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Ferromagnetic resonance and magnetic damping in C-doped Mn;Ge;
(Dated: May 15, 2015)

X-band ferromagnetic resonance (FMR) was used to investigate static and dynamic magnetic
properties of MnsGes and Carbon-doped MnsGes (Co.1 and Co.2) thin films grown on Ge(111).
The temperature dependence of magnetic anisotropy shows an increased perpendicular magneto-
crystalline contribution at low temperature with an in-plane easy axis due to the large shape con-
tribution. We find that our samples show as small as 400e FMR linewidth (corresponding Gilbert
damping a=0.005), for the out-of-plane direction, certifying of their very good structural quality.
The perpendicular linewidth shows a minimum around 200K for all samples, which seems not cor-
related to the C-doping. The magnetic relaxation parameters have been determined and indicate as
main extrinsic contribution the two-magnon scattering. A transition from six-fold to two-fold plus
fourth-fold in-plane anisotropy is observed in the FMR linewidth of MnsGesCo.2 around 200K.

I. INTRODUCTION

The field of semiconductor spintronics is rapidly de-
veloping nowadays. The idea to combine the well es-
tablished data processing capabilities of semiconductor
electronics with ferromagnetism may lead to new func-
tionalities and low power consumption of devices’2. One
of the main obstacle for spin injection into a semicon-
ductor is the conductivity mismatch at the interface of
the ferromagnetic metal and the semiconductor®. One
way to avoid it is to use a thin insulating layer acting
as a tunnel barrier between the two materials. Another
approach is to design the spin injecting interface with a
similar structure and properties by alloying or doping the
semiconductor with a magnetic element.

The intermetallic magnetic MnsGes could provide the
desired solution as it grows directly onto Ge substrate?,
therefore being compatible with existing semiconductor
technology. MnsGes shows ferromagnetism with a Curie
temperature (T.) around room temperature® and an im-
portant spin polarization (up to 42%)%7. The MnsGes
hexagonal cell contains 10 Mn atoms which are arranged
in two different sublattices (Mn; and Mnj;) due to dif-
ferent coordination. Inserting Carbon atoms into inter-
stitial voids of Mn;; octahedra leads to an increase of
T, up to 450K, supplying a solution for the room tem-
perature spin injection®. Ab-initio calculations indicate
that the structural distortions have a small influence on
the increased T. in Mn;GesC,, (the lattice is compressed
compared to pure MnsGes), with the enhanced ferromag-
netism attributed to a 90° ferromagnetic superexchange
mediated by Carbon®.

Several preparation methods were used to grow
Mn;5Ges thin films. The most common growth method
is the solid phase epitaxy which consists in the deposi-
tion of Mn or Mn and C on a Ge(111) layer followed
by an annealing leading to the formation of the Mn;Ges
or MnsGesC, films. Due to the low Mn solubility in
Ge, secondary precipitates or Mn-rich regions/clusters
frequently appear inside the MnsGes films. Mn atoms
also diffuse in the underlying Ge(111) substrate which
deteriorates the interface quality. In this letter, we re-
port on the structural and magnetic properties of thin
films C-doped MnsGes epitaxially grown on Ge(111) by
reactive deposition epitaxy (RDE) at room temperature.
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The low growth temperature reduces segregation and al-
lows the formation of thin films of excellent crystalline
quality suitable for the determination of various mag-
netic parameters by FMR: magnetic anisotropy, magne-
tization and the g-factor which were quantitatively de-
termined and theirs dependence on Carbon content and
temperature was identified. From the study of the FMR
linewidth, the magnetic relaxation process is investigated
and the relaxation parameters are found. The main re-
laxation channels we identify are the intrinsic Gilbert
damping and the two-magnon scattering. The ferro-
magnetic resonance measurements demonstrate the very
good structural quality of the pure and C-doped Mnj5Ges,
paving the way for heterostructures integration.

