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Mn NMR was used to investigate the effect of carbon doping on the local magnetic anisotropy in MnsGe;
epitaxial films (space-group P63/mcm). It was found that carbon enters interstitially in the vicinity of the 6(g)
crystallographic positions, occupying the 2(b) octahedral voids. The magnetic properties of the Mn atoms located
in the corners of a host octahedron are strongly modified by the presence of carbon. Their magnetic moment
is reduced by 0.7up with respect to the pristine MnsGes film and the anisotropy of their orbital moment,
measured as a difference between its value along the hexagonal ¢ direction and on the ¢ plane is reduced to
0.058up, whereas, in the pristine MnsGe; films, it oscillated every 60° between 0.151 5 and 0. These changes
are responsible for a significant decrease in magnetocrystalline anisotropy, which was reported to drop by an
order of magnitude upon doping the MnsGe;s films with carbon.

DOI: 10.1103/PhysRevB.101.094401

I. INTRODUCTION

MnsGe; is a metallic ferromagnet crystallizing in the
hexagonal D8y structure (space-group P63/mcm). This com-
pound has been intensively studied as a potential candidate
for spintronic applications, following reports that thin films of
Mn;Ges can be epitaxially grown on Ge(111) substrates with
atomically sharp interface [1], making it a potential source of
polarized carriers into Ge via electron tunneling through the
Schottky barrier with no need of an insulating barrier despite
the lattice mismatch of 3.7% [2—4]. A high spin polarization
of the conduction electrons at the Fermi level has been
predicted theoretically [5] and confirmed experimentally
[6]. Moreover, this compound presents a strong uniaxial
magnetocrystalline anisotropy along the hexagonal ¢ axis
[7-9] opening a possibility to combine spintronics with the
data storage [10].

A pristine MnsGe; compound reveals the Curie tempera-
ture of 296 K, which is rather low for practical applications,
but it was shown that it can be significantly increased by
doping with carbon [11]. Epitaxial growth of MnsGe;C, films
with good crystal quality has been demonstrated for carbon
content up to around x = 0.6, boosting the Curie temperature
to 430 K [12]. The unit cell of MnsGes, shown in Fig. 1,
contains two formula units with Mn atoms located in two
crystallographic positions: 4(d) (further denoted as Mn; sites)
and 6(g) (denoted as Mny; sites). It has been shown that
the structure remains unchanged when carbon is added [8]
and it is assumed that carbon enters the octahedral voids
created by the Mn;; atoms [11]. This suggestion is supported
by a calculation of the formation energy of alternative site
occupancies (three substitutional positions in addition to the
above-mentioned voids) [12]. However, the experimental con-
firmation of such a carbon location has been missing and will
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be provided by the > Mn Nuclear magnetic resonance (NMR)
experiments described in this paper.

In addition to boosting the critical temperature, the carbon
admixture improves the thermal structural stability of MnsGes
thin films [14]. The enhancement of the magnetic properties
has been explained by the onset of a 90° ferromagnetic
superexchange between the Mn;; atoms mediated by carbon,
enhancing the Mn-Mn interactions [15]. However, the pres-
ence of carbon has the drawback of a lowered magnetization,
which has been attributed to a strong hybridization of carbon
2p and manganese 3d orbitals [12,15]. Moreover, the C-doped
specimens reveal a decreased magnetocrystalline anisotropy:
the critical thickness defining the out-of-plane orientation
of magnetization and the onset of a stripe domain structure
has been reported to increase from 20 nm in the pristine
MnsGes to 30 nm MnsGes;Cp7 [8,12]. The corresponding
uniaxial magnetocrystalline anisotropy constant dropped by
an order of magnitude from 5.7 x 10°® erg/cm? in MnsGes [9]
to 6 x 10° erg/cm?® in MnsGe;Co 7 at 15 K [8].

The aim of this paper is to investigate the microscopic
origin of the observed drop of anisotropy in the MnsGe;C,
films. As shown in the theoretical work of Bruno [16], the
magnetocrystalline anisotropy in metals is associated with the
unquenched orbital momentum, via spin-orbit interaction. In
our previous paper on the pristine epitaxial films of MnsGes,
we have shown that NMR reveals a strong anisotropy of
the >Mn hyperfine fields and suggested that this is due
to the orbital contribution. Indeed, it can be readily shown
that the orbital hyperfine field is the only component of the
local field on the nucleus that can account for the anisotropy
observed in the pristine and in the C-doped MnsGej films.

The NMR resonance frequency v is determined by the
effective magnetic-field By at the site of the nucleus under

©2020 American Physical Society
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FIG. 1. Crystal structure of MnsGe;C. Left: Top view on the
hexagonal plane; right: Side view. Colored spheres denote, respec-
tively: Mn; (green), Mn,, (blue), Ge (gray), and C (black). This
drawing was prepared using the VESTA software [13].

study,
v = yBetr, ey

where y is the gyromagnetic ratio. For the case of >Mn y =
10.553 MHz/T.

In the absence of an external magnetic field (Bext = 0),
the effective field on the nucleus consists of the hyperfine
field B,y due to the unpaired electrons of the same atom
and the dipolar field Bgjp due to the magnetic moments of
the surrounding atoms. When the external magnetic field is
applied, the B,y component adds to the effective field on the
nucleus,

Eeff = Ehf + Edip + gexb 2)

Let us, now, consider different constituents of the effective
field in order to pinpoint the components that can possibly
contribute to the overall anisotropy of the effective field.

