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3Mn NMR was used to perform the atomic-scale study of the anisotropic properties of MnsGes/Ge(111)
epitaxial films with thicknesses between 9 and 300 nm. The NMR spectra have been recorded as a function of
strong external magnetic field applied in the film plane and perpendicular to it. Two >>Mn NMR resonances have
been observed, corresponding to the two manganese sites 4d and 6g, in the hexagonal D8y structure; in zero field
their frequency is centered around 207.5 and 428 MHz, respectively. The anisotropy of >>Mn hyperfine fields
between the hexagonal ¢ direction and the ¢ plane at both Mn sites was evidenced and attributed to the anisotropic
term due to the unquenched Mn orbital momentum. The anisotropy of the orbital contribution to hyperfine fields
was determined as 1.52 T in the 44 site and up to 2.77 T in the 6g site. The 4d site reveals a quadrupolar interaction
due to the strong electric field gradient: V., = 5.3 x 10" V/m? in this site, which is shown to be oriented along

the hexagonal ¢ axis.

DOI: 10.1103/PhysRevB.97.174428

I. INTRODUCTION

The intermetallic MnsGes; compound attracted a lot of
research interest as a new spintronic material, a potential
source of polarized carriers into Ge. Prospective applications
eventuate from the high-spin polarization of the conduction
electrons (42%) [1], compatibility with conventional Si/Ge
electronics, and a Curie temperature of 296 K, that can be
further increased up to 445 K by adding small amount of carbon
[2]. Moreover, this compound displays strong magnetocrys-
talline anisotropy giving a possibility to combine spintronic
and magnetic recording applications [3]. MnsGej crystallizes
in the hexagonal D8y structure (space group P63/mcm). The
unit cell contains two formula units, with Mn atoms located
in two crystallographic positions [4], and is schematically
presented in Fig. 1. Four manganese ions located at the 4d
site (further denoted as Mn;) are surrounded at the distance
of 2.54 A by six Ge ions in the first-neighbor shell. Six
Mn ions located on 6g sites (denoted as Mny; sites) form a
second-neighbor shell distant at 3.06 A.

It has been shown that this compound can be successfully
grown by solid phase epitaxy (SPE), consisting in a room-
temperature Mn deposition on the Ge(111) substrate followed
by thermal annealing. Good quality epitaxial films can be
obtained with (0001) hexagonal ¢ axis parallel to the Ge(111)
direction [6]. A detailed study of magnetization reversal pro-
cess in thin films of MnsGes; based on the analysis of hysteresis
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loops, revealed that in the thickness range between 10 and
20 nm, magnetization direction at low temperatures undergoes
reorientation from the in-plane to out-of-plane direction (i.e.,
along the hexagonal c axis) and at 25 nm a clear signature of
a multidomain structure with perpendicular orientation was
observed [7]. The reorientation of magnetization direction
in the thickness range 10-20 nm has been independently
confirmed by the ferromagnetic resonance (FMR) studies
in a series of Mns;Ges thin epitaxial films [8]. However,
hysteresis loops as well as FMR studies provide information
on the bulk magnetization and do not elucidate microscopic
mechanisms accountable for the uniaxial magnetocrystalline
anisotropy, strong enough to overcome the shape anisotropy
in films thicker than 20 nm and reverse the magnetization
perpendicularly to the film plane. With the aim to study
magnetic properties on the atomic scale, we have undertaken
a thorough investigation of a series of MnsGes epitaxial films
with thicknesses varying between 9 and 300 nm. We have used
3Mn nuclear magnetic resonance (NMR), a powerful local
tool giving selective information on manganese ions occupying
two crystallographic sites and carrying distinctly different
magnetic moments [9]. Mn NMR studies in this compound
have been previously reported in zero field [10] and in presence
of the weak magnetic field (below magnetic saturation) [11].
However, these previous studies have been carried out on the
randomly oriented polycrystalline samples and do not help
to understand the anisotropic properties. Besides, due to the
reported unusual behavior of NMR lines from two Mn crystal
sites in presence of magnetic field [11], their shift in opposite
directions calls for a closer look at this observation.

©2018 American Physical Society
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Side view

Top view

FIG. 1. Crystal structure for MnsGes. Left: top view on xy plane,
right: side view. Colored spheres denote Mn; (yellow), Mny (red), and
Ge (blue). This drawing was prepared by means of VESTA software
[5].

