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The electrical resistivity, anisotropic magnetoresistance (AMR), and anomalous Hall effect of ferromagnetic
MnsGe;, MnsGe;Cy g, and MnsSizCo g thin films has been investigated. The data show a behavior characteristic
for a ferromagnetic metal, with a linear increase of the anomalous Hall coefficient with Curie temperature. While
for ferromagnetic MnsSi3Cy g the normal Hall coefficient Ry and the AMR ratio are independent of temperature,
these parameters strongly increase with temperature for MnsGe;C, films. This difference is presumably due
to the different lattice parameters and different atomic configurations of the metalloids Ge and Si affecting the
electronic band structure. The concomitant sign change of R, and the AMR ratio with temperature observed for
Mn;Ge;C, films is discussed in a two-current model indicating an electronlike minority-spin transport at low

temperatures.
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I. INTRODUCTION

The vision of spintronics—the development of faster and
less power-consuming nonvolatile electronics with increased
integration density by utilizing the electron’s spin degree
of freedom—strongly depends on the ability to inject, ma-
nipulate, and detect spin-polarized charge carriers in the
semiconductor [1-3]. In search of new materials for spin-
tronic applications, a number of ferromagnetic metals and
compounds are being explored with the aim to overcome the
various obstacles of spin injection and detection in semicon-
ductors, in particular in Si, and in ferromagnet-semiconductor
heterostructures. Ferromagnetic silicides or germanides are
favorable due to the possible integration into semiconductor
Si- and Ge-based electronics and complementary metal-oxide-
semiconductor (CMOS) technology [4]. MnsGes films are an
example because they can be epitaxially grown on Ge(111)
and are ferromagnetic at room temperature with a Curie
temperature Tc = 296 K [5] close to Tc = 304 K of bulk
MnsGes [6]. However, for a real device operating at room
temperature 7¢ values well above room temperature are piv-
otal. This can be achieved, e.g., by inserting carbon atoms into
Mn;Ges [7-9]. Recently, MnsGe;Cy g has been implemented
in MOS capacitors and Schottky diodes on n-Ge to determine
work functions and contact resistivities [10]. Furthermore,
MnsGes/Ge and MnsGe3;Cy g/Ge heterostructures are being
investigated for potential spintronic applications [11].

A stabilization of ferromagnetic order by carbon has also
been established for the prototype material MnsSiz which
orders antiferromagnetically below 100 K but can be driven
ferromagnetic by insertion of carbon with 7¢ &~ 350 K for
Mn;sSi3Cog [12-14]. The high 7 well above room tem-
perature makes this material interesting to study in light
of potential applications in combination with silicon, the
mainstream semiconductor. A previous electronic-transport
study performed on MnsSi3C, focused on the effect of
carbon concentration x and film thickness d on the resistivity,
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where the carbon-induced disorder gives rise to scattering
of electrons by structure-induced two-level systems at low
temperatures [13].

Although the structural and magnetic properties of fer-
romagnetic MnsSi3;C, and MnsGe;C, films have been in-
vestigated previously, a detailed magnetotransport study of
these films is lacking. Such a study yields characteristic
electronic-transport parameters like charge-carrier type and
density, size of the magnetoresistance (MR), and of the
anisotropic magnetoresistance (AMR), which are important in
view of future integration of these materials in Si- or Ge-based
spintronic devices. The AMR is the difference between the
MR when the magnetization M is aligned in the longitudinal
(L) or transverse (T) direction with respect to the current,
and the magnetic field H is oriented in the plane of the film.
In 3d transition metals the AMR ratio (o, — oy, 7)/P)T 1S
usually a few percent and often larger than the ordinary MR
which is caused by the Lorentz force acting on the charge
carriers and also observed in nonmagnetic metals. Moreover,
ferromagnetic metals show an anomalous Hall effect (AHE)
which is usually much larger than the ordinary Hall effect.
AMR and AHE have been known for almost a century [15-18]
and experienced a renaissance in recent years. Both effects
are linked by the microscopic electronic properties of the
material such as the spin-split band structure, the density
of states (DOS), and the spin-orbit interaction. Hence we
have conducted a comprehensive investigation of the mag-
netotransport properties of ferromagnetic MnsGe;C, (x = 0,
0.8) and MnsSi3Cp g films for temperatures 7 = 2—400 K. In
Mn;sGesC, films we find a strong temperature dependence of
the AMR ratio and of the ordinary Hall coefficient Ry which
both change sign from negative to positive with increasing
temperature. In contrast, temperature independent positive Ry
and AMR ratio are observed for ferromagnetic MnsSi;Cos.
We argue that the difference between the MnsGe;C, and
MnsSi3Co g films presumably arises from the variation of the
spin-split band structure in these materials due to the different
lattice parameters and the atomic configuration of the metalloid
constituents Si and Ge, which sensitively affect the electronic
and magnetic properties.
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FIG. 1. (Color online) (a) Crystalline structure of MnsSi;. (b)
Mn;sSis-type structure of Mns;Si;C with carbon filling the voids of
Mn; octahedra at position 2(b) of the space group P63/mcm. Gray
lines indicate the hexagonal unit cell.

