnetic height profile data was found by performing the T-H simulation using a 4-
atom magnetic tip. This suggests that a sharper (i.e. triple-atom or single-atom) magnetic tip may be able
to resolve sharper details of the surface magnetic structure. Obviously, production of such ultimate sharp,
magnetic STM tips remains an experimental challenge.

G. Polarization Reversal of the Magnetic Profile

To obtain magnetic contrast reversal, the magnetic term in the tunnel current | m; - ms de over the small
energy range from the Er to Er + eVg must change sign with the voltage. This can occur in several ways.
One way to obtain a reversal is for | ms de to change sign at a certain bias. Another way is for [ m; de to
change sign at a certain bias. Since very little is known about the magnetic state of the tip, it is generally
very hard to determine which of these two factors is responsible.
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Thinking of the tip-sample system as just a single entity, it is possible to calculate an effective spin
polarization Pgpr of the tip-barrier-sample junction as a function of sample bias. Pgrr has been defined
previously by Wiesendanger (Wiesendanger et al., 1990) as:

Pepr = [y — Ity ]/ [Ty + 14 ] “4)

Here, 1;; denotes the tunnel current in which the spins of tip and sample are parallel, and I;; denotes the
tunnel current in which the spins of tip and sample are anti-parallel. One of the first applications of this
expression was by Wiesendanger et al., in the case of the Cr(001) topological aFM surface in which the
spin alternates upon crossing a single monolayer-height step (Wiesendanger et al., 1990). In the case of a
row-wise aFM surface, clearly I;; and I;; both occur periodically as a function of position on the surface.
Since the STM is operated at constant current, the tip has to withdraw from or come closer to the surface
depending on the magnetization directions of tip and sample. For Cr(001), this led to an alternation of the
apparent step height. For a row-wise aFM surface, CC mode leads to the periodic modulation of the peak
heights. In the case of CC mode, Wiesendanger et al. showed that Eq. (4) can be written as the following
(Wiesendanger et al., 1990):

Prrr = [exp(AND As) -1]/[exp(ANDAs) +1]  (5)

Here, A ~ 1.024 eV'"2A™" and @ is the local tunneling barrier height (for our surface we estimate ® ~ 5
eV). In the case of Cr(001), As was equal to the sum of the increase in tip position on one terrace
compared to the normal tip position (0.1 A) and the decrease in tip position on the next terrace (0.1 A)
which is then 0.2 A. This was deduced by measuring the difference in measured height of consecutive
steps (0.4 A). In our case, As is similarly the sum of the increase in height of one peak (i.e. 0.02 A) and
the decrease in height of the next peak (i.e. 0.02 A) for a total of 0.04 A which is just the peak-to-valley
amplitude of the magnetic modulation. The result for Pggr for Mn;N, (010) is shown in Fig. 9(b) (black
line) which shows that the polarization is largest at Vg ~ —0.1 V. Pgrr decreases for more negative bias
reaching a local minimum at Vg ~ —0.71V. Pggr decreases for increasing positive sample bias, goes to
zero at Vs~ +0.4 V, then changes sign reaching a negative local maximum at Vg ~ +0.67V.

For comparison, also plotted in Fig. 9(b) is the ratio R of ¥ the peak-to-valley magnetic amplitude to
the non-magnetic peak-to-valley amplitude (red line). There is some similarity in the trend of R to Pggg;
however, the magnitude of R is larger than Pgrr by about a factor of 2 at various voltages.

The issue remains whether the observed magnetic contrast reversal occurring at ~ +0.4 V sample bias
(corresponding to +0.4 eV in Fig. 6) can be simulated using only the sample’s energy-dependent magnetic
LDOS and a constant tip magnetic LDOS, or if instead it is due to a variable tip magnetic LDOS. As can
be seen from Figs. 6(a), 6(b), or 6(c), Jmy, de is positive for all energies above the zero-crossing point (at
~ —0.8eV) except at the origin. On the other hand, [mymode changes sign from positive to negative as
energy goes from negative to positive. Despite this sign change for Mn2, the competition between the
effects of Mnl and Mn2 on the magnetic profile make it not possible to explain the reversal by simple
inspection of the magnetic ILDOS, and surface simulations are required. Moreover, full T-H simulations
are required in general for reasons explained near the end of section F. Therefore, the theoretical
explanation for the observed contrast reversal will be addressed in a future paper.