The main component of the effective field By is the
hyperfine field B),;, consisting of the following contributions:

By = By} + By + By, 3)

E;f is the isotropic contact Fermi term due to the nonzero
density of the s electrons at the site of the nucleus and
generally consists of the following contributions:

By}, = Biy* + By + By, )

where B;7° and Bz‘}?‘d are due to the spin polarization of the
core and valence electrons by the on-site magnetic moment,
respectively, whereas B}{;}“S represents the contribution to the
polarization of valence electrons by the magnetic moments
of the surrounding atoms. Assuming a dominant contribution
of the on-site magnetic moment, the transferred term can be
neglected, and the Fermi contact term can be expressed as [17]

Bl = A, )

where A is the hyperfine interaction constant having a
negative value (Fermi contact field is antiparallel to the spin
magnetic moment [T). EZI;’ is the field due to the spin mag-
netic moments of the unpaired electrons in the outer d shells,
and EZ“’ is the anisotropic orbital contribution due to the
unquenched orbital momentum and is directly proportional to
the orbital moment w; [5,18],

Bor = 2us(r )ik = Ao, (©6)

where (r~3); is the average expectation value of the operator
r~3 of the radial wave function of 3d electrons and y5 denotes

the Bohr magneton. The corresponding hyperfine interaction
constant Agp has a positive value. In the bulk systems, the
dipolar part BZIP of the hyperfine field By, is negligibly
small compared to the other two contributions and can be
neglected. Indeed, it has been neglected in the first-principles
calculations of hyperfine fields in MnsGes [5] where it was
shown that the hyperfine field in this compound, calculated
as a sum of the contact and orbital components, reproduces
correctly the experimental values.

The second term of Eq. (2), the dipolar field By, can
be estimated by calculating the contribution of the discrete
magnetic moments within a Lorentz sphere of a radius r
sufficiently large to secure the convergence of the 1/r* series.
To the calculated field of the discrete moments, the Lorentz
cavity field By, as well as the macroscopic demagnetizing
field Bger have to be added

Edip = Ediscr + ELor + Edem- (7)

To compute the dipolar field from the discrete magnetic
moments, we have considered a Lorentz sphere with the radius
of 35 nm. We find that the dipolar discrete field Bgjser On
the Mn; site of the pristine MnsGes equals —0.14 T along
the ¢ direction, and the anisotropy between the c¢ direction
and the ¢ plane is —0.21 T. In the Mny; site, the dipolar
field along the ¢ direction is —0.07 T, whereas the anisotropy
between the ¢ direction and the ¢ plane oscillates with a
period of 60° with a maximum amplitude of —0.19 T. These
values are, at least, one order of magnitude smaller than the
anisotropy of hyperfine fields experimentally observed in this
material (1.52 T in the Mn; site and 4.08 T in the Mny; site,
respectively). In the case of MnsGe;Cy,, accounting for the
modified magnetic moment of Mn, calculated in Ref. [15],
we obtain similar insignificant values of dipolar fields and
their anisotropy. Bearing in mind that the Lorentz cavity field
is a constant, not contributing to the anisotropic effects, the
only term of the dipolar field (7) that has to be accounted
for is the demagnetizing field, and this has been performed
in the present paper by extrapolating the v(B) plot to the
zero external field (see Figs. 9 and 12). In view of the above
considerations, the only component of the effective field B.g
accountable for the observed anisotropy is the orbital term of
hyperfine field.

In this paper, we first investigate the effect of carbon on
the magnitude of hyperfine fields and on the local magnetic
moment in different Mn sites by studying >>Mn NMR at
zero field and in a strong external magnetic field applied
perpendicular to the film plane. As a second step, we apply
the magnetic field in different orientations within the film
plane to study the hyperfine field anisotropy AB = B(M ||
[001])-B[M || (001)]. We find that the primary effect of car-
bon concerns the Mn;; atoms that are located in the corners of
those octahedra that happen to host the C dopant. Those Mn;y;
sites experience about a 20% drop of the magnetic moment
and a strongly modified anisotropy of hyperfine fields. On
the other hand, the Mnj;; atoms that do not have carbon
as a nearest neighbor (nn) are practically unaffected by the
presence of carbon, retaining the same anisotropy as the Mny;
sites in the pristine film. A moderate modification of hyperfine
fields on the Mn; sites (via the transferred field from the
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altered Mn;; magnetic moments) confirms the local selective
effect of carbon on magnetic properties of MnsGes films.

II. EXPERIMENTAL DETAILS

A 300-nm-thick MnsGe3Cy, thin film was synthesized
on a Ge(111) substrate in a conventional ultra-high-vacuum
molecular beam epitaxy setup with a base pressure of 3 x
1078 Pa. The entire growth process was monitored in situ
by reflection high-energy electron-diffraction (RHEED) mea-
surements. Prior to the sample deposition, a 100-nm-thick
Ge buffer was epitaxially grown on the chemically cleaned
and thermally flashed substrate. This essential step ensured a
high structural quality of the starting surface as shown in the
RHEED pattern of Fig. 1(a) of Ref. [2]. The substrate had
a rectangular shape with one edge along the [111] crystallo-
graphic direction and the other edge along the [112] direction
of Ge.

The sample was then synthesized using the room tempera-
ture co-deposition method that has been described in detail in
Ref. [2]. Briefly, this technique consists of the coevaporation
of Mn, Ge, and C. The flux rates of the three elements
were beforehand carefully tuned with respect to the desired
stoichiometry. The C-doped MnsGe; phase was formed by
nucleation as soon as the atoms reached the surface with
a growth direction along the c¢ axis. No other phase was
detected with the RHEED measurements. This result was then
confirmed by postgrowth ex sifu measurements. The single-
phase film is fully epitaxial and of very high crystalline quality
as demonstrated by x-ray diffraction (Fig. 4 of Ref. [2]) and
transmission electron microscopy (Fig. 3 of Ref. [2]) charac-
terization. The epitaxial relationship between the Ge substrate
and the MnsGe; film is as follows: MnsGe3;(001) || Ge(111)
and [010] of MnsGes || [112] of Ge [2].