A. Materials properties

The prototype phase of the investigated films is the inter-
metallic compound MnsSis with D8g structure; see Fig. 1(a).
The hexagonal unit cell (space group P63/mcm) contains
two formula units with 10 Mn atoms on two inequivalent
lattice sites: 4 Mn, atoms at position 4(d) (1/3,2/3,0) arranged
in chains along the crystallographic ¢ axis, 6 Mn, atoms
at position 6(g) (ymm,0,1/4) with yy, = 0.2358, and 6 Si
atoms at position 6(g) (ys;,0,1/4) with ys; = 0.5991 [19]. The
antiferromagnetic structure of MnsSi3 has been determined
by neutron diffraction [20-22] uncovering a noncollinear spin
structure below 68 K which gives rise to a topological Hall
effect [23]. For the carbon doped samples previous structural
analysis suggests that the carbon atoms are arranged in chains
by incorporation into the interstitial voids at position 2(b)
(0,0,0) of the Mn, octahedra [24]; see Fig. 1(b). Inserting
carbon atoms to yield MnsSis;C,, gives rise to an anisotropic
modification of the local structure around the Mn sites and
induces ferromagnetic order with a maximum 7¢ = 352 K for
x = 0.8[12,25]. Site-dependent magnetic moments averaging
to 1.195/Mn have been inferred for ferromagnetic MnsSizC
from ab initio calculations and a local moment of 1.9ug
attributed to Mn, has been observed by broadband nuclear
magnetic resonance [26].

The isostructural MnsGe; compound with yyy, = 0.239
and ys; = 0.603 is ferromagnetic with a Curie temperature
Tc = 304 K [6,27]. Ab initio calculations indicate the presence
of two competing magnetic phases, a collinear phase and
a phase with small noncollinearity [28]. The ferromagnetic
stability can be enhanced by carbon insertion [7,9,29] possibly
due to a 90° ferromagnetic superexchange mediated by C [8].
A substantial modification of the electronic band structure
due to carbon was also derived from a comparison of the
Tc dependence on the unit-cell volume for MnsSizC, and
Mns;GesC, [14]. In polycrystalline films, a maximum T¢ =~
450 K was reached for Mns;Ge;Cy g [7,29]. For higher x, T¢ and
the magnetization decrease due to the formation of additional
phases. A similar C-induced effect was observed for epitaxially
grown MnsGe;C, films on Ge (111) substrates with 7¢c =
430-450 K for x =~ 0.7-0.8, making the material an interesting
candidate for potential spintronic applications [9,11]. Table I
shows the structural parameters of the materials investigated
in this work.
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TABLE I. Structural parameters: lattice constants a, ¢, and unit-
cell volume V..

ad ¢c@A) c/a  Ve(A?)  Ref
Mn;Ges (bulk) 7.184  5.053  0.703 225 [52]
MnsGe; (film) 7.157  5.038  0.704 223 [53]
MnsGesCog (film)  7.135 4996  0.700 220 (7]
MnsSisCos (ilm) 6939  4.831  0.696 201 [12]

B. Anomalous Hall effect

The electrical resistivity p = Vwd /LI of a film of thick-
ness d and width w is determined from the longitudinal
voltage V measured along a stripe of length L with current
I. The Hall effect is measured as transverse voltage Vyy to
the current / in perpendicular magnetic field H, where the
Hall resistivity is obtained via py, = Vxyd/I. In ferromagnetic
materials, the Hall effect comprises the ordinary term pgy
arising from the Lorentz force acting on the charge carriers,
and the extraordinary or anomalous term pf;H due to the
magnetization M [15]:

