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LEED structure determination of tetragonal MnNi films on Ni(100)
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The structure of compositionally ordered MnNi films epitaxially grown on Ni(100) by deposition of
3—4 monolayers Mn above 550 K is characterized. Using a quantitative low-energy-electron-di6'raction
(LEED) intensity analysis, the first two interlayer spacings have been determined to be d]2 =1.76+0.02
and d» =1.86+0.03 A. Third and deeper interlayer spacings of 1.87+0.04 and 1.88+0.04 A, respec-
tively, have been found. A pronounced corrugation is observed for the first layer only, where the Mn

0
atoms are displaced outwards by 0.30+0.02 A. This surface layer has a composition of 50% Mn and
50% Ni. Deeper layers have a similar composition, but due to the relative insensitivity to the composi-
tion in deeper layers other concentrations cannot be excluded by the LEED analysis. The resulting film
structure is indicative of the formation of tetragonal MnNi films.

I. INTRODUCTION

In recent years, low-energy electron diffraction (LEED)
has been successfully used to study the composition and
structure of the surfaces of disordered bulk alloys. '

These studies have significantly contributed to our under-
standing of the segregation at alloy surfaces. Highlights
of these investigations include the observation of an oscil-
latory segregation profile in the near-surface region' and
a strong dependence of the segregation profile on the sur-
face orientation. Basically all of these studies have con-
centrated on the investigation of alloys where the rela-
tively large difference in the atomic number of the consti-
tuting elements made possible an accurate determination
of the composition in the near-surface region. Here we
want to report on our structural analysis of MnNi alloy
films formed by deposition of Mn on Ni(100). In this
case, the small difference in atomic numbers leads to rela-
tively similar phase shifts. This in turn puts severe con-
straints on the precise determination of the film composi-
tion. Nevertheless, it was possible to determine the struc-
ture and composition of the films.

In a previous publication, the growth of manganese on
Ni(100) and the resulting superstructures have been re-
ported. While deposition of Mn below 270 K leads to
the formation of Mn films on the Ni(100) surface, incor-
poration and alloy formation are observed for deposition
temperatures above 270 K. Upon deposition of 0.5-ML
(monolayer) Mn at temperatures between 300 and 500 K,
an ordered surface alloy with c (2 X 2) structure is formed.
Here 1 ML (monolayer) is defined with respect to the
atomic density of the Ni(100) surface, i.e., it corresponds
to an atomic concentration of 1.61X10' atoms/cm .
Using a full dynamical LEED analysis the structure of
this surface was determined. The first layer consists of
an ordered alloy (surface alloy) where the Mn atoms are
displaced outwards by 0.25+0.02 A. The resulting cor-
rugation is responsible for intense c(2 X 2) superstructure
beams. Similar c(2X2) structures, albeit with smaller

corrugation, have been produced by the deposition of
0.5-ML Au (Refs. 7 —9) and Pd (Refs. 10 and 11) on
Cu(100) at growth temperatures above 270 K. In none of
these cases, however, was it possible to grow thicker or-
dered alloy films.

In contrast to the behavior found for these surface al-
loys, it is possible to grow thicker ordered alloy films on
Ni(100). This has been shown by MEED (medium-
energy-electron-diffraction) and LEED (low-energy-
electron-diffraction) experiments where films with
c (2 X 2) structure were even found after deposition of 4-
ML Mn. In these experiments, changes in structure and
morphology at different growth temperatures were found
after deposition of multiples of 0.5-ML Mn. For the 4-
ML-thick alloy film, the Auger intensity of the Mn tran-
sition at 589 eV and the Ni transition at 848 eV was mea-
sured in the first derivative mode with a cylindrical mir-
ror analyzer using a primary energy of 3 keV. The inten-
sity ratio of these transitions has been determined to
IM„/IN; =0.92+0.08. Using the known sensitivity of
these two Auger transitions of 0.88, ' a composition of
approximately 50% Mn and 50% Ni is obtained for the
bulk alloy film. These results suggest that each of the
growing alloy layers has a manganese concentration of
50%. Thus deposition of 4-ML Mn should produce an
alloy film eight layers thick. Here we want to present the
results of our structural analysis for these thicker alloy
films ("bulk alloys" ) which have been produced by depo-
sition of Mn on Ni(100) at elevated temperatures.

