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We report on novel ferromagnetic Mn/Ge multilayers for spintronics applications investi-
gated both experimentally and theoretically. Two Mn/Ge multilayers are grown on GaAs
(001) substrates by molecular beam epitaxy. The period of each multilayer consists of an Mn
layer of varying thickness (0.6 and 5 Å) and a 10 Å thick Ge spacer layer. From temperature-
dependent magnetization and hysteresis loop measurements, the Mn (0.6 Å)/Ge (10 Å) mul-
tilayer showed very weak ferromagnetic ordering, which is persistent up to 260 K, whereas
the Mn (5 Å)/Ge (10 Å) multilayer exhibited strong ferromagnetism up to 305 K. The co-
ercive field of the Mn (5 Å)/Ge (10 Å) multilayer was 277 Oe at 200 K. Density functional
electronic band structure calculations on a number of Mn/Ge (001) multilayers determined
them to be ferromagnetic, and estimates of their critical temperatures are reported.
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Recently, magnetic semiconductors have at-
tracted great attention due to the potential to cre-
ate new classes of spin-dependent electronic devices.
Much interest was generated by the recent discovery
of ferromagnetism in III-Mn-V semiconductors [1,2]
and heterostructures [3–5]. In this context, the group-
IV-based ferromagnetic materials have not been as
intensively investigated as their III-V counterparts,
in spite of the possibility of integration with the ma-
ture Si-based technologies. This important group of
semiconductors was rediscovered following the ob-
servation that Mn substitution in Ge yields ferromag-
netism, with reported Curie temperatures of 116 K
[6] and 285 K [7]. Previously, we reported room-
temperature ferromagnetism of Ge-based multilayer
structures, i.e., Ge/MnAs multilayers [8]. In this ar-
ticle, we report ferromagnetism up to 305 K in an
Mn (5 Å)/Ge (10 Å) multilayer grown by molecular
beam epitaxy (MBE).

The Mn/Ge multilayer structures were grown on
semi-insulating GaAs (001) substrates in an MBE
system, as described in detail elsewhere [9]. The Mn,
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Ge, and Ga fluxes were derived from solid sources
in conventional effusion cells; a cracking cell was
used for the As source. A 100 nm GaAs buffer layer
was first grown on the GaAs substrate, followed
by Mn and Ge layers. A 2-s interruption time was
introduced between the deposition of the Mn and
Ge layers to enhance surface migration of the ad-
sorbed atoms during the growth. This sequence was
repeated to form multilayer structures with two dif-
ferent modulation periods: Mn (5 Å)/Ge (10 Å) and
Mn (0.6 Å)/Ge (10 Å). The layer thickness was mon-
itored by a quartz-crystal microbalance.

We investigated the magnetic properties of the
Mn/Ge multilayers using a Quantum Design SQUID
magnetometer. Figure 1 shows the magnetization
(M) of the as-grown films in a 200 Oe magnetic field
(H) between 10 and 400 K. The data demonstrate
that the transition temperature of the Mn (5 Å)/Ge
(10 Å) multilayer is about 305 K. Interestingly, the
Mn (0.6 Å)/Ge (10 Å) sample showed very weak
magnetization up to 260 K. This result is surprising
when compared to a reported MnAs/GaAs digital
ferromagnetic heterostructure, where the reported
Curie temperatures are at or below 50 K [10]. The
origin of the transition temperature variation in the
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Fig. 1. Temperature-dependent magnetization of the Mn (5 Å)/Ge
(10 Å) and Mn (0.6 Å)/Ge (10 Å) samples.

Mn/Ge multilayers as a function of Mn is not well
understood at present and a detailed study is under
way.

The hysteresis loops of the Mn/Ge multilayers
were measured at 200 and 300 K. Figure 2 shows the
M–H curves when the magnetic field is applied along
the GaAs [1̄10] direction. The magnetization of the
Mn (5 Å)/Ge (10 Å) multilayer shows clear hystere-
sis behavior as a function of magnetic field, confirm-
ing ferromagnetism in the Mn (5 Å)/Ge (10 Å) mul-
tilayer. The coercive field for a Mn (5 Å)/Ge (10 Å)
film at 200 K is 277 Oe. As can be seen in the inset
of Fig. 2, the coercive field at 300 K is very small. In
contrast, the Mn (0.6 Å)/Ge (10 Å) sample did not
show hysteresis behavior but exhibits a linear mag-

Fig. 2. M–H curve for the Mn (5 Å)/Ge (10 Å) sample measured
at 200 K showing a clear hysteresis loop; the inset shows the M–H
curve measured at 300 K.

netization dependence on the magnetic field, origi-
nating from the diamagnetism of the GaAs substrate.