Pry = RoB + RsioM = pjy + oy (1

Ry = (enesr) ™' (nesr: effective carrier density) and Rg are the
ordinary and anomalous Hall coefficients, respectively, g the
magnetic constant, M the magnetization, and B = uo[H +
M(1 — N)], where the demagnetization factor N for thin films
in a perpendicular magnetic field is N & 1. Hence B = uoH
and the Hall resistivity pyy and Hall conductivity oy, can be
written as

pxy = RopoH + Sup*M, 2

Oxy = Pxy/ 0> = RopoH/p* + SuM = o, + o', (3)
where Sy = uoRs/p? and we have assumed Pxy K p. The
above expressions are valid in weak magnetic fields for which
w.T K 1, where w, = eB/m is the cyclotron frequency, T =
m/ne’p is the electron scattering time, and m is the effective
electron mass.

For a particular system, Ry may change with temperature
due to the different contributions from several electronlike
and holelike bands crossing the Fermi surface. The anomalous
contribution oA contains an intrinsic contribution originating
from the Berry-phase curvature correction to the group velocity
of a Bloch electron induced by spin orbit interaction as well
as extrinsic contributions arising from a side-jump mechanism
and skew scattering [15]. The intrinsic contribution dominates
the AHE in moderately conducting materials, while the skew
scattering contribution is important at low temperatures and
in clean samples of low impurity concentration. A scaling
relation oyxy o o~ (o 2> 0) has been proposed to cover the
different transport regimes [30]. The conventional theories of
the AHE derived via perturbation theory have shown Sg o
Aso independent of T, at least below the Curie temperature
Tc [15,18]. The contributions from U,?y and a,{\yH can be
disentangled by measuring the whole set of resistivities oxy
and p and the magnetization M in dependence of H and T'.
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II. EXPERIMENT

Thin polycrystalline MnsGe;C, (x =0, 0.8) and
Mns;Si3Cy g films were prepared by magnetron sputtering in
high vacuum (base pressure p < 10~* Pa) from elemental
targets at substrate temperatures Ts = 400-470°C and were
characterized by x-ray diffraction to confirm formation of
the MnsSis-type structure as described earlier [12,13]. The
films have a coarsely grained morphology with an average
grain size equal to the film thickness. (11 20) oriented Al,O3
substrates covered by a mechanical mask were used to obtain
a Hall-bar layout. For the samples investigated here, w =
0.5 mm, d = 50 nm (MnsGe3;C,) and 45 nm (MnsSi3Co3g),
and L =8 mm. Contacts to the sample were made by
attaching thin Cu wires to the film, glued with silver epoxy.
Resistivities were measured in a physical property measuring
system (PPMS, Quantum Design) for magnetic fields wuoH
up to £8 T and temperatures 2—400 K. The magnetic field
was oriented either perpendicularly to the film plane or
either longitudinally (1) or transverse (o 1) to the current
directionin the film plane. The Hall resistivity oxy was obtained
by performing a field sweep from negative to positive values,
Pxy = [pxy(+H) - ;Oxy(_H)]/2~

The magnetic moment m of the films was measured
in a superconducting quantum-interference device (SQUID)
magnetometer between 10 and 350 K for magnetic fields up
to 5 T. For the determination of the sample magnetization, in
particular for temperatures close to 7¢c where the magnetization
does not saturate in magnetic field, a correct subtraction of the
diamagnetic signal of the Al,O3 substrate (volume V) is cru-
cial. As an example, Fig. 2 shows m(H) data of a MnsSi3Cy g
film on Al,O3 measured at 10 K before and after substraction
of the diamagnetic contribution from the Al,O3 substrate. For
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FIG. 2. (Color online) Magnetic moment m of a 45-nm
MnsSi3Copg film (volume Vy = 1.65 x 10 cm®) on a (1120)-
oriented Al,O3 substrate (volume V, =2 x 1072 cm®)at T = 10 K
in perpendicular magnetic field. Dashed lines indicate a linear m o« H
behavior. Open symbols indicate raw data; closed symbols indicate
the magnetic moment of the ferromagnetic film after the subtraction
of the diamagnetic contribution arising from the substrate. Inset:
temperature dependence of the magnetic susceptibility x of Al,O3 in
a semilogarithmic plot; see text for details.
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the subtraction we have used the magnetic susceptibility x of
the substrate indicated by the red line in the inset of Fig. 2. x
was found to vary between —16.27 x 107® (T = 10 K) and
—16.87 x 107 (T > 150 K). The red line is the average of
various values x = (Am/AH)/ Vs, determined from the slope
Am/AH of the linear m(H) behavior above the saturation
field at 7 = 10 K, for ferromagnetic films of Fe (squares),
MnsSi3Cy g (triangles), and MnsGesCp g (diamonds) on Al,O3
substrates. Solid circles represent data of Al,O3 reported by
Smith et al. [31].