The paper is organized in the following manner. The
experimental setup will be described in Sec. II. Details of
the LEED calculations and the results of the LEED
analysis are given Sec. IV. In Sec. IV, the results are dis-
cussed and compared with similar experimental systems.

II. EXPERIMENT

The experiments were performed in an UHV (ultrahigh
vacuum) chamber with a base pressure of 5X10 Pa.
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During Mn evaporation the pressure never exceeded
2X10 Pa. After deposition the Mn source was turned
off and the pressure quickly dropped to the base pressure.
The evaporation rate was determined by a quartz-crystal
microbalance. This enabled a precise determination of
the film thickness. Further confirmation of the film
thickness came from the measurement of MEED or
LEED intensities during Mn deposition. These intensi-
ties show maxima and minima at certain well-defined
coverages which allow a careful control of the film thick-
ness. This has been discussed in detail in Ref. 5, where
the apparatus and our sample treatment have already
been described. Therefore we will focus here only on the
experimental details relevant for the LEED I-V measure-
ments.

The intensities of up to eight different beams were mea-
sured simultaneously by a video LEED system. ' Data
were recorded in steps of 0.5 eV for six nonequivalent
beams [(1,0), (1,1), (2,0), (2, 1), (—,', —,

' ), and (—', , —,')] from 40 to
around 350 eV at normal incidence. To approach perfect
alignment of the system, magnetic fields were strongly re-
duced by double mu-metal shielding of the entire UHV
chamber. Normal incidence was defined as the angle
where symmetry-equivalent beams were as similar as pos-
sible. Tilt and polar angles were varied until these beams
had almost identical curves (Pendry R factor R~ (0.05,
typically R =0.03), showing that normal incidence was
closely approached. After an automatic background sub-
traction, symmetry-equivalent beams were averaged and
normalized to a constant incident current. The whole
data set had an energy range of approximately 1400 eV.

In Fig. 1, the I Vcurves fo-r the c(2X2) structure
formed after deposition of 4-ML Mn at 600 K are shown.
To increase the structural order in the films, the sample
was annealed for five additional minutes at 600 K after
deposition. This leads to sharp and intense c(2X2) su-
perstructure beams and low background intensity. Then
the sample was cooled to 150 K, and I-V curves were
measured at this temperature. This structure was
prepared three times ex nuovo and practically identical
I-V curves were obtained. Additionally, the inhuence of
film thickness and deposition temperature on the I-V
curves was checked. For films between 3- and 4-ML Mn,
the I-V curves are basically indistinguishable provided
that the deposition temperature was above 550 K. In
general, the background was lower at higher growth tem-
peratures, but the I-V curves did not change. By con-
trast, the I Vcurves obtaine-d for the c(2X2) surface al-
loy formed after deposition of 0.5 ML at 425 K (shown as
broken lines in Fig. 1) are rather different. This indicates
that the structure of the surface alloy is considerably
different from that of the bulk alloy film.

III. STRUCTURE DETERMINATION

A. LEED calculations

A LEED program developed by Moritz' was used for
the calculation of the LEED intensities. This program
uses symmetry-adapted functions to reduce the angular
momentum components and employs the layer doubling

method to stack the layers. The diffraction matrices for
different layers were calculated by matrix inversion. A
maximum of ten phase shifts derived from band-structure
calculations' was used to describe the atomic scattering.
They were corrected for thermal diffuse scattering using a
Debye temperature of 440 and 435 K for Mn and Ni, re-
spectively. To investigate the distribution of Mn over
several layers or the partial occupation of different sub-
lattices, the averaged-r-matrix approximation (ATA) was
used. In this approximation each layer or sublattice is
occupied by an "averaged atom. " The energy-dependent
refractive potential Vo(E) and the absorptive potential
V, (E) were those previously used for Ni, ' and were as-
sumed to be identical for all layers. As is typically done,
the final value for the real part of the inner potential was
adjusted within the theory-experiment fitting procedure.
This fit was performed using three different R factors, the
Pendry R factor (R~), ' the Zanazzi-Jona R factor
(Rz&),