3>Mn NMR spectra were recorded at 4.2 K with an auto-
matic broadband phase-sensitive spin-echo spectrometer [19].
To perform the experiments in the presence of the magnetic
field, the probe was placed in a superconducting magnet
working up to 6 T. For zero-field experiments, the untuned
broadband probe was used, whereas the in-field experiments
were performed with the use of a probe that was automatically
tuned to resonance frequency. At each external field value,
several spectra have been recorded at different amplitudes
of the rf excitation field. The optimum amplitude of the
spin-echo signal as well as the NMR enhancement factor at
each frequency have been computed. This procedure—called
the Panissod protocol—makes it possible to account for the
frequency variation of the enhancement factor and correct the
NMR signal intensity [20].

III. RESULTS AND DISCUSSION

A. 5Mn hyperfine fields in different Mn sites
of MnsGe;Cy ,—modification due to carbon

Figure 2 presents the Mn NMR spectra recorded in the
absence of an external magnetic field from the two epitaxial
films with thickness of 300 nm: (a) pristine Mns;Ges and (b)
carbon-doped film with nominal composition MnsGe3;C,.
The zero-field NMR spectrum from the pristine sample
[Fig. 2(a)] has been discussed in detail in our previous paper
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FIG. 2. Zero-field **Mn NMR spectra recorded at 4.2 K from
the 300-nm films of MnsGe; and MnsGe;Cy, epitaxially grown on
the Ge(111) substrate. Green: The NMR line from the Mn; sites;
blue: Mny; sites with no carbon nearest neighbors; and red: Mny,
sites having carbon nearest neighbors.

[21] where it was shown that the two NMR lines observed in
distinctly different frequency ranges represent manganese in
the two nonequivalent sites in the crystal lattice: Mn located
in the 4(d) sites (later denoted as Mn;) gives rise to the
quadrupole-split line centered at the frequency of 207.5 MHz,
whereas the 6(g) sites (denoted as Mny;) contribute to the
single NMR line centered at 428 MHz [21].

Comparing the >>Mn NMR spectrum from the carbon-
doped sample presented in Fig. 2(b) to that of the pristine
film, three effects are readily visible: (i) The NMR line
corresponding to the Mny; sites does not reveal the quadrupolar
structure and becomes significantly broadened with gravity
center shifted towards lower frequencies, (ii) the Mn;; NMR
line is much less intensive, whereas its half-width is increased,
and the line center is shifted from 428 to 420 MHz, and (iii) a
satellite line appears around 344 MHz—it is much more inten-
sive than the original Mny; signal and has a similar linewidth.
To identify the origin of the observed NMR lines, we first need
to consider the orientation of magnetization giving rise to the
NMR signal in a zero external magnetic field. It is common
knowledge that the NMR signal is strongly enhanced within
the domain walls in which case, the NMR line shape integrates
the contributions from magnetic moments oriented in all the
crystallographic directions enveloped by the wall profile. On
the other hand, the domain’s interior gives the NMR signal
determined by the orientation of spins inside the magnetic
domain. Prevalence of one of these two contributions depends
on the domain-wall width and mobility as well as on the signal
excitation conditions.

Our previous study of a pristine MnsGes film has unam-
biguously shown that the zero-field >Mn NMR signal in the
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FIG. 3. (a) >>Mn NMR spectra recorded at 4.2 K from the
Mn;Ge;Cy, film at different values of the external magnetic field
oriented perpendicular to the film plane; (b) >>Mn NMR frequency
in MnsGe;Cy» as a function of the out-of-plane field: Left scale: Mn,
crystalline sites; right scale: Mny; crystalline sites. The colors of the
symbols correspond to particular NMR lines as defined in Fig. 2.

300-nm film originates from the magnetic domains with
magnetization oriented perpendicular to the film plane, i.e.,
along the hexagonal ¢ axis [21]. In order to verify whether
this remains true also in the case of the C-doped sample,
we performed the NMR experiment in the presence of an
external magnetic field applied perpendicular to the film
plane. Figure 3(a) shows the NMR spectra recorded from the
300-nm MnsGes;Cy, film at three different magnetic-field
values, before and after the magnetic saturation in the out-
of-plane direction, whereas Fig. 3(b) shows the frequency
position of the respective line center as a function of the
magnetic-field strength. Clearly, the line shape and the fre-
quency position of the entire NMR spectrum do not change
until the magnetic saturation in the c¢ direction is reached (i.e.,
around 1 T), showing that the effect of the external magnetic
field is screened by the domain structure.

For the field values above the saturation field, the spectrum
shifts uniformly towards lower frequencies with a negative
slope corresponding to the 3>Mn gyromagnetic ratio whereas
the shape of the NMR line remains unchanged. This behavior
is analogous to that observed in the pristine sample [21].
The negative slope after saturation means that the dominant
contribution to the Mn hyperfine field is due to the Fermi

contact term Eq. (5), which is proportional to the local
magnetic moment. On the other hand, the invariance of the
spectrum’s shape in the presence of the out-of-plane field
confirms that the zero-field NMR spectrum in the C-doped
film originates from the regions within the sample where
magnetization is perpendicular to the film plane (i.e., parallel
to the crystallographic ¢ direction).