III. RESULTS

The temperature dependence of the resistivity o for the
three films is shown in Fig. 3. At low temperatures, the
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FIG. 3. (Color online) Temperature dependence of resistivity p
(solid line) for ferromagnetic (a) MnsGes, (b) MnsGe;Cygs, and
(c) Mn;sSi3Cog films. Kinks in dp/dT in the vicinity of the Curie
temperature T are shown in (a) and (c). Insets show a semilogarithmic
plot of the variation of the sheet conductance Aoy with T, where the
solid line indicates a behavior Ao, o InT.
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FIG. 4. (Color online) (a)-(c) Hall resistivity oy, and (d)—(f) magnetization M in perpendicular field H, at various temperatures 7. Solid
lines show fits according to Eq. (2) to measured data (symbols); see text for details. Insets show the temperature dependence of the magnetization
M (0) obtained from the linear extrapolation of the high-field magnetization toward H, — 0.

films have residual resistivities py (defined as the lowest
resistivity of the sample) in the range 100-200 ©Q2cm and
exhibit at higher temperatures a roughly linear temperature
dependence characteristic for a metal. At high temperatures,
the slope of p(T) changes and a weak kink appears at the
Curie temperature T¢ indicated in Figs. 3(a) and 3(c). This is
not observed for MnsGe;Cq g consistent with a Tc ~ 450 K
of this compound [7,9,11], which was not accessible by
the experimental setup used in this study. The magnetic phase
transitions are better resolved in the derivative dp/dT; see
Figs. 3(a) and 3(c), which shows a clear jump at 7¢ [32]. The
Tc values determined from dp/dT are in very good agreement
with earlier published data for MnsGe; [S] and MnsSi3Cy g
films [12,13].

The insets of Fig. 3 show the sheet conductance Aoy =
[po — pld/ ,03 vs InT for temperatures T < 10 K. For the C-
inserted films [Figs. 3(b) and 3(c)] a behavior —Ao; o —InT
is observed (solid lines) where Aoy varies a few 107>~ ! over
one decade of temperature. This has been observed earlier for
Mn;sSi3Cy g films [13] and was attributed to the scattering of
conduction electrons by two-level systems originating from
structural disorder, possibly with a crossover to Fermi-liquid
behavior below ~1 K. In the present case, the logarithmic
T dependence is not observed for MnsGes [Fig. 3(a)] which
suggests that the disorder in the Mn;Si3Cy g and MnsGe3;Cy g
films is induced by the insertion of carbon into the crystalline
lattice.

Due to the high residual resistivities py and low residual
resistance ratios RRR = p(300 K)/pg &~ 2-4 the films fall
into the intrinsic Hall-effect regime [30]. From pgl = 4.25 %
107°Qm? for MnsGes [33] an electron mean free path
[ ~ 3 nm is estimated, much smaller than the film thickness.
Therefore, finite-size effects arising from electron scattering

at the film boundaries are considered to be negligible.
Furthermore, the cyclotron resonance frequency is w,t =
RoB/p ~ 10~ B(T) < 1 and the weak-field expressions (no
closed orbits) Egs. (2) and (3) are applicable.