II. EXPERIMENTAL DETAILS

The sample preparation as well as the reflection high-
energy electron diffraction (RHEED) measurements were
performed in a UHV setup with a base pressure of
2.7x107% Pa. MnsGe3C, layers were grown epitaxially
on Ge(111) substrates®19. These substrates were chem-
ically cleaned before introduction in the UHV chamber.
Then we did a degassing of the Ge(111) substrates by
direct heating up to 720 K for 12 h and flashed after-
wards at 1020 K to remove the native oxide layer. After
repeated flashes at 1020 K and a cooling down at 770
K, a 15 nm thick Ge buffer layer was deposited on the
Ge(111) substrates to make sure that the starting surface
of the Mn5Ge3C, thin films growth is of good quality.
The quality of this starting surface was checked in-situ
by RHEED. Eventually the sample was cooled down to
room temperature (RT).

To form the MnsGesC, layers we used the reactive
deposition epitaxy method!''. Using this method the
Mn5GesC,, layers are created by phase nucleation at the
surface of the sample during the epitaxial growth. No dif-
fusion phenomenon is required for the growth unlike the
solid phase epitaxy process which is usually employed to
form the MnsGe3C, films on Ge(111). However a good
control of the different flows is needed to match the sto-
ichiometry of the desired compound : Ge and Mn were
evaporated using Knudsen cells and C atomic flow was
obtained thanks to a high purity pyrolytic graphite fila-
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ment source (SUKO) from MBE-Komponenten. The Ge
and Mn flows were calibrated with a water-cooled quartz
crystal microbalance and the C flow was calibrated using
the structure transition between the Si(001) (2x1) and
¢(4x4) reconstructions which occurs for a C deposited
thickness of 0.4 atomic monolayer on Si(001) surfaces'?.
The growth of the MnsGesC, films was monitored in-
situ by RHEED : the MnsGesC, films growing epitax-
ially on a Ge(111) surface exhibit an easily identifiable
RHEED (\/3 X \/§)R30° pattern which is characteristic
of the MnsGes and MnsGesC, compounds'®!3,

The saturation magnetization and the estimated Curie
temperatures of all samples were determined by SQUID
measurements. A SQUID magnetometer Quantum De-
sign MPMSXL working in a temperature range 1.8K to
300K and in a magnetic field up to 5T was used. The
FMR measurements were performed with a conventional
X-band (9.39GHz) Bruker EMX spectrometer in the 80K
to 300K temperature range. The samples (2 x 2mm?)
were glued on quartz suprazil rode and mounted in the
center of a rectangular cavity (TEjp2). To improve the
signal-to-noise ratio, the FMR measurements are carried
out using a modulation field of 100kHz and 50e ampli-
tude with a lock-in detection. The FMR spectra were
measured with the applied magnetic field rotated in plane
and out-of-plane. The FMR spectra were fitted with a
Lorentzian profile and the resonance field and FWHM
linewidth were subsequently extracted. Typical spectra
at room temperature are shown in Fig. 1(a) for thin films
of 12nm thickness.

III. MODEL AND GEOMETRY

The FMR spectra were analyzed with the Smit-Beljers
formalism for a thin film with uniaxial (hexagonal)
symmetry'®. For a ferromagnetic film with hexagonal
symmetry, the free energy density including the Zeeman
energy, the demagnetizing energy and the anisotropy en-
ergy density is written as:

F=—-MH[sinfsin0g cos(¢ — ¢p) + cosf cos g
— (2rM? — K5)sin? 0 + Ky sin? 6 4+ Kg sin® 6
+ Kg sin® @ cos 6

(1)

where 0y, ¢g are the polar and azimuthal angle of the
external field with respect to the surface normal of the
thin film ([001] direction) and respectively [100] direction,
0 and ¢ are the polar and azimuthal angle of the magneti-
zation with respect same directions (Fig. 1(b)) and K; are
the anisotropy constants to sixth order. The resonance
condition, neglecting the damping effects and consider-
ing the magnetization at equilibrium under steady field,
is given by:

(2)
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(a) 1
MnsGe3sCo 1

) MnsGe3Co. B=0°
g Br=90°
o
s O
I
°
< MnsGes
© 9H=00

-1 T=300K |

1 2 3 7

(b)

FIG. 1. (Color online) (a) Typical spectra at room temper-
ature for MnsGes, MnsGesCop.1 and MnsGezCop.2 thin films
with 12nm thickness. (b) Schema of the coordinate system
used in FMR measurements.

where H; and Hs represent the stiffness fields evaluated
at the equilibrium angles of the magnetization:

1 0°F
T ®)
1 0°F
Hy=——7 2= 4
>~ Msin20 0p? )