We can, thus, conclude that the satellite line observed
at 344 MHz originates also from the ¢ direction and is a
fingerprint of new manganese environments created as a result
of incorporation of carbon atoms in the vicinity of the 6(g)
lattice sites. These most probably enter the 2(b) voids formed
by the Mnj; octahedra. Such a location has been previously
inferred from the crystallographic studies of this compound
and comparison with other similar Nowotny phases [22].
The high intensity of the satellite line at 344 MHz is easily
understood by noting that each carbon atom affects the local
field on the six Mn;; atoms located in the corners of the
6g octahedron. We will label those those Mn;; atoms that
form the octahedron hosting the carbon dopant as Mny; ¢,
to differentiate from the Mny; sites that do not have carbon
nearest neighbors.

The 84-MHz frequency shift from 428 MHz in Mny;
sites of the pristine film down to 344 MHz in the case of
Mn;Ge;Cy » reflects the carbon-induced decrease in the Mny;
local field by 7.96 T. In view of the fact that the main
contribution to the hyperfine field was shown to arise from
the Fermi contact term, and taking the hyperfine interaction
constant A = 12 T/up [23]), the observed 7.96-T drop of
hyperfine field implies a decrease in the magnetic moment of
Mny; ¢ atoms of around 0.7 i.e., by 20% with respect to the
Mny; site in the pristine film. This is in good agreement with
the previously calculated 24% decrease in the Mn,;; magnetic
moment, which was attributed to hybridization between Mn
3d and C 2p orbitals [15]. Interestingly, the original NMR
line from the unperturbed Mn;; environments still persists
around 420 MHz (see Figs. 2 and 3), showing that some of
the Mn,; nuclei were not significantly affected by the presence
of carbon. These are the Mn;; sites that do not have carbon
atoms in their nearest neighborhood. A miniscule downshift
of the NMR frequency from 428 to 420 MHz, which indicates
a slight drop of hyperfine field (from 40.56 to 39.8 T) at
the Mny; sites not having C as the nearest neighbor could
be related to the decreased contribution transferred from fur-
ther Mny; ¢ neighbors—which now have a reduced magnetic
moment. In other words, the primary effect of carbon on the
hyperfine field on Mny; nuclei is local and concerns those
atoms that have carbon in their nearest-neighbor environment.

In contrast to the strong effect of carbon nearest neighbors
on the »Mn hyperfine field in Mny; sites, the local fields
on Mn; sites are much less sensitive to the presence of
carbon. Here, no distinct satellite line is resolved in the NMR
spectrum corresponding to the magnetization pointing along
the hexagonal ¢ axis. The main modification consists of a
frequency downshift of the spectrum’s gravity center and an
increase in the Mn; NMR line half-width to 50 MHz—much
beyond the span of the original quadrupole-split line observed
in the pristine film. This relatively weak effect of carbon on
the Mn; hyperfine field is to be expected, considering that the
carbon-filled 2(b) interstitial positions are much more distant
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FIG. 4. Mn NMR spectra recorded at 4.2 K from the Mny,
sites in the MnsGe;Cy, film at different values of the in-plane
magnetic field. For details of spectrum decomposition, see the text.

from the Mn; sites (4.15 A) compared to Mny; (2.14 A).
The significant broadening of the Mn; NMR line reflects the
distribution of Mn; environments, having different numbers
of Mny; neighbors with a reduced magnetic moment and will
be investigated in further sections of this paper.

The zero-field NMR spectrum from the MnsGes;Cy, film,
supported by the experiment in the presence of the external
magnetic field applied in the out-of-plane direction, provided
information on the magnitude of *Mn hyperfine fields at
three distinctly different types of Mn sites, more precisely
on their component measured along the hexagonal ¢ axis. In
order to investigate the in-plane component and estimate the
local magnetic anisotropy in all three Mn environments, we
performed a series of NMR experiments in the presence of an
external magnetic field applied on the film plane.

B. Hyperfine field anisotropy: NMR experiments in external
magnetic field applied on the film plane

Let us first consider the two kinds of Mn;y; sites, identified
in the previous section as: (i) Mny; ¢ that have carbon as a nn
and (ii)) Mny; that maintained their original nearest neighbors.
Figure 4 presents the relevant portion of their NMR spectra,
recorded with different values of the external magnetic field
applied along the in-plane [210] direction.

1. NMR line from the Mny; sites not having carbon nns

As seen in Fig. 4, the application of an in-plane magnetic
field leads to a rapid modification of the NMR lines from both

N Oc
Mn;Ge;:
[010]

Mn;Ge;:

By Il [210]
> 9 =90°

FIG. 5. (a) Projection of the atomic arrangement in the MnsGe;
unit cell on the (001) plane and the definition of the local coordinate
system: The “x” axis (¢ = 90°) is along the [210] direction of
Mn;sGes parallel to the [110] direction of the Ge substrate, the *“y”
axis (¢ = 0°) is along [010] in MnsGe; and [112] in Ge. Numbers 1,
2 and 3 denote the Mn,; atoms located on the same atomic plane
(z = 1/4); (b) schematic presentation of the amplitude of in-plane
hyperfine fields on the planes z = 1/4 (solid black lines) and z = 3/4
(dashed black lines).

types of Mny; environments. In the case of the Mny; sites that
maintained their original nearest neighbors, the field-induced
changes to the NMR spectrum resemble those reported for
the Mn;; NMR line in pristine MnsGes [21]. A single NMR
line observed around 420 MHz in the zero-field spectrum,
broadens up in the presence of the in-plane field and devel-
ops a doublet structure. At around 0.5 T, in-plane magnetic
saturation is reached—the NMR spectrum shape does not
change anymore and can be fitted with two broad Gaussian
lines. This evolution of spectrum shape in the presence of
the magnetic field is evidence for the in-plane anisotropy of
hyperfine fields: The three Mn;; atoms located on the same
hexagonal plane of a unit cell [shown in the Fig. 5(a)] become
magnetically nonequivalent.