Figures 4(a)—4(c) show the Hall resistivity pyxy vs magnetic
field H for different T. For clarity, only a subset of data
is shown. p,, of the ferromagnetic films shows a steep
increase with field at low fields and a saturation at high fields
for T « T¢, resembling the behavior of the magnetization
M vs field H; see Figs. 4(d)—4(f). We do not observe a
nonlinear behavior of p,,(H) or a sign change with magnetic
field that would allow a separation of electron and hole
contributions [34]. This indicates that field-induced changes
of particular orbits or a reconstruction of the Fermi surface
are negligible as expected in the weak-field regime wt < 1.
In perpendicular magnetic field, the magnetization exhibits a
hard-axis behavior without hysteresis due to the strong shape
anisotropy of the thin film. For all films the magnetization
M (0), determined by extrapolating the high-field behavior
of M to H =0, shows the characteristic dependence of a
ferromagnet (see insets). M(0) of MnsGe; and Mn;sSizCo g
is zero at Tc obtained from the jump in dp/dT. Tc of
MnsGesCy g is higher than 400 K. For MnsSi3Cy g we obtain
at T = 10 K a saturation magnetization Mg = 6 x 103 A/m
corresponding to a magnetic moment of 1.3 5 /Mn, somewhat
higher than 1ug/Mn observed earlier for sputtered 100-nm
Mn;sSi3Cq g films [13] but similar to 1.2u5/Mn of 400-nm-
thick C-implanted MnsSizCpg films [29]. For MnsGe;Cy 3,
Mg = 6.7 x 10° A/m (1.6p5/Mn), 27% lower than for 400-
nm-thick implanted films (2.2 g /Mn) [29]. For the MnsGes
film we obtain Mg = 9 x 10° A/m (2.1p15/Mn), 20% lower
than Mg of bulk MnsGes; (2.6pp/Mn). We attribute the
differences in the values to the uncertainty in the determination
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FIG. 5. (Color online) (a)-(c) Magnetoresistivity in perpendicular magnetic field H, for various temperatures 7. Insets show the
temperature dependence of p(8 T) — p(0). (d)—(f) p(H) with the magnetic field oriented in the plane and either longitudinal (p) 1, closed
symbols) or transverse (o) T, open symbols) to the direction of the current. Insets show temperature dependence of the nearly linear slope
dpy.1./(d o H) of the longitudinal MR. Solid lines indicate the extrapolation of the MR to zero field for the determination of the AMR ratio.

of the film volume and to slight deviations of the composition
from the stoichiometric ratio for samples prepared in different
runs. In addition, the presence of a magnetically disordered
layer close to the substrate/film interface might lead to a
reduced magnetic moment which is more pronounced in thin
than in thick films.

The magnetoresistance (MR) is negative for all tempera-
tures as shown in Fig. 5, except for MnsGe3;Cy g where a small
positive MR is observed in a weak perpendicular magnetic
field at temperatures 7 < 150 K. Changes of the MR at low
fields uoH < 1 T are attributed to a change of the magnetic
domain structure. In perpendicular field, p(8 T) — p(0) varies
with temperature; see insets Figs. 5(a)-5(c). p(8 T) — p(0)
decreases with increasing temperature all the way up to T¢
and increases again with a distinct minimum at 7¢ observed
in Figs. 5(a) and 5(c). The negative MR in perpendicular field
was reported earlier for MnsSi3Cpg [13] and was attributed
to the damping of spin waves by the magnetic field [35]. In
a high magnetic field a gap opens in the magnon spectrum
and the electron-magnon scattering is suppressed leading to
a decrease of the resistivity. Close to T¢, the MR shows a
nonlinear behavior, MR o« H?*/3 for T < T and MR o H*
with @ = 1.8-1.9 for T > T¢, for Mn5Si3Cy g and MnsGes as
shown in Fig. 6 where the MR is plotted vs H?/. This is in
qualitative agreement with a simple model where a localized
spin system is approximated by a molecular field and the MR
is due to s-d scattering [36].

For MnsGe; and MnsGes;Cpg we observe differences
between the longitudinal and transverse MR with the field
oriented in the plane of the film; see Figs. 5(d) and 5(e)
arising from AMR. In contrast, no AMR is observed for
Mn;sSi3Cq g [Fig. 5(f)]. For all samples, orbital contributions

to o)L X (w.T)* o wH? are negligibly small (u: mobility;
see below) [37]. From py 1. and pjt we determine the AMR
ratio (o, — oy, 1)/ Py, plotted in Fig. 7(a). While no AMR
is observed for MnsSi3Cy g independent of temperature, the
negative AMR ratio of MnsGe; and Mns;Ges;Cpg at low
temperature increases with increasing temperature up to
positive values at high temperatures thereby crossing zero
around 150-200 K. At T = 300 K the AMR ratio of MnsGej
is zero because the temperature is higher than 7¢. The different
temperature dependence of the AMR ratio of MnsGe;C,
and MnsSi3Cyg will be discussed in Sec. IV. The insets
in Figs. 5(d)-5(f) show that the slope dp/d H continuously
decreases with increasing T, similar to p(8 T) — p(0) in
perpendicular magnetic field [insets Figs. 5(a)-5(c)].