' and the RD~ R factor. ' The latter evaluates the
deviation between the normalized experimental and
theoretical intensity spectra. Estimates of the error bar
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FIG. 1. Experimental spectra obtained after deposition of 4-
ML Mn at 600 K (solid line) and after deposition of 0.5-ML Mn
at 400 K (broken line). Identical beams are compared and are
labeled using two different notations. The beam labeling on the
left-hand side is for the unit cell as shown in Fig. 2(a), while the
notation on the right side is for the primitive unit cell of the
Ni(100) surface.
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in the structure determination are derived from the vari-
ance of R, var(R )=R +8V;/bE, where bE is the
range of energies where calculated and measured spectra
overlap.

B. Structural analysis

The theoretical I-V curves calculated for the model de-
picted in Fig. 2 were compared to the measured I-V
curves. The structure shown in Fig. 2 is characterized by
an ordered arrangement of Mn and Ni atoms in which
each layer has a Mn concentration of 50%. This is in
agreement with the composition derived from the Auger
and MEED breakpoints. The atomic corrugation at the
surface, the first three interlayer distances at the surface
d)2, d23, and d34 and the bulk interlayer distance db
were varied to determine the best-fit structure. The inter-

0
layer distances were varied between 1.5 and 2.1 A in steps
of 0.1 A, and the corrugation of the first two layers was
varied between —0.5 and 0.5 A in steps of 0.1 A. It was
assumed throughout the calculations that the films grew
epitaxially on the Ni(100) substrate. This is supported by
the observation that the position of the integer order
beams did not vary with increasing film thickness. As a
consequence, the MnNi films have the in-plane lattice
constant of 3.52 A characteristic of the Ni(100) surface.
After the optimum structure was determined on this
rough grid, the search was continued on a finer grid
where a step width of 0.01 or 0.02 A was used. Table I

TABLE I. Optimum R factors for the MnNi bulk alloy pro-
duced by deposition of 4-ML Mn on Ni(100) at 600 K. Con-
sistent results for the different R factors are obtained.

dl2 (A) d23 {A) d34 (A) d~ (A) Az& (A) Az2 (A) R factor

1.76
1.76
1.76

1.86
1.88
1.86

1.87
1.87
1.87

1 ~ 88
1.88
1.88

0.30
0.30
0.32

0.00 0.327 {Rp)
0.00 0.072 (Rzi)
0.00 0.299 (RDE)
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shows the optimum structure obtained for the three
different R factors (R~, Rzr, and RDE). The variations in
the best-fit structure for the difFerent R factors are rather
small and the values for the R-factor minima are quite
low, indicating a satisfactory agreement between theory
and experiment. This is confirmed by a visual inspection
of the theoretical I-V curves obtained for the optimum
structure, and the experimental spectra shown in Fig. 3.
Both the peak positions and intensities of the peaks are
satisfactorily described with the exception of the (2,0)
beam around 180 eV. In Fig. 4, the variation of the Pen-
dry R factor with surface corrugation and interlayer
spacing is shown. This figure shows that the R-factor
minima are deep, allowing a precise determination of the
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( 2.0, 2.0)
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FIG. 2. Structural model for the MnNi bulk alloy. (a) Top
view, where the unit cell is depicted by a broken line. The solid

line denotes the cut used for the side view. (b) Side view with a
definition of the structural parameters used in the LEED
analysis.

FIG. 3. Best-fit spectra for the bulk alloy (solid line) corn-

pared with the experimental spectra for the Ni{100) c(2X2)Mn
structure obtained after deposition of 4-ML Mn at 600 K {bro-
ken line).
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FIG. 4. Inhuence of a variation of different structural parameters on the theory-experiment comparison as estimated from the Pen-
dry R factor. Shown is the variation of the first (d &2), second (d23), and third (d34) interlayer distances and the corrugation of the first
(Az&) and the second (Az&) layers around the best-fit structure. Arrows show the position of the R-factor minimum. The respective
values of the structural parameters are listed in the first row of Table I.