H. Spin-Polarized STM Tips

The magnetic LDOS of the STM tip is critical for the observation of spin-polarized images. Part of the
difficulty of SP-STM is stabilizing the magnetic state of the tip. We have found that small changes to the
tip during scanning are sufficient to modify the tip and change its magnetic behavior (Smith et al., 2004).
Shown in Fig. 10 are two images of the same exact surface region of Mn;N, (010), which were acquired
by the same MnN-coated W tip but some time apart. As seen, the two images are completely different —
one showing spin-polarization, one showing no spin-polarization. This result was obtained without
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intentionally modifying the tip using voltage pulsing. It suggests that very small changes to the tip atom
configuration are enough to affect the magnetic LDOS, such as picking up or dropping off one, or a few,
tip atoms. Another point is that we have shown that aFM probe tips (i.e. Mn- or MnN-coated) can be
used for atomic-scale SP-STM imaging of aFM surfaces. The use of aFM probe tips in SP-STM at
nanometer scale was previously demonstrated by Kubetzka et al. on a FM surface [Fe/W(110)] (Kubetzka
et al., 2002). A key advantage of an aFM probe tip is that it has a vanishing stray magnetic field and
therefore should not disturb the sample spin structure being measured.
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FIGURES

Fig. 1 (a) Normal STM image of n-Mn;N, (010) surface acquired with non-magnetic tip at Vg =-0.4 V
and [; = 0.8 nA. (b) Atomic resolution normal STM image acquired at Vs=-0.3 V and I; = 0.3 nA. (c)
Bulk terminated (010) surface model.
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Fig. 2 (a) Bias-dependent normal atomic resolution STM images acquired with a tunnel current of 0.3 nA.
Rhombus shows the non-magnetic unit cell of the surface. The x corresponds to the Mn1 atom, while the
o corresponds to the Mn2 atom. (b) Ratio of the magnitude of the corrugation of Mn1 to that of Mn2 vs.
sample bias. (c) The total height magnitude (peak-valley) as a function of sample bias. Solid curves are
smoothed fits to the data points.
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Fig.3. SP-STM image obtained using a Mn-coated W tip at a sample bias of Vg=-0.2 V and a tunnel
current I; = 0.3 nA.. The alternating spin structure is indicated by the arrows. The step edge appears
bright due to the use of a local background subtraction to make contrast visible on both terraces.
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Fig. 4 (a) SP-STM image acquired using a Mn-coated W tip at Vg = —0.6 V and I ;= 0.8 nA. (b)
Averaged line profile z(x) corresponding to the SP-STM image in part (a); (c) separated components
according to method A; (d) separated components according to Method B; (e) canted spin model. Color
coding is non-magnetic (blue) and magnetic (purple).
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Fig. 5 Comparative diagram between SP-STM results on Mn;N, (010) by Yang et al. and Mn/W(110) by
Heinze et al. (a) schematic total line profile with top view surface model of Mn;N, (010) and separated
components; (b) schematic line profile obtained (only magnetic) with top view surface model of
Mn/W(110); also shown is the fictitious total line profile including non-magnetic part which was not
obtained. Surface models have been normalized to have the same x-direction atomic row spacing.
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Fig. 6 (a) Normal and magnetic bulk ILDOS values i(Mn1), fi(Mn2), and m(Mnl), ii(Mn2) calculated by
Lambrecht et al.; (b) Normal and magnetic bulk ILDOS values fi(Mnl), i(Mn2), and mi(Mn1), fi(Mn2)
calculated by Dick and Neugebauer; (c) Normal and magnetic surface ILDOS values i(Mnl), i(Mn2),
and m(Mnl), mi(Mn2) calculated by Dick and Neugebauer.
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Fig. 7 A series of SP-STM images of Mn;N, (010) acquired using a Fe-coated W tip taken at the exact
same surface location. The sample bias is indicated in each part, and tunnel current I;= 0.3 nA.
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Fig. 8 Total height profiles corresponding to the SP-STM images of Fig. 7 and the separated non-
magnetic (blue) and magnetic (purple) components. Sample bias is indicated in each part, and tunnel
current ;= 0.3 nA.
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Fig. 9 (a) Peak-to-valley amplitudes of magnetic (purple) and non-magnetic (blue) components of the
height profile as a function of sample bias. (b) The deduced junction polarization Pggr from STM data
using Eq. (5) (black) and the ratio R of /2 the magnetic peak-to-valley amplitude to non-magnetic peak-to-
valley amplitude vs. sample bias from STM data (red).
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(a) no magnetic contrast  (b) with magnetic contrast

Fig. 10 STM images of the same surface area obtained using a MnN coated W tip but separated by some
scanning time, showing (a) normal image, and (b) spin-polarized image. Both (a) and (b) were obtained at
Vs=-0.4V and [;= 0.5 nA . The alternating spin structure is indicated by the arrows.
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