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The growth and crystalline structure of ultrathin Mn films are studied in terms of thickness
and temperature by scanning tunneling microscopy (STM) as well as medium- and low-
energy electron diffraction. We show that the Mn films deposited at room temperature exhibit
a thickness-dependent growth behavior with a layer-by-layer growth mode up to 5.3
monolayers. Two transitions in the growth mode can be observed in this range. Atomically
resolved STM images of a submonolayer of Mn on Ni(111) reveal a lateral lattice distortion
which becomes less significant after the islands form a wetting layer at room temperature. The
low-temperature-deposited wetting layer shows a metastable lattice distortion which vanishes
after annealing to room or higher temperatures. This phenomenon may be attributed to a
temperature-dependent metastable arrangement of the Mn adlayer as well as the distinct

interaction strength between Mn-Mn and Mn-Ni atoms. Low-temperature grown thick Mn
films exhibit a Stranski-Krastanov growth mode with a stable (\ﬁ : \/§)R 30° reconstruction,

which remains stable up to room temperature.

1. Introduction



Ultrathin magnetic films, because of the reduced dimensionality, exhibit distinguished
magnetic properties with respect to the bulk. "™ The morphology of such thin films can
influence the magnetic properties significantly. ®'1 The 34 transition metal Mn has drawn
much attention in ultrathin magnetic film research in the last decades, not only because of its
large atomic magnetic moment resulting from the half-filled d orbital, but also due to the
diversity of phases when epitaxially grown on different substrates. (12221 The crystalline
structure, in some way, determines the properties of thin films. When the impinging atoms
reach a metal surface, the way they arrange to form a new structure on the substrate is often
an interesting topic to investigate. Depending on factors like, e.g., temperature, thickness,
substrate material, and symmetry, Mn could intermix with the substrate atoms and form
ordered or disordered alloys. > In some cases, alloys are only limited to the surface, such
as Mn on Cu(100), ?” Cu(110), ®* Co(001), **' Ni(100), ***° and Ni(110), "*** while some
alloys involve a few atomic layers, as in Mn/Ag(001). P" In other cases, like Mn on Fe(100)
3233 and Fe(110), P¥ no alloy is formed and only a pure Mn adlayer is found. Mn on
Ni(111)/W(110) tends to have a disordered structure after 0.5 ML Mn deposition at room
temperature, no intermixing between Mn and Ni has been observed. **! Annealing could
introduce different ordered alloys of Mn and Ni in different Ni layers. For Mn on bulk
Ni(111), there is still a lack of direct experimental evidence for how the Mn atoms arrange on
this six-fold hexagonal substrate surface.

In this paper, we employ surface-sensitive techniques, namely scanning tunneling microscopy
(STM), medium-energy electron diffraction (MEED), and LEED to systematically study
utrathin Mn films on Ni(111). Depending on the film thickness, the crystallographic structures
of the Mn films vary significantly from submonolayer (ML) to a few MLs and transitions in
the growth mode occur during the growth. Atomic-resolution STM imaging reveals the initial

growth of Mn on Ni(111) and, together with LEED pattern analysis, suggests a size-



dependent metastable lattice distortion of Mn islands with respect to the substrate. Moreover,

the influence of temperature on the ML and thicker Mn films is also investigated.

2. Experiment

The experiments were carried out in an ultrahigh vacuum system with a base pressure of
1x107"° mbar. The Ni(111) substrate was a disk-shaped single crystal with a diameter of 10
mm. To achieve a well-defined surface, the Ni(111) substrate was cleaned by cycles of Ar"
sputtering with ion energy of 1 keV at 700~750 K, followed by subsequent annealing at 950
K for 20~30 minutes. The cleanliness and smoothness of the crystal surface were examined
by Auger electron spectroscopy, LEED, and STM. For the Mn thin-film deposition, molecular
beam epitaxy was used. Mn was evaporated by electron bombardment of Mn pieces with
99.95% purity in a molybdenum crucible. An in-situ MEED setup (primary beam energy 3.0
keV, grazing incidence angle less than 5 degrees) was used to monitor the film thickness
change during the film growth. A room-temperature STM with a ring-shaped iron probe #'~¢

was employed for the STM characterization. All the STM images were obtained in the

constant-current mode.