In this work, we have adopted the following methodology:
first we analyze the properties of zero-field ¥Mn NMR
spectrum in 300-nm film, where the magnetization direction
is well defined along the hexagonal ¢ direction, enforced by
the strong magnetocrystalline anisotropy. As a next step, we
study the evolution of NMR spectrum in the 300-nm film as
a function of the external magnetic field applied along the ¢
direction and in the ¢ plane. By increasing the field strength
beyond magnetic saturation in the respective crystallographic
directions, we obtain important information on the anisotropy
of hyperfine fields in the two crystallographic Mn sites. This
knowhow will be used to monitor the spontaneous reorientation
of magnetic easy direction by following the zero-field NMR
spectra recorded from films in the thickness range from 9 to
300 nm.

II. EXPERIMENTAL DETAILS

In order to obtain high-quality epitaxial films of MnsGes,
all the samples have been elaborated in an ultrahigh-vacuum
molecular beam epitaxy (MBE) setup with a base pressure less
than 10~'° Torr and equipped with high-purity Ge and Mn
evaporation cells. After conventional chemical and thermal
cleaning [6], a thick Ge buffer layer was first deposited on
a Ge(111) substrate before the deposition of a Mn layer at
room temperature (RT). A subsequent thermal annealing at
600-920 K is then required to activate interdiffusion and
nucleation processes from the interface, leading to the for-
mation of one single phase as demonstrated by the x-ray
diffraction data presented in Fig. 2. Only the MnsGe; (002) and
(004) reflections are observed, which correspond to the atomic
planes perpendicular to the ¢ axis of the MnsGe; hexagonal
lattice. These results are confirmed by a transmission electron
microscope (TEM) analysis (inset of Fig. 2), revealing that the
MnsGes films are fully epitaxial with the ¢ axis parallel to
Ge(111), that is perpendicular to the interface [7].

Zero-field > Mn NMR spectra have been recorded at 4.2 K
with an automatic, phase-sensitive spin-echo spectrometer
using a broadband NMR probe [12]. NMR signal intensity
has been corrected for the frequency variation of the NMR
enhancement factor according to the Panissod protocol [13],
which involves recording several spectra at different values of
the radio-frequency excitation field (rf field) and computing
its optimum value as well as the NMR enhancement factor at
each frequency. This procedure gives the intrinsic intensity
distribution, signal intensity being proportional only to the
number of nuclei resonating at a given frequency.
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FIG. 2. XRD spectrum of a thin film of MnsGe; epitaxially
grown on Ge(111) in 6-20 geometry. Inset: high-resolution cross-
sectional TEM image, showing the interface of the heterostructure
Mn;Ges;/Ge(111).

On the other hand, the experiments in presence of the
external magnetic field were carried out at a single value of
the rf field amplitude using the NMR probe that is tuned to
resonance at each frequency to increase the signal-to-noise
ratio [ 14]. These experiments were aimed at investigation of the
local magnetic fields, thus, the only parameter of interest was
the frequency of particular NMR lines and not their intrinsic
intensity.

III. RESULTS AND DISCUSSION

A. 300-nm epitaxial film of MnsGej3, zero external field

Figure 3 presents the >Mn NMR spectrum recorded from
the MnsGes film with thickness of 300 nm. The spectrum
consists of two components in distinctly different frequency
ranges. The quintuplet centered at frequency 207.5 MHz is
readily assigned to the Mn atoms located in the 4d sites,
whereas a structureless Mny; line at frequency 428 MHz to
the Mn atoms in 6g sites. The 4d site is characterized by
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FIG. 3. ¥Mn NMR spectrum recorded from the 300-nm-thick
MnsGe; film at 4.2 K in the absence of external magnetic field. Signal
intensity has been corrected for the frequency variation of the NMR
enhancement factor using the Panissod protocol [13].
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FIG. 4. Mn NMR spectra at the Mn; site (left panels) and
Mny; site (right panels) of MnsGes recorded from the 300-nm-thick
epitaxial film at 4.2 K at different values of the external magnetic field
applied perpendicular to the film plane (i.e., along the crystallographic
¢ axis). The relative intensities of some NMR lines are somewhat
different than in case of the NMR spectrum presented in Fig. 3. This
is because the frequency dependence of the NMR enhancement factor
has not been accounted for, as described in the experimental section.