With the data of Figs. 4 and 5 we are able to separate the
different contributions to the Hall effect. We apply Egs. (2)
and (3) to analyze the AHE of the ferromagnetic films. In
Fig. 8(a), o™ = (pxy — RopoH)/p? at different T is plotted
vs M for MnsGes;Cy g as an example; cf. Eq. (3). For clarity,
again only a subset of data is shown. Ry was used as a free
parameter to yield a linear behavior oA = Sy M crossing
the origin [38]. This assumption is derived from the linear
dependence oA oc M reported earlier for epitaxial MnsGes
films on Ge(111) and attributed to the existence of long-
wavelength spin fluctuations in this material [39]. R, can be
determined with sufficient accuracy because small variations
of Ry drastically change the 03" oc M behavior, in particular
above the saturation field; see inset Fig. 8(a). A variation of
Ry =1.5x 10719 m3/As by +5 x 107! m3/As gives rise to
a strong deviation of the data from the o3 oc M behavior for
high values of M. The influence of the MR on the Hall effect
cancels by this procedure. We obtain the Hall coefficients Ry
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FIG. 6. (Color online) MR of (a) MnsGe; (Tc =292 K) and
(b) Mn;Si;Cog (Tc = 352 K) vs H?/3 for temperatures close to Tg.
Tc could not be reached for MnsGe3;Cyg. o, indicates data measured
in perpendicular field and p;; the longitudinal MR with the field
in the plane. Insets show double-logarithmic plots of the MR vs
perpendicular magnetic field H, just above T¢. Solid lines indicate a
power-law behavior.

and Sy from the slope of 03" [Fig. 8(a)] allowing calculation
of the Hall resistivity pxy [Eq. (2)] for comparison with
the experimental data. We obtain good agreement between
the measured Hall resistivity and the calculated values, see
Figs. 4(a)—4(c), except for temperatures close to Tc. We
mention that similar values for Ry, and Sy are obtained
from a plot py,/uoH vs 0>M/uoH. Moreover, adding a
contribution oo due to skew scattering to the Hall effect
does not improve the agreement between the measured and
calculated values. This is due to the fact that the resistivities
of the polycrystalline films are high and the Hall effect is
dominated by the contributions ocp? [15,30].

The temperature dependence of the coefficient Sy of the
anomalous Hall effect is plotted in Fig. 8(b). For all three
films, Sy is positive and T independent almost up to 7¢ due
to Sy o Aso as observed earlier [15,18,39]. Sy only gradually
decreases close to 7¢ but a finite Sy is still observed in
the paramagnetic regime above T¢ presumably due to the
T-independent spin-orbit interaction Ago [18,40]. Aso can
be roughly estimated from the dimensionless coupling for d
orbitals of size r; &~ 0.05 nm (Ze> /2eomc2rd) and the band
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kinetic energy (h2/2ma2) [41]. For Zyy =25, a = 0.5 nm
we obtain Agp ~ 0.1 meV (1.2 K). Sy successively increases
from MnsGes, MnsSizCps, to MnsGesCy g, possibly due to
the increasing ferromagnetic stability. This is supported by a
linear increase of Sy (7T — 0) with T¢ of the samples shown
in the inset of Fig. 8(b).

For Mn;Si3Cq g, the ordinary Hall coefficient Ry ~ 2 x
1071 m3/As is positive and independent of temperature,
and corresponds to an effective charge carrier density neg =
[1/Roe| =3 x 102 cm™3, ie., a factor of 5 higher than
for MnsSiz (nerr = 6 x 10>' ecm™3) [23], suggesting p-type
doping by carbon; see Fig. 7(b). This can be due to a
carbon-induced change of the electronic band structure and
an increased density of states at the Fermi level, similar to
what has been found for Mns;Ges;C, [8]. From Ry and py we
obtain a Hall mobility & = |Ry|/po = 1.1 cm?/Vs.