3. Results and Discussion

3.1. Growth of Mn on Ni(111) at Room Temperature

The topography of room-temperature-deposited Mn on Ni(111) depends on the thickness. In
the sub-ML range, Mn atoms first form tiny scattered islands (4+2 nm wide) , the gaps
between which are gradually filled at higher coverages to form a wetting layer, as seen in
Figure la-c. At the thickness of 1.7 ML, second-ML islands in Figure 1d become larger
(7£2 nm wide) and gaps are more uniformly distributed than those in the sub-ML range. Even

larger patches (10~20 nm wide) are formed at 2.5 ML thickness in Figure le. Patches of
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similar size can be seen at 5.3 ML in Figure 1f. At the thickness of 8 ML and 12 ML, the
surface morphology demonstrates a layer-plus-island growth mode and island growth mode,
as shown in Figure 1g and h, respectively. Figure 1i shows the in-situ MEED intensity curve
recorded while depositing a thick Mn layer on Ni(111). The intensity drops during the first 75
s of Mn deposition, and then levels off at about 10-15% of the initial intensity. Three wiggles
are discernible that can be assigned to the completion of the 1st, 3rd, and 4th ML, while a
maximum related to the 2nd monolayer is hardly seen.

To obtain a deeper understanding of the sub-ML Mn lattice structure, Figure 2a and b present
atomic-resolution imaging of the as-grown 0.2 ML Mn/Ni(111) surface. The two images were
taken from the same sample but different areas. The time interval between measuring the two
images is short to ensure similar conditions of the STM piezo scanner. To do the 2D fast
Fourier transforms (FFT), we selected two areas in the Ni and Mn regions separately. The 2D
FFT of the Ni and Mn areas shown in the insets of Figure 2a and b reveal that the lattice of
sub-ML Mn islands does not conserve the substrate lateral lattice constant, but assumes a
(31£10)% larger lattice constant. This is confirmed by LEED images for the clean Ni(111)
substrate (Figure 2¢) and for Mn coverages of 0.6 and 1.0 ML (Figure 2d and e, respectively).
Above 1 ML, no LEED diffraction pattern are observed at room temperature. The LEED
pattern for I ML Mn exhibits less diffuse background and the distance between opposite
diffraction spots in Figure 2e appears slightly smaller compared to the substrate. This can be
seen from Figure 2f, which presents line profiles through the LEED images taken along the
white lines in Figures 2c—e. The line profiles have been aligned at the left spot. The distance
between opposite diffraction spots is reduced by (4.3+0.25)% at 1 ML Mn coverage compared
to Ni(111). Moreover, the Mn lattice is not a regular hexagonal one, but laterally distorted, as
becomes most obvious when looking at the inset of Figure 2b.

We observe thus a layer-by-layer growth mode in the initial stages of Mn deposition, up to

about 5 ML, which then, possibly gradually, is reduced at higher thicknesses until at 12 ML
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up to 8 layers are simultaneously exposed. Despite the initial layer-by-layer growth, even the
first ML of Mn does not assume the lateral lattice periodicity of the Ni(111) substrate, but
exhibits an incommensurate, laterally distorted hexagonal structure with larger lattice constant.
This has to be attributed to the large lattice mismatch to the fcc Ni(111) surface.

Despite the layer-by-layer growth seen from the STM images, the reflected electron intensity
during deposition does not show pronounced oscillations. The intensity after completion of
the first ML is distinctly higher than during deposition of the following layers, which could be
related to a structural transition after the completion of the first layer. This would also explain
why the peak corresponding to the completion of the second ML is hardly visible, while the
ones for the third and fourth ML are more clearly distinguished.

Taking into account the STM data, we attribute the background intensity in the LEED image
of 0.6 ML Mn to the structural distortion of the Mn crystallographic structure within the
islands on Ni(111). The degree and orientation of the distortion may vary from island to
island. While the Mn wetting layer at 1 ML coverage tends to have a certain orientation of
lattice distortion with respect to the Ni(111) substrate, this is different in the randomly
oriented Mn islands when the coverage is below 1 ML. A disordered interfacial alloying could
in principle also be the cause of the LEED background intensity, although no intermixing
between Mn and Ni was found after room-temperature deposition of Mn on 4 ML Ni/W(110).