uniaxial symmetry, giving rise to strong electric field gradient
(EFG), which interacts with the quadrupole momentum of
the Mn nucleus, resulting in a characteristic structure of the
NMR line consisting of five components, as expected in case
of nuclear spin I = % [15]. The large frequency gap between
the two spectrum components is due to a significant difference
between the Mn magnetic moments in the two sites: 1.94up
at the 4d site and 3.34up at the 6g site [9]. The observed
NMR spectrum corresponds closely to the zero-field ¥Mn
NMR spectrum previously reported in polycrystalline samples
of this material [11]. However, further experiments carried
out in presence of external magnetic field, as described in the
following paragraphs, indicate the need to revisit some aspects
of the interpretation given in Ref. [11].

B. 300-nm epitaxial film of MnsGes, external field
perpendicular to film plane

Figure 4 presents the NMR spectra recorded at a given
(arbitrary) amplitude of the rf field for different values of the
external dc magnetic field applied in the out-of-plane direction,
i.e., along the crystallographic c axis. One readily notes that for
the small values of the external magnetic field (below magnetic
saturation), the frequency position of all NMR lines does not
change. Once the saturation in the hexagonal ¢ direction is
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FIG. 5. *Mn NMR frequency versus magnetic field applied in the
¢ direction of the epitaxial 300-nm film of MnsGe;: (a) black squares
and the left scale: central frequency of the NMR spectrum from Mn;
site; red circles and the right scale - from the Mny; site; (b) central line
and quadrupolar satellites of the NMR spectrum from the Mn; site.

reached (around 1.2 T), the NMR spectra shift uniformly
towards low frequencies. This is better visible in Figs. 5(a) and
5(b), where we plot the NMR frequencies vs external magnetic
field for all spectrum components.

For the external field values weaker than that required to
magnetically saturate the sample, the effect of magnetic field
is shielded by the domain structure. The domains aligned
along the field direction are expanding and those oppositely
magnetized are shrinking, giving rise to the nonzero magneti-
zation and to the demagnetizing field associated with it. The
external field is compensated by the demagnetizing field and
the effective local magnetic field acting at the nuclear spins is
not altered, therefore, the NMR frequency remains constant in
this field range, as seen in Fig. 5.

The general resonance condition, including all contribu-
tions to the effective magnetic field at nucleus, is given by

= Bt = Bext + Baem + éhfa (D

< |8

where ® is the resonance frequency, y is gyromagnetic ratio,
By is the effective field at nuclei corresponding to sum of the
external field Bey, demagnetizing field Bgenm, and hyperfine
field Bjr. At magnetic saturation, the demagnetizing field
reaches the maximum value. With further increasing the
external field strength, both NMR lines shift towards lower
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TABLE I. NMR frequencies and corresponding effective fields on the two Mn sites in MnsGe; and demagnetizing field values determined

from extrapolation of experimental results.

Site NMR frequency (MHz) Effective field on nucleus (T) Demagnetizing field (T)
Demagnetized sample Single domain Demagnetized sample Single domain

Mn, 207.5 220.7 19.67 20.92 1.25

Mny 428 440.2 40.57 41.73 1.16

frequencies. The slope of this decline is 10.18 MHz/T for the
Mny line and 10.32 MHz/T for the Mny; line; these values are
very close to the >Mn gyromagnetic ratio (10.55 MHz/T).
The extrapolation of this linear dependence to zero external
field gives the NMR frequency expected in a single-domain
material for the center of Mn; and Mny; line (220.7 and
440.2 MHz, respectively) and make it possible to evaluate
the demagnetizing field in the magnetically saturated sample
(Table I).

The value of demagnetizing field obtained from the NMR
frequency at each Mn site is around 1.2 T, corresponding
indeed to the observed point of flexure of the line de-
scribing NMR frequency vs field dependence on Fig. 5.
The negative slope of this line beyond magnetic saturation
means that the hyperfine field has an opposite orientation
with respect to the external field and, consequently, to the
electronic magnetization. To determine the component of
hyperfine field responsible for its opposite orientation with
respect to the electronic magnetization, let us consider different
mechanisms contributing to the hyperfine field. It is well
established that the hyperfine field consists of three main
contributions [16,17]:

Buf = Bhuf.cr + Bifow + Bigdip ()

where éhf,cf = Kcoreﬁfoc is the contact Fermi term, due to
a nonzero spin density at the nucleus resulting from the
s—d exchange interaction between the electronic spins in
the inner closed s shells and spins of the electrons in the
open 3d shell. Those 3d electrons give rise to a local spin
moment jij .. The contact term of hyperfine interaction is
isotropic and the respective tensor Ay can be reduced to
the hyperfine interaction constant A Which has a negative
sign for 3d transition metals. Therefore, the contribution
of the Fermi contact term to the hyperfine field has op-
posite orientation with respect to the local spin magnetic
moment fi}, .