corresponding interatomic distances.
In a second stage of the structural analysis, atomic

concentrations of different subplanes were varied to see if
a unique solution had been found. Several different com-
positions were checked, and in each case the optimum
structure was determined. As limiting cases, two struc-
tures were considered in which second and deeper layers
contained pure Mn or pure Ni and only the first layer was
composed of an ordered alloy. For these two models, the
interlayer distances found after optimization were identi-
cal to the best-fit structure of the ordered bulk alloy 1isted
in Table I. This shows that the interlayer distances found
in the R-factor analysis are basically independent of the
composition of deeper layers. All three R factors found
for these two limiting cases (pure Ni and pure Mn in
deeper layers) are worse than the three minimum R-
factors for the ordered bulk alloy. Nevertheless, the vari-
ations of the R factors with composition are only of the
order of 3%, which is still within the error bar of the
structural analysis. For the first layer, on the other hand,
the composition can be determined uniquely. Satisfacto-

ry agreement between theory and experiment is only ob-
tained for a Mn concentration close to 50%%uo. Basically all
Mn atoms occupy one sublattice and are displaced out-
wards by 0.30+0.02 A. An outward displacement of Ni
by the same amount leads to a considerably worse R fac-
tor (Rz =0.46) after optimizing the other interlayer dis-
tances.

IV. DISCUSSION

The structural analysis shows that upon deposition of
3—4-ML Mn on Ni(100) at elevated temperatures, a film
with the structure as listed in Table I is obtained. An or-
dered alloy is found for the surface plane, in which Mn
atoms are displaced outside by 0.30+0.02 A. For deeper
layers, a corn. position of 50% Mn and 50% Ni for each
plane is favored, but other concentrations cannot be ex-
cluded. On the other hand, the interlayer distances can
be uniquely determined independent of the composition
of the deeper layers. This is in agreement with LEED
studies by Gauthier and co-workers, ' who found that
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for different disordered PtNi, PtFe, and PtCo alloys the
composition and the interlayer distances in the surface
region could be optimized independently of each other.
Similar to our findings, they observed that the depen-
dence of the R factor on interlayer distances is more pro-
nounced than on the composition. These conclusions are
supported by the structural analysis obtained for MoRe
alloys. In the studies mentioned above, the relatively
large difference in the atomic number of the constituting
elements of the alloys enabled a determination of the
composition profile in the near-surface region. For the
alloy studied here, the phase shifts of Mn and Ni are
quite similar since the atomic number of the elements
only differs by 3. Therefore it is dificult to determine
uniquely the composition of deeper layers for the MnNi
alloy films. In order to characterize the composition of
the films, a different approach had to be chosen. For-
tunately, the interlayer distances for the MnNi films
which are summarized in the first row of Table II are
rather different from both the clean Ni(100) surface and
the c(2X2) structure obtained after deposition of 0.5-ML
Mn on Ni(100). These interlayer distances can thus be
used as a fingerprint of the structure that was formed.
The question was therefore which MnNi alloys have in-
terlayer distances close to the values observed in this
analysis and which can also account for the observed
LEED pattern.

In the bulk phase diagram, a variety of alloy phases ex-
ists. Disordered alloys are observed above 900 K. Since
the alloy films in this study were stable at much lower
temperatures, disordered MnNi films were excluded. In
the bulk phase diagram there are three ordered alloys
which could possibly account for the c (2 X 2) structure
and the observed interlayer spacings. These are the
tetragonal and the cubic phases of MnNi and the cubic
phase of MnNi3. ' The cubic phase of MnNi has a CsC1
structure with a lattice constant of 2.98 A. ' Only an un-
reasonably high strain would allow this structure to
match the in-plane lattice constant of 3.52 A of the
Ni(100) surface. Therefore this phase can be excluded.
MnNi3 has a Cu3Au structure with a lattice spacing of
3.589 A. ' This produces a misfit of 2%. As a conse-
quence, the critical thickness for the dislocation forma-

0
tion should be approximately 8 A. Contrary to this

scenario expected for the formation of cubic MnNi3 no
evidence for misfit dislocation was found for films up to