On the theoretical side, we modeled the Mn/Ge
(001) multilayer structures discussed above and in-
vestigated their structural, electronic, and magnetic
properties based on density functional band struc-
ture calculations. To identify the lowest-energy struc-
ture during the growth process of Mn/Ge multilay-
ers, i.e., to determine whether Mn atoms prefer a
second-layer interstitial site (forming a 45◦-rotated
face-centered-cubic (fcc) structure on top of the Ge
diamond structure) to “substitutional” sites (main-
taining the diamond structure of Ge), we calculated
the formation energies of three (1 × 1) Mn/Ge (001)
supercells. Each structure contains eight layers of di-
amond Ge and four layers of MnGe with different
positions of the Mn atoms: (1) two “substitutional”
sites, i.e., assuming epitaxial growth for two neigh-
boring layers of Mn atoms; (2) two “substitutional”
sites alternating with Ge atoms, i.e., mixed MnGe
layers; and (3) one “substitutional” site and one in-
terstitial site for the second layer of Mn, correspond-
ing to one layer of the fcc (001) structure for the
Mn atoms. From the precise full-potential linearized
augmented plane wave (FLAPW) total energy cal-
culations [11], we found that the third structure has
a lower energy by 1.5 and 1.4 eV as compared to
the first and the second structures, respectively. Note
that these large differences are not surprising as they
correlate well with the total energy difference be-
tween bulk fcc Mn and Mn in a hypothetical dia-
mond structure calculated to have a higher energy by
1.6 eV. Thus, we conclude that Mn atoms prefer the
second-layer interstitial site and hence form the fcc
structure on top of the Ge diamond structure.

Now, it is known that bulk Mn in the fcc struc-
ture has an antiferromagnetic ground state [12]. A
ferromagnetic (FM) state becomes stable if the lat-
tice parameter of Mn is increased from 3.6 to 3.8 Å
[13]. In contrast to that work, we found that within
the generalized gradient approximation (GGA), the
ferromagnetic behavior is favorable only when the
lattice parameter of the fcc Mn is increased by
∼60%.2 Alternatively, we studied bulk Mn in the fcc
structure using both the local density approximation

2In the present study, cut-offs of the plane-wave basis (13.7 Ry)
and potential representation (81.0 Ry), and expansion in terms
of spherical harmonics with l ≤ 12 inside the muffin-tin spheres
were used. Summations over the Brillouin zone were carried out
using 75 special k points in the irreducible wedge. Unfortunately,
the details of the calculations [13] are absent.
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Fig. 3. Calculated exchange interaction parameters [8] in the c
direction (between planes of Mn atoms) for the fcc Mn with the
lattice parameter equal to 3.6 (circles), 3.8 (triangles), and 4.0 Å
(crosses). Solid lines are a guide to the eyes.

(LDA) and the LDA+U approach [14], which were
carried out in the framework of the linear muffin-tin
orbital method in the atomic sphere approximation
[15]. We found that LDA+U results in FM behavior
when the lattice parameter of the fcc Mn is ≥3.8 Å,
cf. Fig. 3. This finding emphasizes the importance of
the on-site Coulomb correlations for the correct de-
scription of the Mn-ground-state properties. (Simi-
lar conclusions for Mn-doped semiconductors (such
as GaAs) were made by Park et al. [16].) Thus, we
conclude that Mn/Ge-(001)-layered structures with
fcc Mn grown on top of diamond Ge may show fer-
romagnetic behavior because the lattice constant of
Ge (a = 5.7 Å) multiplied by

√
2/2, namely, 4.0 Å,

favors the increased lattice parameter of the fcc Mn
and hence the ferromagnetic coupling between Mn
atoms.

Based on the results obtained, we modeled the
Mn/Ge (001) multilayers fabricated and discussed in
the experimental part and investigated their mag-
netic properties. To this end, we use (1 × 1) super-
cells which consist of eight layers of Ge, i.e., the thick-
ness of the Ge region corresponds to 11.3 Å, and one
or four layers of Mn corresponding to a thickness
of 1.4 or 5.7 Å, respectively. Each Ge layer has one
atom of Ge and represents the diamond structure,
while each layer of Mn corresponds to one (001) fcc
layer, i.e., consists of two Mn atoms. Now, using the
Green’s function method, we calculated the effective
exchange interaction parameters, J, in the LDA+U
approach as a second derivative of the ground-state
energy with respect to the magnetic moment rotation

angle [17]. These parameters characterize the stabil-
ity of the assumed magnetic configuration and can
also be used for mean-field estimates of the critical
temperature as Tc = J·Z·S·(S+1)/3, where Z is the co-
ordination number of the magnetic ion in the lattice
and S = 2. We found that both Mn/Ge structures are
ferromagnetic with Tc equal to 150 and 279 K for the
multilayers with one and four layers of Mn, respec-
tively. These estimated values of Tc and the enhance-
ment of the critical temperature when the thickness
of the Mn layer is increased from 1.4 to 5.7 Å are in
good agreement with our experimental results. More
detailed FLAPW investigations of Mn/Ge multilay-
ers including the effect of the structure relaxation on
their properties are now in progress.

In summary, Mn/Ge multilayers grown by MBE
exhibited ferromagnetic ordering as determined by
temperature-dependent magnetization and hystere-
sis loop measurements. The Mn (5 Å)/Ge (10 Å)
sample showed a Curie temperature of 305 K with a
coercive field of 277 Oe at 200 K. Using density func-
tional investigations, we showed that in the Mn/Ge
multilayers, the Mn atoms prefer to form the fcc
structure with increased lattice parameter by 11%
matching that of the diamond Ge and couple ferro-
magnetically.
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