Bifo = Aomjlly, is the orbital contribution due to the
unquenched orbital moment of 3d electrons. The elements of
hyperfine interaction tensor Aoy, have the positive sign with
respect to the local orbital moment fi!, ..

éhf,dip = A\dip ﬁfoc is the dipolar field due to the spin dipole
moments (ji},.) of electrons located in the not fully occupied
3d shells. Magnitude and orientation of this field component
depend on symmetry of 3d electron orbitals, but in case of
metallic systems it is considered to be negligibly small [18].

Consequently, the observed antiparallel direction of hyper-
fine field with respect to the electronic magnetization indicates
that the main contribution to the hyperfine field originates from
the Fermi contact term. However, the anisotropic contribution
of 3d electrons (the orbital or dipolar component of the

hyperfine field) plays also an important role and becomes
evident in the experiments with the external magnetic field
applied in the hexagonal ¢ plane, as will be shown in the
following paragraphs.

We also note in Fig. 5(b) that the frequency distance be-
tween quadrupolar satellites remains constant (Aw~5 MHz)
throughout the investigated field range. This observation car-
ries an information about the respective orientation of the
magnetization and the electric field gradient (EFG). It is
well established (see, e.g., Ref. [15]) that in the case where
quadrupolar interaction is much weaker than the Zeeman
interaction and assuming that EFG is of uniaxial symmetry,
the frequency distance between two adjacent satellite lines
corresponding to transitions between energy levels of nuclear
spin: (m — 1) «<— m and —m <— —(m — 1), is described
by the formula

Aw =2nwg (m — %)(3cos20 —1), 3)

where wp = Zn% denotes quadrupolar frequency, m
denotes the nuclear magnetic quantum number, and 6 is the
angle between EFG and local magnetization directions.

The observed invariance of the quadrupolar frequency
indicates that the angle between the (EFG) and the direction of
internal magnetic field at the nucleus remains constant when
going from the demagnetized state to saturation along the ¢
axis. This means that the signal observed in the demagnetized
state originates predominately from the Mn atoms with mag-
netic moments oriented along the c¢ axis, i.e., those located
inside the domains or in domain-wall edges.

C. 300-nm epitaxial film of Mns;Ge;, external field
in the film plane

Figure 6 shows the NMR spectra in Mn; and Mny; sites of
MnsGes recorded at different values of the external in-plane
magnetic field. This field induces a progressive rotation of
electronic magnetization from the hexagonal ¢ axis towards
the ¢ plane. The local magnetic field at Mn nuclei follows this
rotation, leading to modification of the NMR spectra.

First observation with regard to the Mn; quintuplet line is a
progressive decrease of the frequency separation between the
satellite lines, from 5 MHz for the demagnetized state down
to 2.8 MHz for magnetization oriented in ¢ plane (i.e., for
the external field values exceeding the magnetic saturation).
This effect is readily explained by the variation of satellite line
separation as a function of the angle between the direction
of the local magnetic field at a nucleus and the main axis
of EFG tensor, given by Eq.. (3). For 6 =0, i.e., the EFG
and magnetization are parallel, the quadrupole splitting Aw
equals to Aw = 4mwo(m — %), whereas in case of 6 = % the

quadrupole splitting is Aw = | — 2mwo(m — %)|. Therefore,
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FIG. 6. ®Mn NMR spectra at the Mn; site (left panels) and
Mny; site (right panels) of MnsGe; recorded from the 300-nm-thick
epitaxial film at 4.2 K at different values of the external magnetic field
applied in the film plane (i.e., in the crystallographic ¢ plane).

the observation that the value of Aw for magnetization oriented
along the c¢ axis is twice as large as it is for the ¢ plane
means that the 6 angle between the ¢ axis and the local
EFG gradient is zero, i.e., the EFG is aligned along the ¢
direction. This is to be expected considering the uniaxial local
symmetry of the Mn; site, with ¢ axis as the local symmetry
axis. Considering that for 8 = 0 Aw = 5 MHz, we obtain the
quadrupole frequency wp = 0.4 MHz and the corresponding
V., =eq =53 x 10" V/m’.