In contrast, the ordinary Hall coefficient Ry for the
MnsGes;C, films strongly varies with temperature; see
Fig. 7(b). In particular, Ry = —2 x 107 m3/A s is negative
at T = 10 K for both MnsGe;C, films yielding neg = 3 %
10%? cm™3 corresponding to ~0.8 electrons per Mn and a
Hall mobility © =2 cm?/Vs. The low Hall mobilities for
all samples confirm our statement above that the orbital
contribution to py i is small [37]. Ry of both Mns;GesC, films
increases o T2 and changes sign around 120 K indicating
an increasing contribution from holelike bands. We note that
Ry vs T/Tc obeys a similar behavior for both MnsGe;C,
samples. The temperature dependence of R is in agreement
with the behavior of epitaxially grown MnsGe; films, where
Ry~ —3 x 107 m3/A's was obtained at low temperature
with a sign change from negative to positive at 180 K [39]. A
sign change of R\ was also reported for nonmagnetic CaRuOj3
and ferromagnetic StRuOs films and was attributed to the zero
band curvature of the Fermi surfaces in these materials [42].

IV. DISCUSSION

The resistivity, magnetoresistance, and Hall effect of all
samples clearly show the characteristic features of a ferro-
magnetic metal, i.e., a kink in dp/dT at Tc, a temperature-
dependent MR, and an anomalous Hall effect much larger than
the ordinary Hall effect. However, both MnsGe;C, films show
a qualitatively different temperature dependence of the AMR
and ordinary Hall coefficient Ry compared to the MnsSi3;Cy g
film, although all compounds have the same hexagonal crystal
structure. In particular, for MnsGe;C, both coefficients, AMR
and Ry, show a sign change in a similar tempiierature range.
The difference in the temperature dependences presumably
arises from the substantially different electronic band structure
in the vicinity of Ep of MnsSi3Cyg and MnsGe;C,, which
seems to be independent of C doping in the case of MnsGe;C,.
This might originate from the different lattice constants and
the different atomic configuration of the constituents Si and
Ge. The volume of the crystallographic unit cell increases
continuously from MnsSi3Cy g to MnsGes; Cp g to MnsGes; [14]
in line with an increasing temperature dependence of Ry. The
sensitivity of the magnetic moment and the spin polarization,
i.e., spin-split band structure, to interatomic distances and
strain in MnsGes has been reported earlier [27,33,43].
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In the following we propose a scenario for the concomitant
sign changes of the AMR ratio and Hall coefficient R,
in MnsGe;C, films. In the two-current model for strong
ferromagnets, the size of the AMR depends on the intraband
scattering of conduction electrons by nonmagnetic impuri-
ties and on the scattering of conduction electrons into the
unoccupied states of the d| band close to the Fermi level
Er [17,44]. The AMR is often positive while a negative
AMR as observed in Fe4sN has been taken as evidence for
minority-spin conduction [45]. In this context, the two-current
model has been extended to take into account (i) scattering
into unoccupied d states of both spin components, (ii)
spin mixing of the d bands by spin-orbit scattering, and
(iii) spin-flip scattering arising from spin-dependent disorder
and magnons [46]. In the extended two-current model ps4
and p,, denote the resistivities of the conducting s, p,
and d states with spin up (1) or down ({), respectively,
arising from scattering by nonmagnetic impurities. The ratio
Psi/ psy 1s treated as a variable together with the spin-resolved
components of the d-band DOS at Eg, N{, and N? < Ps—dt
denotes the resistivity due to s-d scattering in which the
conduction electron is scattered into localized d states of spin {
by impurities. The AMR ratio arises from slight changes of the
d orbitals by the spin-mixing term due to spin-orbit interaction.
Interestingly, the sign of the AMR ratio does not depend on
the absolute value of spin-flip scattering rate but on the ratios
Osy/ Psts Nf /N¢, and the dominant s-d scattering process [46].