Equation (2) is valid for a high-symmetry case, where
the mixed second derivative of the free energy is nil. Our
experiments were carried out in two distinct geometries:

(i) out-of-plane geometry (g = 0°, 0 variable). The
stiffness fields are the following:

K
Hi* = H, cos(0 — Op) — 4nM_ 5 cos 20 + Qﬁ(cos 20
(KoL + Kg)) sin

— cos46) + 30 n" 6
Ks1 + K
- 36% sin® 6 (5)
K
Hy = H,cos(0 — Op) — 4nM, 55 cos 0 + 4ﬁ4(6082 0
K K K
—cos? ) + 6(62\4;6”) sin* 0 cos? 6 — 36% sin® 6

(6)
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(ii) in-plane geometry (0 = 90°, ¢y variable). The
stiffness fields are:

Hﬂ = H,cos(p — ou) +4nMess —
— 6@ cos6
i '

I _ o) — 36560
Hy = H, cos(p — o) — 36 o cos 6

Here 4nM.sp = dnM — 2852

and v = gup/h the gyromagnetic ratio. H 1%2 represent
the stiffness fields for the out-of-plane geometry (65 = 0)

w the angular frequency

and H{l,Q for the in-plane geometry (g = 90°).
The FMR linewidth is analyzed by including the in-
trinsic and extrinsic damping mechanisms®17 :

AH = AHintT + AH&ItT (9>
In this expression, the intrinsic contribution due to the

magnon-electron interaction can be described by the di-

mensionless Gilbert damping parameter o'®1:

2
AHintr = ﬂ

i (10)

2 2
where ¥ = md(‘;é'y ) is the dragging function as

the magnetization M is dragged behind H owing to
anisotropy. When M and H are parallel, this contribu-
tion vanishes. As generally the in-plane and out-of-plane
linewidth are not equal, extrinsic contribution have to
be taken into account. The extrinsic contribution gener-
ally include the magnetic relation due to magnon-magnon
interaction, the two-magnon interaction, which is given
by20723:

r

A1_127nag = N,

(11)
with I' the two-magnon scattering rate. The two-magnon
contribution usually vanishes for a critical out-of-plane
angle § < 45°. Inhomogeneous broadening effects also
participate to the extrinsic linewidth, especially at in-
termediate angles as the resonance local field can vary.
We consider here three types of inhomogeneous broad-
ening: AH 05, AHimy and AHppom- The first term is
the mosaicity term due to the distribution of easy axes
directions'®19:

0H,
Bu

A, — ‘ ABy (12)

with By = (0m,¢n). The second term represents the
inhomogeneity of the internal fields in the sample!”:
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O0H,

O(4rMesy) (13)

AHip = ’ ‘ A(4mMeyy)

Finally, the last term which can contribute to the
linewidth is a residual frequency and angular indepen-
dent inhomogeneous linewidth that cannot be put in
other form.

The procedure used to determine the magnetic param-
eters is as follows: the anisotropy fields were determined
using the system of equations (5)-(8) applied at high sym-
metry directions (along easy/hard axes) together with
the corresponding measured resonance fields (fixed fre-
quency) at a fixed g-factor. Afterwards, the polar and
azimuthal angular dependence of the resonance field was
fitted with the same equations and the equilibrium con-
dition of the free energy allowing for a variable g-factor
as parameter. The iteration was repeated several times
until a good fit was obtained. This analysis yields the
g-factor, the anisotropy constants and the magnetization
direction 6. These values serve in the angular variation
of the linewidth which allows the evaluation of «, I' and
the inhomogeneous contribution.

IV. RESULTS AND DISCUSSION

In this section, experimental results of C-doped
MnsGes thin films investigated by ferromagnetic reso-
nance and SQUID magnetometry are presented. Using
samples with different carbon content, we determined the
magnetic anisotropy energy, the g-factor, magnetization
and magnetic relaxation parameters.