Another effect related to magnetization rotation consists in
the peculiar field dependence of the frequency of the >>Mn
NMR lines from both crystallographic sites for the in-plane
field strength below saturation (Fig. 7). The plot of NMR
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FIG. 7. Frequency of the main *>Mn NMR lines in MnsGes film
as a function of the in-plane magnetic field strength: (a) left frequency
scale and black full squares, central frequency of the NMR spectrum
from Mn; site; (b) right frequency scale: red full circles and red full
triangles, two branches of the NMR line from the Mny; site; open blue
symbols: the respective branches of the NMR spectrum computed
with the use of a model described in Ref. [19].

frequency for the central line of the Mn; quintuplet (black
squares in Fig. 7), i.e., the line corresponding to m = %,
shows that for the small values of the external field the NMR
frequency increases with increasing in-plane field strength.
Once the in-plane magnetic saturation is reached, the NMR
frequency decreases with a slope of 10.08 MHz/T. The initial
increase of NMR frequency accompanying the rotation of
magnetization from the c direction towards in-plane orientation
is a fingerprint of a strong anisotropy of hyperfine fields
between the ¢ direction and the ¢ plane.

Generally, hyperfine field at the nucleus is related to the
electronic magnetization [15] by the equation

By = AM, 4)

where A is the hyperfine interaction tensor, encompassing
contributions from all anisotropic hyperfine field terms listed
in Eq. (2). In the local coordinate system, where the z axis is
along the hexagonal c¢ direction, this tensor has a form of a
diagonal matrix:

A 00
A=|lo0 4, o0
0 0 A,

The initial increase of the NMR frequency in the Mn; site
means that the corresponding elements of hyperfine field tensor
fulfill the relation Ay, > A,., whereas there is no evidence for
the in-plane anisotropy on this site, meaning that A,, ~ A,,.
The in-plane (extrapolated to zero-field) value of the hyperfine
field at Mn;y sites equals to 223.5 MHz/(10.55 MHz/T) =
21.18 T. The difference between the hyperfine field along ¢
direction and the hyperfine field in ¢ plane ABj; = (A, —

A ZZ)A} equals to 1.52 T and is larger than the in-plane saturation
field. This situation is schematically shown in Fig. 8(a). After
magnetic saturation in plane is reached, the NMR frequency
decreases, as expected, with a slope corresponding to gyro-
magnetic factor of >>Mn nucleus (y = 10.55 MHz/T).

The spectrum component corresponding to the Mny; site
reveals even more complex modification upon application of
the in-plane magnetic field, as shown in Figs. 6(b) and 7.
The NMR line splits in two branches: a new component
of the NMR spectrum appears on the high-frequency side of
the original line. This means that by tilting the magnetization
towards the in-plane orientation, magnetically nonequivalent
positions are created among the six Mny; sites that are located
in two atomic planes within the elementary cell. This is the
evidence of a significant in-plane anisotropy of hyperfine fields
in this crystallographic position. This situation is schematically
represented in Fig. 8(b), showing the top view on all three Mny;
atoms located in the same atomic plane within the elementary
cell. Upon application of the external magnetic field in the film
plane, magnetic moments orient themselves towards the field
direction, creating two subsets of hyperfine field values. Two
Mny; atoms having larger By, contribute to high-frequency
signal, whereas the third Mnj atom [presented here at the
top of Fig. 8(b)], characterized by lower hyperfine field value
gives rise to the lower-frequency NMR line. Once the in-plane
magnetic saturation is reached, defining the orientation of
magnetic moments in all Mny; atoms, further increase of the
external field acts in the opposite direction than the local fields
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FIG. 8. Schematic representation of local fields distribution in
presence of the external magnetic field applied in the ¢ plane: (a)
Mn; site; (b) Mny; site.

at their nuclei and both NMR lines shift uniformly towards
lower frequencies.