To analyze the complex shape of the NMR spectrum
observed in the in-plane saturated state, let us consider the
atomic arrangement on the (001) basal plane of the MnsGes
structure. As shown in Fig. 5(a), the epitaxial relationship is
such that the [210] direction of MnsGej is parallel to the [110]
direction of the Ge substrate—Ilet us define this as the x axis
of our local Cartesian coordinate system. Consequently, the y
axis is parallel to [010] in MnsGes and [112] in Ge. The z axis
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FIG. 6. (a) and (b) Blue spheres: Mn NMR spectrum from the
Mn, sites that have no carbon nearest neighbors, recorded at 4.2 K
from the MnsGe;C » film: (a) magnetic field of 4 T applied along the
[010] direction (¢ = 0°); (b) magnetic field of 4 T applied along the
[210] direction (¢ = 90°). Gaussian fit to the experimental spectrum
(dashed blue lines). Solid orange line: Spectrum computed in frames
of the model described in the text. (¢) NMR frequency as a function
of orientation of the in-plane field, computed for three nonequivalent
Mny; positions (n = 1, 2, 3) located on the same atomic plane (z =
1/4): v,(¢) = vy + Av sin’[¢ + (n — 1)60].

is perpendicular to the film plane, i.e., along the hexagonal
c axis. The Mny; sites are hexagonally arranged on the two
atomic planes within a unit cell. Three Mn;; atoms (in Fig. 5
labeled as 1-3) are at z = 1/4 and the remaining three Mn,;
atoms (here, not labeled) are at z = 3 /4, rotated by 60° around
the ¢ axis with respect to those located at z = 1/4.

In the presence of an in-plane anisotropy, the spatial distri-
bution of the hyperfine field amplitude at the hexagonally ar-
ranged Mny; sites is not spherical but resembles an ellipsoid—
as shown in Fig. 5(b). As the external magnetic field is rotated
within the xy plane, the cumulative NMR spectrum will vary
depending on the direction of the external magnetic field
since each particular Mny; site will contribute a signal at a
different frequency. To estimate the magnitude of the in-plane
anisotropy, we applied the magnetic field in two orthogonal
directions: (i) along the y axis (defining the azimuthal in-
plane angle as ¢ = 0°) and (ii) along the x axis (¢ = 90°).
The respective >>Mn NMR spectra recorded in a field of
4 T, i.e., in the magnetically saturated state, are presented in
Figs. 6(a) and 6(b). In both experimental configurations, the

30 deg -
M
x
c
=)
8 [0 deg ' ' ' '
. .
@
el
- —
=
(2]
c ¥ T T T
8 [15deg
< B—
o
o=
[T} >
L = T T T =
c [(10deg )
‘a
n
T
(]
=] T T T
I |Odeg ™\
S \
E
(7))

350 375 400 425 450

Frequency [MHz]

FIG. 7. The theoretical shape of the >*Mn NMR spectra from
the Mny; sites in the MnsGe;Cy, film computed for the magnetic
field of 4 T at various in-plane orientations with respect to the [010]
direction.

NMR spectrum reveals a doublet structure, but the amplitude
of a particular doublet component and its frequency differs
strongly. To describe analytically the NMR frequency v as
a function of the azimuthal angle, we derived the formula
(8), using the procedure described in Ref. [21]. For the case
of a sample that is magnetically saturated in plane (i.e., the
polar angle is & = 0°, and the azimuthal angle ¢ is fixed by
the orientation of the external magnetic field), one obtains the
following expression:

V($, Bext) = V) + Av sin’[¢ + (2 — D60] — yBext,  (8)

where v is the zero-field frequency corresponding to ¢ =
0°, whereas Av = v, — v, is the frequency difference be-
tween the zero-field NMR frequency at ¢ = 0°(vy) and ¢ =
90°(v, ), representing the in-plane anisotropy of hyperfine
fields. Numbers n = 1-3 denote the nth Mn;; nonequivalent
position as defined in Fig. 6. The bottom panel in Fig. 6
presents the plot of Eq. (8) using the experimental values of
the respective doublet frequencies at ¢ = 0° (v; = 420 MHz)
and at ¢ =90° (v, =461.8 MHz). The three frequency
branches shifted by 60° with respect to each other, represent
the NMR signals from the three magnetically nonequivalent
Mn;; atoms located on one atomic plane. Superposition of
NMR signals from these three branches determines the overall
shape of >Mn NMR line from the Mn; sites that do not have
carbon in the nearest neighborhood. This is shown in Fig. 7
presenting the cumulative NMR spectra computed as a sum
of three components with the frequency given by the Eq. (8),
each described by a Gaussian line having the same intensity
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In plane angle ¢ [deg]
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FIG. 8. Frequency branches of the NMR spectrum computed for
three nonequivalent Mny; positions (solid line denotes n = 1, dashed
line denotes n = 2, dashed dot line denotes n = 3) as a function
of orientation of the in-plane field in MnsGe;Cy, (blue lines) and
in the reference pristine MnsGe; film (black lines): v,(¢) = v +
Av sin’[¢p + (n — 1)60] — Y Bex:.

and a half-width. The computed spectra correctly reproduce
the features of the experimental NMR spectra and illustrate
how the shape of the NMR line varies when the direction
of the in-plane field is changed. The experimental value of
Av = 41.8 MHz corresponds to the hyperfine field difference
between the two crystallographic directions amounting to
3.96 T. To translate this difference into the anisotropy of the
orbital moment, we apply Eq. (6), using the following values,
calculated for the Mny; site in Ref. [S]: (r—3) = 2.18a9~3, and,
consequently, Aoy, &~ 27T /up. The resulting value of Au;
(the orbital moment anisotropy) equals 0.147 1.