The DOS of the spin-split band structure of MnsGes and
MnsGesCpg has been obtained from first-principle calcula-

tions [8,33,47]. At the Fermi level, the total DOS N(EF) is
dominated by N 4(Er) of the Mn; and Mnj d states with a lower
NTd than Nf. The Ge and C p bands do not contribute to the
transport directly, but the Mn states in the majority spin band
are strongly hybridized with the Ge 4 p states. Similarly, the C
2 p states hybridize with the Mn, states leading to a shift of the
Mn; peaks in the DOS towards Er and to an increased N 4(Ep)
in both spin channels, while the Mn, states are left almost unaf-
fected [8]. The calculations yield N, /Ny ~ N{/N{ ~ 1.5-2
at Er and an exchange splitting E,, =~ 2.5 eV [8,33,47]. By
using 1/ps1)) & €2 Ni)(Er){vry())?t with the appropriate
values given in Refs. [8,33] we obtain py|/psr = 0.3 at low
temperatures, i.e., a higher conductivity of the minority-spin
channel, akin to Fe4N [45]. A similar py /054 value is derived
from the spin polarization P = —0.42 measured by Andreev
reflection [33]. For p,/ps4 A~ 0.3 we obtain in the extended
two-current model [46] a negative AMR ratio = —0.3%
for a dominant s-d scattering contribution p;_,4;/ps4 = 0.2.
The maximum negative AMR ratio is usually of the order
of —y = —f—‘()LSO/E(_,X)2 = —1% as found experimentally,
corresponding to Aso = 0.3 eV in the present case, which
is in fair agreement with the rough estimate mentioned
above [41].

The Hall constant in the two-current model is Ro/p3 =
(Roy/ ,0% + Roy/ pf), where Ry, and Ry, are the temperature
independent ordinary Hall coefficients of the spin down and
spin up band, respectively, and p, and p;, are the total
resistivities of the spin-split bands. Due to the metallic
character of the material and the linear p(7") dependence, see
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Fig. 2, it is reasonable to assume temperature-independent
carrier densities n| and n4 and, hence, constant Ry, and Ro;.

From the AMR of Mns;Ge;C, at low T we know that the
| channel dominates the transport (o, < py) and Ry <0
requires Rp, < 0. At higher temperatures Ry > 0 requires
Roy > 0 and p, > p4. Hence p/p4 must increase with T in
order to induce a sign change of the AMR and Ry. The change

PHYSICAL REVIEW B 90, 104421 (2014)

from an electronlike minority-spin transport to a holelike
majority-spin transport in MnsGe;C, is possible since in
a ferromagnetic metal electrons of one spin direction may
constitute an electronlike Fermi surface, while electrons of
opposite sign may constitute a holelike surface [48].

From the extended two-current model an increase of p /o4
with increasing temperature can be due to an increase of
psy/ pst and/or of N? / Nf [46]. The latter has been proposed as
an explanation for the AMR sign change in the half-metallic
ferromagnet Fe3O,4 with spin-split #,, and e, states [46,49].
However, negative as well as positive ordinary Hall coefficients
have been reported for Fe;O4 in the range 160K < T <
300 K [50,51]. In half-metallic CrO, the electrons determine
the conductivity while highly mobile holes determine the
low-field magnetotransport properties [34]. In the present case
of conductive s, p, and d states it is likely that the strong
hybridization between the Mn 3d states and the Ge states
changes the conductivity of the spin-split conduction channels.
This seems not to be the case for MnsSizCy g.

V. SUMMARY

We have investigated the Hall effect and anisotropic mag-
netoresistance of ferromagnetic MnsGes, MnsGe;Cyg, and
Mn;5Si3Cy g films. While for MnsSizCy g the Hall coefficients
are roughly independent of temperature, for MnsGesC, these
coefficients show a concomitant sign change from negative
to positive in the same range of 7. This could be due to
the fact that the electronic and magnetic properties in these
Mn compounds depend very sensitively on the interatomic
distances and the atomic environment around the magnetic Mn
ions. Calculations of the band structure and electronic transport
properties are strongly required in the future to confirm this
hypothesis. In addition, we have demonstrated a clear relation
between the temperature dependence of the Hall coefficient
and anisotropic magnetoresistance. Further work should show
if this relation holds for other classes of ferromagnetic
transition-metal compounds as well. We conclude that these
results have to be taken into account when considering the
implementation of MnsSi3C, or Mns;Ge;C, as ferromagnetic
electrodes for spin injection and detection in spintronic
applications based on, e.g., Si or Ge heterostructures.
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