The anisotropy of hyperfine fields in Mny; sites is strongly
modulated within the c¢ plane [see Fig. 8(b)]. Choosing
the local coordinate system such that the external field is
applied along the x axis, for a given Mn atom (one of
the three that are located in the same plane, here the top
one) we see that A,, # A,,, whereas A,, ~ A, which is
evidenced by the uniform decrease of resonance frequency
of the lower branch of the NMR signal. By virtue of crystal
symmetry, the local (anisotropic) distribution of hyperfine
fields in a given Mny site is translated by 60° rotation
to the next neighbor. An analytical model describing this
experimental situation leads to the following expression for
the NMR frequency as a function of the in-plane external field
strength (for details of this model, please see the Supplemental
Material [19]):

MBext

2
@(Bex) = w1 + Aw(7>

A
— ¥ Bexesin | arctg s

. )

2z

where @, = yAZZM is the NMR frequnecy for magnetiza-
tion along the ¢ axis, Aw =y AByy = y(Ayv — A;.)M is
the anisotropic contribution due to the difference between

hyperfine field along the ¢ direction and in the ¢ plane. Here,
A, denotes the tensor component along an arbitrary direction
within ¢ plane.

The third component in this equation describes the projec-
tion of the external field By, on a momentary direction of the
hyperfine field. The following values for the parameters have
been used: for Mny, w; = 207.5 MHz and Aw = 16.09 MHz;
for Mny, w; =428 MHz and for the first branch Aw =
29.01 MHz whereas for the second branch Aw = 0. The field
dependence of resonance frequency computed with the use
of this model is plotted in Fig. 7 (blue open symbols) and
corresponds very closely to the experimental situation.

The experimental values of Aw correspond to the hyperfine
field difference of 1.52 T between the c axis and the ¢ plane in
the Mn; site, i.e., the hyperfine field in this site is increased by
about 8% when going from the c axis to the ¢ plane. In case of
Mny; site this difference oscillates between 0 and 2.77 T with a
period of 60° due to the sixfold symmetry in the ¢ plane. This
corresponds to the increase of hyperfine field value in the Mny;
site up to 7% when going from the ¢ axis to the ¢ plane.

The in-plane anisotropy, evidenced by the above experiment
and its analysis, calls for the need to revise the results of NMR
study presented in Ref. [11]. In case of the in-field experiment,
it is now clear that the authors of [11] observed only the
lower branch of the NMR spectrum from Mny; site, missing
the high-frequency branch. Most probably this was due to
the polycrystalline character of their samples. The opposite
shifts of these two lines in presence of external field were
tentatively attributed in Ref. [11] to the transferred hyperfine
field component, which would have the opposite sign in two Mn
sites. However, our results indicate a different interpretation,
pointing clearly to the critical role hyperfine field anisotropy,
which splits the Mny; line in two branches and determines the
in-field behavior of all NMR lines in the magnetically nonsat-
urated state. The correct interpretation of peculiar features of
NMR lines required selective application of the external field
along the well-defined crystallographic directions and was only
possible due to the good epitaxial quality of our samples.

D. Magnetization reorientation in very thin films

Having arrived at the understanding of NMR spectra
recorded in the magnetically saturated state, both in plane and
out of plane, we can now use them to monitor a spontaneous
reorientation of magnetization from the ¢ axis towards c
plane in very thin films of MnsGes, which was previously
reported from the analysis of magnetization curves [3] and
explained on grounds of magnetostatic considerations [3,7].
The reorientation region was determined to lie between 10 and
20 nm. Figure 9 shows the zero-field NMR spectra recorded
from a series of epitaxial films with different thicknesses
between 300 and 9 nm. With decreasing film thickness down
from 300 nm (bottom panel), we observe that the NMR lines
broaden up and the details of spectrum structure smear out.
This can be explained by the progressive evolution of the
domain structure in this low-Q material (quality factor defined
as Q0 =K, /ZnMg was found in the studied materials to be
around 0.6 [7]). The fingerprints of NMR signal from regions
with in-plane orientation, such as closure domains and domain
walls, which were negligible in thicker samples, now gain
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FIG. 9. Zero-field > Mn NMR spectra recorded at 4.2 K from the
MnsGe; epitaxial films with different thickness.