A similar in-plane anisotropy of hyperfine fields is also ob-
served in a pristine MnsGes film with the following values of
characteristic parameters: v, = 428 and Av = 43 MHz, cor-
responding to a hyperfine field difference of 4.08 T between
the two crystallographic directions, and, thus, the anisotropy
of the orbital moment is Aw; = 0.151up. To illustrate this dif-
ference, Fig. 8 compares the plot of the resonance frequency
given by Eq. (8) for Bexy = 4 T using the experimental values
of v and Av in MnsGe3Cy , (blue lines) to the frequency plot
for the pristine MnsGes; film (black lines). As seen in Fig. 8, in
the in-plane saturated film, only minor changes are observed
with respect to the pristine film, showing a secondary effect
of carbon on those Mn,; atoms that do not have dopants in the
nearest environment.

Howeyver, for the field values below saturation, the NMR
lines in the C-doped film display somewhat different behavior
compared to the pristine film. Figure 9 presents the NMR
frequency of the two doublet components observed at ¢ =
90° in MnsGe3Cy, and in the pristine MnsGe; film, plotted
as a function of the in-plane field strength. In the pristine
sample, the higher branch displays a steady frequency upshift:
The magnetization is uniformly pulled away from the ¢ axis
towards the ¢ plane, thus, increasing the in-plane magnetic-
field component. In contrast to that, the higher branch in the
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FIG. 9. NMR frequency of the two components of the
Mn NMR line from the Mny; sites not having carbon nearest
neighbors, observed at ¢ = 90° in MnsGe3;Cy, (blue spheres) and
in the reference pristine MnsGe; film (black triangles), plotted as a
function of the in-plane field strength.

C-doped film already reaches its maximum frequency at a
very low external field and keeps a practically constant value
with increasing field strength up to the in-plane saturation.
This means that, in the C-doped sample in the presence of
even a weak in-plane field, a NMR signal is observed already
from the regions with magnetization lying on the film plane.
This effect is even more pronounced for the Mn;; ¢ NMR line
as will be shown in the next section.

In the magnetically saturated state, the two samples reveal
the same features: The frequency of all NMR lines decreases
with a slope corresponding to the Mn gyromagnetic ratio—
the external field is acting on the Mn nuclei in the opposite
direction to the local field. The only difference is a slight
decrease of the frequency distance between the two branches
of the NMR signal in the C-doped film, resulting from the
slight drop (from 4.08 to 3.9 T) of the in-plane anisotropy of
hyperfine fields as described above.

To conclude the observations on the Mny; sites not having
carbon neighbors, we note that these Mn atoms experience
only a slight effect of carbon doping, manifested by a small
drop of the local field in the nucleus. The large local in-plane
anisotropy of the orbital magnetic moment is still present and
only slightly lower (0.147u5) as compared to the 0.151up in
the pristine film. As a consequence, the local anisotropy of
the orbital magnetic moment between the ¢ axis and the ¢
plane remains practically the same in these Mny; sites as in
the pristine film.

2. NMR line from the Mny; ¢ sites with carbon nns

As seen in Fig. 4, in a field of 0.2 T, the NMR spectrum
from the Mny; ¢ sites reveals a new component at 359 MHz.
As the in-plane field strength increases, this component
quickly gains intensity to become the only NMR line from
the Mny; ¢ sites when the in-plane magnetic saturation is
reached at 0.5 T. The frequency position of the line center and
the relative intensity of the two components as a function of
in-plane field strength are presented in Fig. 10.
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FIG. 10. *Mn NMR frequency of the two components of NMR
spectrum from the Mn,, ¢ sites of the Mns;Ge;Cy , film as a function
of the in-plane field. Open squares: NMR signal along the ¢ axis,
spheres: NMR signal on the hexagonal plane. The inset: Intensities
of the respective spectrum components as a function of the in-plane
field strength and the total spectrum intensity (triangles) before the
in-plane saturation.

The low-frequency component is a continuation of the
original line at 344 MHz, which was previously identified as
originating from the magnetic moments oriented along the ¢
direction. The second component persists beyond magnetic
saturation and obviously corresponds to magnetization on the
film plane. Below the in-plane saturation field strength, their
cumulative intensity remains constant as shown in the inset
of Fig. 10, meaning that the new component is growing at
the expense of the original one. Clearly, in the presence of
the magnetic field, some Mn moments rapidly switch to the
in-plane orientation, and the process of magnetization reversal
occurs through the increase of the volume of the in-plane ori-
ented moments at the expense of those along the ¢ axis. This is
consistent with the observations described above regarding the
unperturbed Mn;; atoms and is different from the situation in
the pristine film where magnetic reorientation took place via
the progressive incline of the entire magnetization towards the
c plane [21]. This difference can be understood considering
the peculiarities of the domain structure reported in these films
[8,9]. It has been shown that, in a pristine MnsGes film, a
strong perpendicular anisotropy leads to the formation of a
stripe domain structure in films thicker than 25 nm. Since the
material quality factor, defined as Q = K,,/2axM 2 is below 1
(Q = 0.6 at 15 K [24]), these films do not develop an open
stripe domain structure but rather form flux closure caps at
the film surface. In the case of the 300-nm-thick pristine film,
the contribution of the flux closure caps is not significant and
is not visible in the NMR spectra. However, in the case of
the carbon-doped films, the bulk anisotropy is significantly
lower [8], and the external in-plane field facilitates a rapid
reorientation of a portion of magnetic moments towards the
film plane, increasing the width of the Bloch walls and the
volume of flux closure caps.