[35]

3.2. The Influence of Temperature on the Growth of a Monolayer Mn on Ni(111)

B741 Since 1 ML is a critical

Temperature plays an important role for thin-film deposition.
thickness for room-temperature-deposited Mn/Ni(111), the change of the crystallographic
structure of Mn with 1 ML thickness at different temperatures is an interesting topic to be
discussed. Figure 3 shows the result of the characterization by room-temperature STM and

LEED of 1 ML Mn on Ni(111), deposited at different temperatures. STM topography images

for deposition at 200 K, 300 K, and 560 K show complete, smooth Mn wetting layers on the
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nickel substrate. LEED patterns of Mn deposited at different temperatures, in contrast, exhibit
diverse features. For growth at 200 K, the pattern displays six-fold superstructure satellite
spots around each of the substrate diffraction spots marked by red circles. At both, 300 K and
560 K growth temperatures, only sharp diffraction spots from the substrate are present. The
difference between the 560-K and 300-K LEED patterns is the much lower background of the
former, indicating a well-ordered (1x1) hexagonal lattice for high-temperature-deposited Mn.
After annealing the 200-K-prepared Mn layer from 180 K to 300 K, the superstructure in the
LEED image is strongly diminished and only the inner dim satellite spots remain, as shown in
Figure 3d, e and f, g at 145 eV and 113 eV, respectively. Note that the LEED superstructure
observed on the 200-K-prepared Mn/Ni(111) around the substrate lattice diffraction spots
exhibits six-fold and three-fold symmetries at 145 eV and 113 eV, respectively, with satellite
spot separation 0.13+0.01 of that of the substrate spots, and will be discussed below. We
exclude residual gas as the cause for the superstructure because the chamber pressure was
always kept below 3x10™'% mbar to avoid such contamination. Similar six-fold superstructures
on the (111) surface have also been observed in other systems, such as Ag/Ni(111) B34%4]
and Ag/Cu(111). " The scenario for superstructure formation in these systems is a rotated
Ag lattice with respect to the substrate in a high-temperature-deposited Ag layer (>300 K).
Interestingly, in Mn/Ni(111), the six-fold and three-fold satellite superstructures are observed
only for low temperature growth and disappear after annealing to higher temperatures, in
contrast to the six-fold satellite superstructures reported for Ag/Ni(111) by Chambon et al., ¥
where the room-temperature- or 400-K-deposited Ag films are poorly ordered and the six-fold
superstructure appears only after annealing to higher temperatures.

To explain the LEED superstructure observed on low-temperature-grown ML-thick
Mn/Ni(111), we suggest an incommensurate lattice resulting from a uniaxial distortion similar
to that of the room-temperature-deposited sub-ML Mn/Ni(111) seen in the inset of Figure 2b:

The ratio between the real-space overlayer lattice vector and the basic lattice vector is 1.113
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and the two overlayer lattice vectors are rotated 7° counterclockwise and clockwise,
respectively, as the red arrows illustrate in Figure 4c. A simulation of the LEED pattern

t ) software is shown in

resulting from that two-dimensional structure using the LEEDpa
Figure 4b, along with the experimental LEED image (Figure 4a). Differently from STM,
LEED reflects the lattice structure in a much larger area. Differently oriented structural
domains have thus to be considered. For the simulated pattern of Figure 4b, three
individually oriented domains with a mutual angle of 120° have been used and the resulting
spots marked by separate colors. The domain of the Mn lattice drawn in real space [Figure
4c] corresponds to the blue diffraction spots in Figure 4b.