A. DMagnetic anisotropy

To determine the magnetic energy anisotropy (in ab-
solute units), FMR measurements were carried out at a
frequency of 9.4GHz. The FMR spectra were recorded
as a function of the polar and azimuthal angles of the
external magnetic field at different temperatures. The
saturation magnetization was determined from SQUID
measurements. In Fig. 2(d), the temperature dependence
of the magnetization up to 300K is shown for MnsGes,
MnsGeszCq.1 and MnsGezCgo. The Curie temperature
was estimated from these curves by fitting with a Bril-
louin function in reduced units. The full line correspond
to a fit with By 5 and the dotted line to a fit with Bj.
The estimated values of T, are 315K, 345K and 450K.
The error bars correspond to £10K for MnsGes and
MnsGe3zCq.1 as the experimental points cover a larger
temperature range and superpose closely with B1 5. The
experimental points for MnsGesCg o cover only a small
part of the temperature range and the error bars are es-
timated to be of +30K.

The out-of-plane angular variation for the reso-
nance field H, is shown in Fig. 2(a)-(c) for MnsGes,
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(b) MnsGe3Co_1

(C) Mn5Ge3CO_2

0
O (deg)

90

o MnsGe;

1 MnsGe;Co 4
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—fit1
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0
0 0.5 1
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FIG. 2. (Color online) Out-of-plane angular variation of the resonance field at 300K for (a) MnsGes, (b) MnsGesCo.1, (c)
MnsGesCo.2. The temperature dependence of the magnetization is shown in (d) in normalized coordinates. The full and
dotted lines correspond to fits with a Brillouin function. The estimated Tcs are 315K, 345K and 450K. (e) In-plane angular
dependence of the resonance field for MnsGesCp.2 at room temperature. The distance between dotted circles is 1 Oe. The line

represents a fit with Eq.(3).

Mn5Ge3Cq.1 and Mn;GezCy 2 at room temperature. The
H,(0y) indicate an easy axis along H|| [100] (in-plane)
with a minimum resonance field of 1.6kOe, 2.3kOe and
2.7kOe for MH5G6300'2, MD5G6300_1 and MD5G63 re-
spectively. The hard axis is perpendicular to plane ([001]
direction) and has the highest H, of 8.6kOe, 6kOe and
5kOe. The azimuthal angular dependence of the res-
onance field for MnsGe3zCq 2, recorded also at 300K is
shown in Fig. 2(e). The sixfold (hexagonal) symmetry in
the azimuthal angular dependence indicates that an in-
plane hexagonal anisotropy exists with easy axes along
the [100] direction of the film. The experimental FMR
data of out-of-plane and in-plane dependence of the res-
onance field can be well simulated with Eq.(2) and the
anisotropy fields can be extracted. The anisotropy con-
stants can be found in absolute units by using the sample
magnetization determined from SQUID measurements.

The resulting anisotropy constants are summarized
in Table I along with the g-factor at several tempera-
tures. The positive sign of Ky indicates that this term
favors an out-of-plane easy axis of magnetization while
the shape anisotropy dominates??. In the very thin film
limit, K5 could overcome the shape anisotropy result-
ing in an out-of-plane anisotropy axis. The different K;
have a different temperature dependence. For Mn;Ges
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and MnsGe3Cy.1, the sixfold in-plane symmetry is to
low to be extracted, therefore only the Ky and K4 con-
stants were determined from the angular measurements.
K5 is positive for Mn;Ges and C-doped MnsGes at all
temperatures and increases at low temperature. K,y de-
creases (increases in absolute values) for MnsGes, but
for the C-doped compounds has a minimum or a max-
imum at an intermediate temperature. The sixfold in-
plane anisotropy in Mn5Ge3sCy o increases at 250K from
the room temperature value, while at lower temperature
becomes to small or a transition to a fourfold in-plane
anisotropy arises as will be inferred from the linewidth
temperature dependence discussed in the next section.

The g-factor can be estimated from the angular de-
pendence of the resonance field. Its value indicates the
influence of the orbital contribution to the total magnetic
moment. The ratio of the orbital to the spin magnetic
moment can be inferred from the Kittel formula and is
equal to the deviation of the g-factor from the free elec-
tron value. The value of the g-factor for MnsGes and
Mng,GegCO,l is 20005, while for MIlsGegCO'Q this value
increases to 2.0291 meaning an increased orbital contri-
bution with Carbon doping (1.5% of the spin magnetic
moment).