The resonance line corresponding to magnetization lying
on the ¢ plane is shifted by 16.5 MHz towards higher fre-

Spin Echo Intensity [arb. units]

140 160 180 200 220 240 260
Frequency [MHz]

FIG. 11. Experimental 3Mn NMR spectra from the Mn; sites
of the MnsGe;Cy, film at 4.2 K at different values of in-plane
magnetic fields (green bullets). Green solid line: NMR line for the
out-of-plane oriented moments. Black solid line: Reference zero-
field >>Mn NMR spectrum in the pristine MnsGes film. Fit notation:
Dashed orange and brown lines: Two components of the NMR
spectrum for magnetization oriented in plane. Solid magenta line:
A sum of the fit components.

quencies with respect to the zero-field NMR signal along the ¢
axis. This corresponds to the 1.56 T difference in the hyperfine
field values between the two orientations. Consequently, the
anisotropy of the orbital moment (A ;) equals 0.058up. In-
terestingly, in the magnetically saturated state, the frequency
position of the new component does not change upon in-plane
rotation of the magnetic-field direction, meaning that the local
field is isotropic in all the directions within the ¢ plane. This
is in contrast to observations in the unperturbed Mny; sites
and in the pristine film where the in-plane component of the
hyperfine field on the Mny; site oscillated with a period of 60°.

To summarize, the presence of carbon as a near neighbor
to the manganese atoms significantly modifies the local mag-
netic properties in the Mny; sites. The out-of-plane component
of the hyperfine field on those Mny; sites that have carbon
nns, decreases by 7.96 T with respect to the pristine film,
and the in-plane anisotropy of hyperfine field is lifted. The
difference of hyperfine field strength between the ¢ direction
and the c plane is isotropic in plane and amounts to 1.56 T
(resulting from the anisotropy of the orbital moment A,
equal to 0.058up).

3. NMR line from the Mny sites

SMn NMR spectra from the Mny; sites in the MnsGes;Cy »
film are shown in Fig. 11 (green spheres) at different values
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of the in-plane magnetic-field strength. Just as in the case of
the pristine MnsGes, the NMR spectrum from the Mn; sites
in MnsGesCy » remained invariant with respect to the in-plane
orientation of the external magnetic field.

As shown in the previous sections, the NMR signal at zero
field is observed from the direction perpendicular to the film
plane. To visualize the effect of carbon, the bottom panel
presents also the zero-field > Mn NMR line from the Mn;
sites in the pristine Mns;Ge; film, revealing a well-resolved
quadrupolar splitting (black solid line). In the carbon-doped
film, the broad linewidth and the smeared out quadrupolar
structure indicate a significant modification of the crystal field
due to inhomogeneities introduced by carbon. In the field of
about 0.5 T, the MnsGe3;Cy, film is fully saturated in plane,
and the frequency span of the NMR line is narrower in com-
parison to the zero-field spectrum. The decreased linewidth of
the NMR spectrum recorded in the in-plane saturated sample
is consistent with the previously published observations in the
pristine Mns;Ges film where the twice smaller quadrupolar
splitting was reported in plane due to the out-of-plane orien-
tation of the electric-field gradient [21].

In the case of the MnsGe;Cy, film, the NMR spectrum
recorded in the in-plane saturated film (above 0.5 T) has a
structure due to the reduced quadrupolar splitting. Therefore,
the NMR spectrum can be decomposed into two broad Gaus-
sian lines of equal linewidths, shown with the dotted lines
in Fig. 11 This decomposition suggests the presence of two
types of Mn; environments, differing by the magnitude of
the hyperfine fields. For the fields weaker than the in-plane
saturation (B < 0.5 T), a third component was needed in the
fit, representing the NMR signal from the moments oriented
out of plane. This component, which reproduces the zero-
field NMR spectrum is known to represent the orientation
perpendicular to the film plane and is shown with the green
solid line in Fig. 11.

In an attempt to identify the two kinds of Mn; envi-
ronments revealed in the fit, the central frequencies of the
two components identified in the spectrum from the in-plane
orientation are plotted in the Fig. 12 as a function of the
in-plane field strength, together with the field dependence of
the Mn; NMR line in the pristine MnsGes film, reported in
Ref. [21].

Interestingly, the high-frequency component overlaps with
the frequency position of the central line of the quadrupolar
structure observed in the case of the pristine film. Therefore,
it can be regarded as the signal from those Mn; sites that do
not feel the presence of carbon. Considering the local atomic
coordination of the Mn; site (see Fig. 1), we note that the
nearest-neighbor positions are occupied by nonmagnetic Ge
and manganese in the Mn;; positions. Carbon is a more distant
neighbor located at 4.15 A from the Mn; site and is unlikely to
directly influence the properties of manganese at this position.
As shown in the previous sections, the effect of the carbon
dopant is very local and limited to those Mny; sites where it
enters as a nearest neighbor.