While the 200-K-grown Mn layer exhibits a superstructure in the LEED pattern also at 1 ML
coverage, the room-temperature-grown layers at 0.6 ML and 1 ML Mn thickness do not, as
seen from Figure 2d and e, while the 2D FFT pattern from Mn islands at 0.2 ML does, see
the inset of Figure 2b. Different structures at higher submonolayer coverages at different
growth temperatures could result from different adsorption sites of the Mn atoms with respect
to the Ni substrate atoms, metastable in the case of growth at 200 K, leading to different
Mn-Mn and Mn-Ni distances and thus to a different arrangement of the Mn adlayer, similar
as discussed for alkali-adlayer/metal systems. *® The change in the LEED satellite
superstructure in the 200-K-deposited Mn/Ni(111) system between six-fold [Figure 3d] and
three-fold [Figure 3f] may be explained by interference with electrons scattered from the fcc
substrate lattice below the Mn layer, which is not considered in the simple simulation shown
in Figure 4b, resulting the disappearance of three of the satellite spots. The slightly stronger
diffuse background of the LEED pattern of the 300-K-grown Mn ML [inset of Figure 3b]
compared to that of the 560-K-grown layer [inset of Figure 3c] indicates some structural
disorder in the former, possibly resulting from a transition between the structurally distorted
layer found at lower growth temperatures and the isostructural layer found at higher growth

temperature. No superstructure is seen in the LEED pattern of the 560-K-grown layer [inset of
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Figure 3c], which has a very low background. This means that at such high temperature, the
film assumes the structure of the substrate. As seen from the LEED images of Figure 3,
heating 1 ML Mn deposited at 200 K to 300 K does not result in the same structure as
depositing 1 ML at 300 K. In the latter case some satellite spots are still visible. This could be
explained by the hindrance of neighboring Mn atoms in a full ML to reach the energetically
more favorable isostructural case, as during deposition at higher temperatures.

3.3. Low-temperature-grown Thick Mn Film on Ni(111)
As discussed before, a ML Mn exhibits a metastable laterally distorted lattice when deposited

at 200 K. How does the crystallographic structure arrange in thick Mn films deposited at low
temperature? Figure Sa shows an STM topography image of 8 ML Mn deposited at 170 K on
Ni(111). The surface, with a roughness of about 1.5 nm, exhibits a Stranski-Krastanov (SK)
growth mode. The island edges can be more clearly seen in the differentiated image in Figure
5b. For low-temperature deposition, one main difference between 1 ML and a thick film of
Mn is the stable ordered phase of the latter. According to the LEED pattern shown in Figure
S5c¢, 8 ML Mn on Ni(111) exhibits diffuse (1x1) hexagonal diffraction spots with some
superstructure. This superstructure is identified as a (\ﬁ * \/g)R 30° reconstruction, as
illustrated by the simulated LEED pattern in Figure Se. The reconstruction, schematically
shown in real space in Figure 5f, remains present after annealing the film to 300 K, except for
a stronger diffuse background. We take this as an evidence for a stable lattice structure in the
thick Mn film. The simulation of the LEED image does not require any incommensurate
lattice distortion in the overlayer, and the phase for a thick Mn layer differs from that of thin

layers discussed before.

4. Conclusion

In conclusion, we have investigated the growth of Mn on Ni(111) from the aspects of
thickness and temperature. Mn deposition at room temperature on Ni(111) exhibits a layer-by-
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layer growth up to 5.3 ML. In the layer-by-layer-growth thickness range, the size of Mn
islands depends on thickness. Atomic-resolution imaging of sub-ML Mn/Ni(111) reveals a
laterally distorted Mn lattice, while the LEED study suggests a relatively smaller distortion in
the Mn wetting layer than in 0.2 ML Mn islands. At the thickness of 1 ML, the low-
temperature-deposited Mn film shows a metastable lattice distortion. This metastable phase
becomes less distorted when the temperature is increased to 300 K. The reason could be a
temperature-dependent metastable arrangement of the Mn adlayer as well as the different
interaction strength between Mn-Mn and Mn-Ni atoms. According to a stronger diffuse
background of the LEED pattern, the 300-K-deposited ML Mn demonstrates some structural
disorder at room temperature. On the contrary, the (1x1) LEED pattern of the 560-K-grown
ML Mn indicates weak or no lateral lattice distortion. As to thick Mn films on Ni(111), we

have observed an SK growth mode at low temperature. The as-grown film exhibits a
(V3%V/3)R 30° reconstruction which remains stable from low to room temperature. The

simulated real-space lattice shows no incommensurate lattice distortion in the overlayer,

which demonstrates a stable lattice structure for thick Mn films.
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(i)

9 ML Mn/Ni(111)

100 ' 200 ' 300 ' 400
Deposition time (s)

MEED (0,0) spot intensity (a. u.)