268 B. Magnetic relaxation

20 The linewidth of the resonant signal AH,. is directly re-
a0 lated to the magnetic and structural quality of the films
and provide information about the different relaxation
channels in magnetic damping. In Fig. 3, the tempera-
ture dependence of the FMR linewidth is shown for the
perpendicular to plane direction (fy = 0°) for MnsGe;
and C-doped MnsGes. A shallow minimum is observed
for all three compounds around 200K and a sharp peak
close to T.. At lower temperature, the FMR, linewidth
increases and saturates for Mn;Ges (measured to 6K).
The minimum in the linewidth seems not related with
the C-doping. It occurs around the same absolute value
of temperature and could be related with a small in-plane
transition to a fourfold anisotropy from sixfold anisotropy
(tetragonal distortion) or to a constriction by the sub-
strate. The increase of linewidth at low temperature was
explained as an inhomogeneous broadening due to the in-
crease of the anisotropy constants (Ks) with decreasing

temperature®®.
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FIG. 3. (Color online) Temperature variation of the resonance

linewidth for MnsGes, MnsGesCo.1 and MnsGeszCo.2.
2s  Fig. 4 and Fig. 5(a) show the out-of-plane variation of
the FMR linewidth for the C-doped MnsGes compared
to the pure Mn;Ges at room and low temperatures. The
shape of the curves shows the characteristic dependence
for thin films with a maximum of the linewidth at in-
termediate angles. Our films have an in-plane easy axis
at all temperatures, therefore the magnetization lags be-
hind the applied field when the field is rotated out of the
plane. The peak in the linewidth occurs for 6y between
20° at room temperature and 10° at low temperature,
corresponding to the largest interval between M and H.
From the theoretical fits of the data (solid lines), the re-
laxation parameters are extracted and listed in Table II.

For all three compounds, the perpendicular to plane
linewidth is always smaller than the in-plane one indi-
cating the presence of two-magnon scattering and other
34 extrinsic contributions in the samples. The intrinsic
s damping cannot explain the out-of-plane shape of the
w06 linewidth. The estimated intrinsic damping is considered
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FIG. 4. (Color online) Out-of plane angular dependence of the
resonance linewidth for MnsGes (a) and Mns;GeszCo.1 (b) at
different temperatures. The lines represent fits with intrinsic
and extrinsic contributions.

s isotropic and independent of temperature. We prefer us-
w8 ing the dimensionless parameter a which varies between
300 0.005 and 0.01 over the Gilbert damping parameter G
a0 given by a=G/yM as the latter will imply a tempera-
sn ture dependence. The Gilbert damping represents the



sz decay of magnetization by direct viscous dissipation to
a3 the lattice as it is introduced in the Landau-Lifschitz-
su Gilbert equation'®. The spin-orbit coupling is assumed
as to be at the origin of spin-lattice relaxation in ferro-
magnets. Ab-initio calculations that include the spin-
orbit coupling explicitly show a weak dependence of «
with temperature in a large range of temperatures%’%.
Two different mechanisms contribute to the temperature
dependence?’, one conductivity-like and one resistivity-
like with a transition between the two at intermediate
temperature. Sometimes these two contributions have an
equal influence on the damping. We estimated the value
of a for each compound by fitting the out-of-plane angu-
lar dependence of AH, at a temperature corresponding
to the minimum of the curves in Fig. 3 (around 200K).
For this specific temperature, the estimation correspond
to the maximum possible value of a considering small in-
homogeneous broadening (AH;,: and AH;y,p). Although
we consider a constant «, as it is observed from Table II,
at room and low temperature the linewidth (and corre-
spondingly the inhomogeneous residual field) increases
for MnsGezCp.1 which could be explained by an increase
of a at least at low temperature. The room tempera-
ture increasing in the linewidth is usually explained as a
breakdown of the uniform precession due to thermal ex-
citations. The increasing of the linewidth at low temper-
ature is smaller for Mns;Ges and MnsGesCy 5 in the 100-
300K temperature range being compatible with a con-
stant a as considered.
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The second relaxation mode that influence the FMR
linewidth is the two magnon scattering. The uni-
form mode can couple with degenerate spin-wave modes
due to fluctuations in the local effective field that can
arise from surface defects, scattering centers, fluctua-
tion in the anisotropy from grain to grain or other
inhomogeneities?>?2. The two magnon scattering rate
I" depends on the angle 0 (out-of-plane geometry) and
on the resonance field H,.s. A detailed analysis based
on the effect of the defects on the response functions of
thin films was performed in Refs.21 and 28 for the case
when the magnetization is tipped out-of-plane. We con-
sider here the same type of angular dependence of I" as in
3¢ Ref.28 (see Eq.8). I' depends on the nature and shape of
35 the defects that activate the scattering mechanism. The
36 values for the MnsGes compounds, extracted from the
s7 fitting of the linewidth curves, are shown in Table II as
18 a function of temperature. From the calculated value
39 Domag=8Hkb?p/mD, the exchange spin-wave stiffness D
30 can be inferred if details of the defects as the covered frac-
s tion of the surface p or the effective height b are known
32 (Hg the anisotropy field). Atomic force microscopy mea-
33 surements were performed on the samples, from which
34 the rms surface roughness was determined: for MnsGes
ss the surface roughness was of the order of 1.5-2nm, while
366 for MnsGesC, was of the order of Inm. Therefore, at
37 Toom temperature, the spin-wave stiffness was estimated
38 as 0.12x1078G cm? for MnsGes, 0.16x1078G cm? for
30 MnsGesCop.1 and 0.39x1078G cm? for MnsGesCyp.o con-
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sidering a defect ratio of 50%. These values are only esti-
mates as a precise identification of the defects is difficult
to obtain.