In view of this, it can be expected that the two Mn; lines
observed for the in-plane oriented magnetization represent
two types of Mn; sites having local environments populated
by a different number of the possible Mnj; neighbors: (i) Mny;
with an unaltered first coordination zone and (ii) Mny; ¢ that

230 T T 1 T T T T T
\'\‘fnseesco.z Bgat
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FIG. 12. Green stars: Central frequency of the experimental
3Mn NMR spectrum from the Mn; sites in the MnsGe;Cy, film
(computed as a line first moment). Brown spheres and orange
squares: Spectrum components identified in Fig. 11; black triangles:
Central line of the Mn, quadrupolar quintet in the reference pristine
MnsGe;. All plotted as a function of the in-plane magnetic-field
strength.

have carbon as a nn. In other words, the effect of carbon on the
hyperfine field in the Mn; sites is indirect and occurs through
a decrease in the transferred field from those Mn;; neighbors
that have a lower magnetic moment due to the carbon dopant
in the vicinity. The frequency difference of 22 MHz between
the respective central frequencies indicates that the effect of
the carbon dopant on the transferred field component of the
hyperfine field in the Mn; sites can be estimated at 2.1 T.

IV. CONCLUSIONS

The present NMR study provides strong evidence that
carbon enters in the vicinity of the 6(g) lattice sites of the
MnsGes structure, confirming previous predictions that it
occupies the 2b voids formed by the Mny; octahedra. The
Mn;; atoms located in the corners of the host octahedron
(here, labeled as Mnj; ¢) experience a serious modification
of their properties. Table I gives the values of the out-of-plane
component of hyperfine fields (i.e., the component along the
hexagonal c¢ axis) for different Mn sites in MnsGe;C 2, com-
pared to pristine MnsGes. It also lists the uniaxial anisotropy
of hyperfine fields, defined as AB = Bjoo11-Boo1), where Bgo1)
is the hyperfine field measured in two orthogonal direc-
tions: [210] and [010], respectively, and the corresponding
anisotropy of the orbital magnetic moment.

As seen in Table I, the absolute value of the out-of-plane
component of the hyperfine field on the nuclei of the Mny; ¢
atoms is reduced from 40.56 T in the pristine film to 32.6 T in
MnsGe3;Cy 2. The corresponding 0.7up decrease in magnetic
moment of Mnj;; ¢ atoms with respect to the Mny; site in
the pristine film is in good agreement with the previously
calculated 24% decrease in the Mn;; magnetic moment due
to hybridization between Mn 3d and C 2p orbitals [15]. On
the other hand, the Mn;; atoms that do not have carbon as
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TABLE I. Hyperfine fields in different Mn sites of the MnsGe;Cy, epitaxial film, their anisotropy and anisotropy of the orbital moment
; measured along the selected orthogonal directions, compared to the respective values in the pristine MnsGes. The values of the hyperfine
fields are expressed in teslas (T), and the orbital moment is given as the Bohr magneton wp.

Hyperfine field (T) AB = B(M || [001])-B[M || (001)] (T) A (ug)
Site (M || [001]) B[001]-B[210] B[001]-B[010] 12,[0017-44,[210] 1,[0011-4,[010]
Pristine ~19.66 1.52 1.52 0.056 0.056
Mn, C doped —18.83¢ 1.42¢ 1.42¢ 0.053 0.053
Pristine —40.56 4.08 0 0.151 0
Mn;, C doped —39.8 3.96 0 0.147 0
Mny; ¢ C doped -326 1.56 1.56 0.058 0.058

*Average hyperfine field and average hyperfine field anisotropy.

a nearest neighbor experience only a slight (0.76 T) drop of
the hyperfine field, resulting from the decreased transferred
field term from the more distant Mn;; ¢ neighbors. A similar
secondary effect of the reduced transferred hyperfine field
is observed in the case of manganese located in the 4d
(Mny) sites for which there is evidence of two kinds of local
environments in the in-plane saturated film that are attributed
to a different number of Mny; ¢ neighbors.

In addition to decreasing the local magnetic moment of its
immediate Mn;; neighbors, the carbon dopant strongly modi-
fies their local anisotropy. In the Mny; ¢ sites, the anisotropy
of the orbital magnetic moment amounts to 0.058 and does
not vary with the azimuthal angle ¢. This is in clear contrast
to the pristine film where it oscillates in plane between 0
and 0.151up with a period of 60°. Such a strong effect of
carbon is again limited only to the Mny; ¢ sites that have
carbon nearest neighbors, whereas the remaining Mny; sites as
well as the Mn; sites reveal anisotropy of the hyperfine fields
not much different from the pristine film. According to the
theoretical work of Bruno [16], in the itinerant ferromagnets,

there exists a direct relationship between the anisotropy of the
unquenched orbital momentum and the magnetocrystalline
anisotropy. Bearing in mind that the orbital contribution to the
hyperfine field is antiparallel to the dominant Fermi contact
term, the fact that the absolute value of the overall hyperfine
field is larger in plane for all Mn sites, means that the
orbital term is larger along the ¢ axis. As a result of spin-
orbit interaction, in the scenario of the single-ion origin of
magnetocrystalline anisotropy, this explains the ¢ axis as an
easy magnetization direction. The decrease in macroscopic
uniaxial anisotropy upon carbon doping [8] is due to the
modified anisotropy of the orbital moment in the Mny; ¢ sites.
In addition, in the pristine sample, there exists a sixfold in-
plane anisotropy, present also in residual form in the C-doped
film. This sixfold in-plane anisotropy was macroscopically
observed in the FM resonance experiment [25]. A direct
carbon impact on magnetocrystalline anisotropy leads also to
a strong modification of the crystal field, evidenced in our
experiment by the vanishing quadrupolar splitting of the NMR
line from the Mn; site.
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