Figure 1. (a-h) Constant-current STM topography images of room-temperature-deposited Mn
on Ni(111) with thicknesses of 0.2 ML, 0.6 ML, 1 ML, 1.7 ML, 2.5 ML, 5.3 ML, 8 ML, and
12 ML. (i) MEED curve of the (0,0) spot intensity during the deposition of 9 ML Mn on
Ni(111). Tunneling parameters: (a-h) +0.2 V, 1.9 nA; +0.2 V, 2.2 nA; +0.5V, 1.1 nA; +0.2 V,
2.1nA;+0.5V, 1.4nA;-02V,2.1nA;+1.37V, 049 nA; +0.5 V, 21 nA. The insets in (a—h)

correspond to line profiles along the white lines in each image. Axis unit of insets: nm.
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Figure 2. Atomic-resolution constant-current STM images for 0.2 ML Mn/Ni(111) showing
the Ni substrate (a) (+25 mV, 2.2 nA) and a Mn island (b) (+49 mV, 2.8 nA) with enhanced
contrast. Insets show the 2D FFT of the corresponding STM images for Ni(111) and
Mn/Ni(111) in the regions marked by white rectangles. The white circles in the inset of (b)
represent the superimposed 2D FFT pattern of the inset of (a). (c, d, €) LEED patterns taken at
120 eV for Ni(111), room-temperature-deposited 0.6 ML Mn/Ni(111), and 1 ML Mn/Ni(111).
(f) Line profiles taken from (c, d, €), as marked by the numbered white lines in each image,
respectively.

©) kel

(d) SR 130k (e) . 300k (f) Q% 180K (g) . 300K
Figure 3. (a, b, ¢) Room-temperature constant-current STM images of 1 ML Mn/Ni(111)
prepared at 200 K, 300 K, and 560 K, respectively. Tunneling parameters: +1.1 V, 0.49 nA.
The inset of (a) shows the LEED pattern taken at 180 K, 150 eV. Insets of (b) and (c) are
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corresponding LEED patterns both taken at room temperature, 120 eV. (d, f) show LEED
patterns at 145 eV and 113 eV, respectively, for sample in (a) taken at 180 K. (e, g) are LEED
patterns at 145 eV and 113 eV, respectively, after the sample in (a) was annealed from 180 K
to 300 K. Red circles in the LEED patterns mark the hexagonal p(1x1) diffraction spots.

"
w 080 o ®
i j%. 5 .
. .
. e, O
: (a) s b) ® (c)

Figure 4. (a) LEED pattern from Figure 3f. (b) Simulated LEED pattern of (a). Three
different domains are marked by pink, green, and blue colors. White spots show the
hexagonal p(1x1) diffraction spots, black arrows represent vectors of the reciprocal unit cell
of the substrate. (c) Simulated real-space lattice for (b). Only one domain, corresponding to
the blue spots in (b), is shown. The gray grid represents the Ni(111) substrate lattice, red dots
indicate Mn atoms. Black arrows show the substrate unit cell vectors, red arrows the film unit
cell vectors.
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Figure 5. (a) Room-temperature STM topography image for 170-K-deposited 8 ML Mn on
Ni(111). Tunneling parameters: +0.2 V, 2.16 nA. The color bar unit: nm. (b) Differentiated
image of (a).. (¢, d) LEED patterns for (a) taken at 170 K and after annealing to room
temperature, respectively. Electron energy for both patterns is 120 eV. White circles show the
positions of hexagonal p(1x1) spots and red circles mark the diffraction spots of the
superstructure. (e) Simulated LEED pattern of (c). White and blue arrows represent reciprocal
unit cell vectors for substrate and overlayer, respectively. (f) Simulated real-space lattice for
(e). The red dots and crossing points of the gray grid are for topmost and top second Mn
atoms, respectively. Black arrows show the grid-layer unit-cell vectors, red arrows the dot-
layer superlattice unit-cell vectors.

Scanning-tunneling-microscopy and low-energy-electron-diffraction studies of ultrathin Mn
films grown on Ni(111) are presented. The Mn wetting layer’s crystalline structure exhibits a
temperature-dependent metastable lattice distortion. Transitions in the growth mode at room-
temperature occur at certain thicknesses. The island size influences the crystalline structure of
the sub-monolayer film at room temperature.
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