As observed from Table II, the other extrinsic contri-
butions to the linewidth have only a small impact on the
fitted curves. The mosaicity is very small, inferior to
0.1°, being almost negligible testimony of the good qual-
ity of our samples. Also the inhomogeneity of the internal
fields is almost negligible in the majority of cases, only
for Mn5Ge3Cy.1 at room temperature it seems to have
a larger influence. The higher values of H;,; are needed
to explain the small peak observed around 8y = 0° for
both MnsGes and Mn;GeszCy.1 and for the increase of
the linewidth at intermediate angles until 5 = 90° for
MnsGe3zCq.1 at room temperature. The values of the
residual inhomogeneous contribution are generally small,
the larger values can also be attributed to a temperature
dependent intrinsic contribution as discussed above.

We now discuss the case of MnsGesCg o for which both
out-of-plane and in-plane data was fitted as shown in
Fig. 5. The panel (a) show the out-of-plane dependence
of the FMR linewidth. The 300K and 250K data are well
fitted close to 8 = 0° and at larger angles but not at the
peaks that correspond to the largest interval between M
and H (critical angle). The dashed line at T=300K corre-
sponds to a fit with the parameters indicated in Table 11
and A8y = 0.05°, while the full line to a fit with Afgy
= 0.2°. Although increasing the mosaicity contribution
fits better the peaks, the fitted curve becomes V-shaped
between the peaks in total contradiction with the data.
We believe that the mosaicity is small (0.05°) and the
discrepancy at the critical angle at 300K is due to some
other effect (the FMR line being strongly distorted at this
angle). We also tried to fit the 300K curve introducing in-
plane second and fourth order anisotropy constants (Kyj
and Ky)) without a better result (not shown). The low
temperature curves are nicely fitted with the presented
model for all angles.

For the in-plane dependence of AH,., the only contri-
butions that were considered were from the isotropic in-
trinsic damping and the two-magnon contribution which
was expressed as follows!?20:28;
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az with wg = ~Mes; and T;f(p;) characterize the
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anisotropy of the two-magnon scattering along different
crystallographic in-plane directions. At 300K and 250K
(Fig. 5(b)), the FMR linewith has the same six-fold sym-
metry as the angular dependence of H,. (Fig. 2(e)). If the
scattering centers are given by lattice defects (disloca-
tion lines), the azimuthal dependence should reflect the
lattice symmetry'®2°. The angular dependence of the
o0 scattering was fitted with T';f(y;) = T'o + 'z cos?(p —
2 p2) + Tgeosb(p — wg) at 250K and 300K and with
2 Tif(¢i) = To+Tacos?(p—pa)+ Ty cosd(p—pq) at 150K
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and 100K. The parameters I's and I'4 are phenomenologi-
cally introduced to account for the observed angular vari-
ation. I'g is expected from the sixfold symmetry. The in-
plane anisotropies are very small as observed form their
values in Table III, therefore ¢y ~ ¢g and the dragging
function is very close to one and neglected. A change of
symmetry of the scattering seems to take place around
200K corresponding to the minimum in Fig. 3. At lower
temperature a superposition of twofold and fourfold sym-
metry dominates the angular dependence of the in-plane
linewidth. This cannot be related only to crystalline de-
fects as the azimuthal dependence of the resonance field
show a small highly distorted uniaxial anisotropy along
the 45° direction (not shown). More experimental mea-
surements are needed to elucidate the linewidth transi-
tion at 200K.