0
15 A thick. Additionally, one would expect an expansion
of the interlayer distance to 1.93 A due to the misfit-
induced strain. This distance, however, is larger than the
observed bulk interlayer spacing of the film. The final
possibility is the tetragonal phase of MnNi. This struc-
ture has a bulk lattice constant of 3.53 A in the plane and
3.72 A in the normal direction. ' Therefore the misfit be-
tween the MnNi(100) films and the Ni(100) surface is only
O. l%%uo. The resulting interlayer spacing of 1.87 A is in ex-
cellent agreement with the observed interlayer distance of
1.88 A. This observed structure thus agrees very well
with a slightly strained tetragonal MnNi film. Each alloy
layer has a Mn concentration of 50%, in agreement with
Auger and MEED data. The tetragonal MnNi phase is
the most stable bulk phase of all Mn Ni, alloys, i.e., it
has the highest heat of formation. This stability togeth-
er with the small misfit to the Ni(100) surface can explain
why it was not possible to grow other Mn„Ni, alloy
phases on Ni(100).

Finally, it is worthwhile to address the surface struc-
ture of the tetragonal MnNi film on Ni(100). While the
second and third interlayer spacings are close to the bulk
value, the first interlayer spacing is considerably smaller.
As can be seen from the definition of the parameters in
Fig. 2, this number describes the distance from the
second layer to the lower-lying Ni atom in the first layer.
The Mn atoms, on the other hand, are displaced out-
wards by 0.3 A. This leads to an average interlayer spac-
ing of 1.92 A, which is similar to the bulk interlayer spac-
ing of the film. It is interesting to speculate on the origin
of this strong corrugation of the MnNi film. We believe
that this corrugation should be closely related with the
magnetic properties of the film surface. It has been re-
cently shown that the strong corrugation of 0.30+0.02
A found for the Cu(100) c(2 X 2)Mn surface alloy formed
after deposition of 0.5-ML Mn (Ref. 6) is due to the
enhanced magnetic moment of the Mn atom. A similar
behavior is also expected for the surface and bulk alloys
formed upon Mn deposition on Ni(100). It seems
worthwhile to corroborate this effect by total-energy cal-
culations and to look for surface magnetism experimen-
tally.

TABLE II. Best-fit structure from the LEED analyses of the Ni(100) surface (Ref. 24), the surface al-

loy formed upon deposition of 0.5-ML Mn on Ni(100) (Ref. 6), and the bulk alloy produced by deposi-

tion of 4-ML Mn on Ni(100) (this work). The error bars have been determined from the variation of the

Pendry R factor. For comparison the expected structure of tetragonal MnNi(100) films epitaxially

grown on Ni(100) is listed. The in-plane lattice constant is denoted by a.

Structure

Azl (A)
Az2 (A)
d» (A)
d» (A)
d34 (A)
d6 (A)
a (A)

Ni(100)

1.74+0.02
1.76
1.76
1.76
3.52

Ni(100) c(2X2)Mn
0.5-ML Mn

0.25+0.02
0.00+0.03
1.76+0.02
1.78+0.03
1.75+0.04

1.76
3.52

Ni(100) c(2 X 2 }Mn
4-ML Mn

0.30+0.02
0.00+0.03
1.76+0.02
1.88+0.03
1.87+0.04
1.88+0.04

3.52

Tetragonal MnNi
on Ni{100)

1.87
3.52
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V. SUMMARY

The structure and composition of MnNi films epitaxi-
ally grown on Ni(100) has been determined using a quan-
titative LEED intensity analysis. Even though the rela-
tively weak di6'erence in the atomic phase shifts of Mn
and Ni impedes a unique determination of the composi-
tion profile of deeper film layers, the interlayer distances
determined can be successfully used as a fingerprint of
the resulting film composition. The large expansion of
the interlayer distances to around 1.87 A is characteristic
of the formation of tetragonal MnNi films which grow
with marginal misfit (0.1%) on Ni(100). In these films
each layer ideally has a composition of 50% Mn and 50%
Ni. This composition is favored by the LEED analysis,
although other compositions cannot be excluded. Fur-
thermore, this composition is supported by our study of
the film growth by MEED, LEED and Auger. At the

MnNi film surface, a pronounced corrugation of
0.30+0.02 A is observed. This corrugation is possibly
linked with the magnetic properties of the surface, as has
been shown for the Cu(100) c(2X2)Mn surface alloy.
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