in proportion to the signal from domain bulk and contribute
to the shape of the NMR spectrum. In the 50-nm film the
quadrupolar splitting at the Mn; site is still well resolved, but in
thinner samples it is eventually lost. Here, the line broadening
due to the distribution of orientations in the thin film goes
together with the effect of a reduction by a factor of % of the
quadrupolar splitting as the local field assumes an in-plane
orientation. The latter effect is observed and discussed in Fig. 6
where the reorientation was induced by the application of an
in-plane field. At the same time, we observe a shift of the
central Mny line towards higher frequencies from 207.5 MHz
in the 300-nm sample (c-axis orientation) to 218 MHz in the
9-nm film. In case of the Mny; site, the new peak appears on the
high-frequency side of the original (428-MHz) line and quickly
shifts towards higher frequencies as samples get thinner,
reaching 444 MHz in the 9-nm film. Clearly, these experiments
show that in the lowest thickness limit the NMR spectra reveal
the features similar to the NMR spectra recorded from the
300-nm film in the fully saturated state in plane. In samples
thinner than 9 nm the signal-to-noise ratio is very poor, but the
peak positions do not change any further, showing that at 9 nm
magnetization is oriented fully in plane. The spin reorientation
may simply follow from the shape anisotropy of very thin films,
that would be single domain in the perpendicular direction. In
thick films, the demagnetization contribution Egp, to the total
magnetic energy is suppressed by a multidomain texture. On
the other hand, in thin films Eg.p, significantly lower for the
in-plane direction, may overcome the single-ion anisotropy and
determine an in-plane reorientation of the moment.

E. Discussion

We have shown that after reaching magnetic saturation
in both the in-plane and out-of-plane directions of epitaxial
Mn;sGejs films, the NMR frequency displays a linear relation-

ship vs magnetic field strength with a negative slope close to
the >>Mn gyromagnetic ratio. The only hyperfine field (hf)
component providing contribution antiparallel with respect to
the magnetic moment is the contact Fermi term, proportional
to the spin density at the nucleus [see the discussion of Eq. (2)].
This isotropic if term represents the main contribution to
hyperfine fields on the two Mn sites and accounts for the de-
crease of resonance frequency in magnetically saturated state.
However, the experiments with external magnetic field applied
in the film plane reveal an additional presence of another A f
component, pointing in the opposite direction, i.e., oriented
along the electronic magnetization, and responsible for the
initial increase of the NMR frequency. This 2 f component has
anisotropic character and is much stronger in the ¢ direction
than in the ¢ plane: the difference amounts to 1.52 T on Mn; and
up to 2.77 T on Mny; sites. We attribute this anisotropic term
to the unquenched orbital moment ji! ., in accordance with the
published results of first-principles calculations [20], where
the inclusion of spin-orbit interaction and the resulting orbital
contribution was necessary in addition to the Fermi contact
field in order to account for hyperfine field values on both Mny
and Mny; sites. Our results not only support this conclusion,
but also provide quantitative information on the magnitude of
anisotropy of the orbital contribution to hyperfine fields in the
two orthogonal direction. Presence of the small unquenched
orbital moment ,&foc along the c axis is also the most probable
source of the observed uniaxial magnetocrystalline anisotropy
in this compound, in agreement with the theoretical work
of Bruno [21], who has shown the relationship between the
orbital moment and magnetocrystalline anisotropy in metals.
It can thus be expected that the observed magnetocrystalline
anisotropy of MnsGes has its origin in the spin-orbit interac-
tion, while the orbital moment is anisotropic in both Mn; and
Mny; sites. Finally, we want to draw readers attention to the
recently published results of comprehensive DFT calculations
of energy in MnsGes, which clearly point out at the anisotropy
of orbital moment as a source of magnetic anisotropy [22].
Our result provides a direct experimental observation of the
anisotropy of the orbital moment in this system.

IV. CONCLUSIONS

By performing experiments in external magnetic field
strong enough to magnetically saturate the film in the two
orthogonal directions, we have demonstrated a significant
anisotropy of hyperfine fields on Mn nuclei in the two Mn
crystallographic sites of MnsGej structure and determined the
magnitude of the anisotropic part of the orbital contribution
to hyperfine field. Due to this anisotropic contribution of the
hyperfine field the 4d site (Mn;) displays an anisotropy of
8% between the hexagonal c¢ direction and the ¢ plane. In
the 6g (Mny) site, the strength of hyperfine field anisotropy
between the ¢ plane and the ¢ direction is strongly modulated
and varies between 0% and 7%, due to the presence of an
additional sixfold anisotropy in the ¢ plane. This study provides
experimental insight into the hyperfine fields of MnsGes,
correcting the previously published NMR report [11].
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