V. CONCLUSION

MnsGesz and MnsGezC, films with 12nm thickness
were grown by reactive deposition epitaxy on Ge(111)
substrates.  Detailed FMR measurements were per-
formed on the samples at different temperatures. Both
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Mns;Ges and C-doped MnsGes show perpendicular uni-
axial magneto-crystalline anisotropy and an in-plane easy
axis of magnetization due to the large shape anisotropy.
The small linewidth of the films are a proof of the good
quality of all the samples. From the angular depen-
dence of the resonance field and of the linewidth, the
anisotropy fields, g-factor and magnetic relaxation pa-
rameters are obtained. The contributions to the broad-
ening of the FMR linewidth come primarily from the
intrinsic Gilbert damping and two-magnon scattering.
A transition from the six-fold to two-fold plus fourth-
fold in-plane anisotropy was determined around 200K
for Mn5GesCy .2 that corresponds to the minimum in the
temperature dependence of the out-of-plane linewidth.
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TABLE I. Magnetic parameters for MnsGes, MnsGesCo.1 and MnsGeszCo 2 at different temperatures obtained from the FMR.

Sample | T(K) 4m My ¢ (kOe) K2 (erg/cm?®) Ky(erg/cm?®) K| (erg/cm?) ~/27(GHz/kOe)
300 1.5 3.7%x 10° 2832.45 2.8
Mns Ge 250 4.3 9.95x 10° 682.68 2.8
phts 200 4.6 1.69x 108 -1.19x10° 2.8
6 5.4 3.95%x10° -9.84%10° 2.8
300 2.6 1.65% 10° 3.85x10* 2.8
250 3.8 2.71x 10° -1901 2.8
M
nsGesCo.1 200 4.4 3.37x10° -5131.37 2.8
100 5.0 4.29%108 2.58x10* 2.8
300 5.3 4.39x 10° 4.41x10* 27.95 2.84
Mns GoaC 250 5.8 4.78x 108 5.53x10* 134.17 2.84
pts0.2 150 6.6 5.19% 10° 5.35% 10* 2.84
100 7.0 5.28x 10° 4.61x10* 2.84

TABLE II. Magnetic relaxation parameters for MnsGes, MnsGesCop.1 and MnsGesCo o at different temperatures determined
from the out of plane angular variation of FMR.

Sample | T(K) «@ I2mag(O€) Al (deg) A(4mMeyr)(Oe) AH;nn(Oe)
MaeClo 300 0.01 150 0.05 20 270
5Es 6 0.01 600 0.1 10 10
300 0.005 210 0.05 80 80
250 0.005 280 0.1 5 15
MnsGesCo.1 200 0.005 320 0.1 5 5
150 0.005 400 0.1 5 5
100 0.005 430 0.1 5 80
300 0.01 220 0.05-0.2 10 5
250 0.01 300 0.05 10 5
Mns Ges Co.> 150 0.01 500 0.05 10 5
100 0.01 450 0.05 10 5

cexp o T=300K
— fit1 .

AH; (Oe)

—fit

500, exp o ®  T=250K

—_ — i —
5 it 5190
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FIG. 5. (Color online) Out-of plane (a) and in-plane (b) angular dependence of the resonance linewidth for MnsGe3zCo.2 at
different temperatures. The lines represent fits with intrinsic and extrinsic contributions.



TABLE III. Magnetic relaxation parameters for MnsGesCo.2
at different temperatures determined from the in-plane angu-

lar variation of FMR.

T(K) T'o(Oe) T'2(Oe) T'4(Oe) T'6(Oe) w2 @a we

300
250
150
100

72.75
97.5
254.2
2914

1.5
1.7
8.6
12.4

5.58
8.68

1.5
1.5

90 30
90 30
57 166

57 167






