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The group-1V Ge;_,Mn, ferromagnetic semiconductor (FMS) has attracted much interest in spintronics due to
its compatibility with semiconductor technology. However, Ge,_,Mn, FMS prepared at high growth temperature
(Ts) meets dilemmas in balancing solubility and intermetallic precipitates, limiting its Curie temperature (7¢) and
electrical tunability. In this study, Ge,_,Mn, films were prepared by magnetron sputtering at low 7s combined
with rapid thermal annealing (RTA). We conducted a systematic study of the microstructure, valence state,
and magnetic properties of Ge,_,Mn, films. The phase diagram of Ge,_,Mn, films versus Mn composition x
and RTA temperature Tz was plotted, and face-centered cubic structure Ge,_,Mn, FMS was achieved with x up
to 0.1. As x increased, the hole-mediated ferromagnetism of Ge;_,Mn, FMS was enhanced, with the 7¢ reaching
282 K at x = 0.07. We found that the magnetoresistance ratio of Ge;_,Mn, FMS was significantly smaller than
that of Ge,_,Mn, with intermetallic precipitates by two orders, providing an easy method to confirm Ge,_,Mn,
FMS without intermetallic precipitates. Finally, the mechanism of suppressing the formation of intermetallic
compounds by RTA is discussed. Our work extends the preparation window for high-quality Ge,_,Mn, FMS,
and also provides a promising choice for further investigation of ferromagnetic semiconductors.
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I. INTRODUCTION

In the past several decades, ferromagnetic semicon-
ductors (FMSs) have attracted significant interest due to
the unique combination of semiconductors and long-range
ferromagnetism, leading to the potential for spin-based de-
vice application [1]. Benefiting from the development of
molecular-beam epitaxy (MBE), previous studies have mainly
focused on Mn-doped group III-V [2-5] and II-VI [6,7] semi-
conductors. For example, the Curie temperature (7¢) of (Ga,
Mn)As with hole-mediated ferromagnetism [8,9] has been en-
hanced to 200 K [3], and even full spin-orbit torque switching
has been achieved in single-layer (Ga, Mn)As [10]. Recently,
(Ga, Mn)As have also played an important role in detecting
spin polarization in chiral molecular spin valve devices [11].
However, the quality of (Ga, Mn)As prepared on Si substrates
is relatively poor, with T¢ as low as 48 K [12]. Therefore, the
practical applications of FMSs are still limited by the low T¢
and difficulty in integrating into mainstream semiconductor
materials.

In contrast, the group-IV Ge;_,Mn, FMS is a promising
candidate, due to the potential for higher T¢ and its good
compatibility with semiconductor technology [13,14]. The
initial study showed a linearly increasing 7c up to 116 K
with Mn composition x of 0.035 in hole-mediated Ge_,Mn,
FMS [13]. Further improvement has been achieved through
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codoping with Co and Mn [15,16], as well as engineering
self-organized nanostructures such as nanocolumns [17,18]
and quantum dots [19]. Usually, the microstructures dominate
the magnetic properties of FMSs, which is related to the
incorporation of transition-metal (TM) atoms (Mn, Fe, and Co
et al.) into the semiconductor host. However, it is always easy
for secondary phase to appear in FMSs, which is difficult to
be electrically controlled in devices. For example, Ge|_,Mn,
FMS were usually prepared by MBE at high growth temper-
ature (7g), which exhibits dilemmas in balancing solubility
and intermetallic precipitates [13,20]. The study by Bougeard
et al. indicated that 7y above 60 °C would promote the
formation of intermetallic precipitates such as GesMns and
GegMn,; [21]. Therefore, the properties of Ge;_,Mn, FMS
prepared at high 75 have been limited by low doping composi-
tion and intermetallic precipitates, which seems to go against
further progress.

Depositing Ge;_,Mn, films at higher 7g, Mn atoms will
have higher energy to migrate over a larger range on a sur-
face. In addition, Mn atoms are more likely to overcome
the energy barrier to form compounds. These results make
it easier for Mn atoms with enrichment characteristics to
generate intermetallic precipitates while growing Ge;_,Mn,
FMS. Especially for the Ge-Mn system, there are various
secondary phases [22]. Therefore, depositing Ge|_,Mn, films
at low Ts combined with a key high-temperature nonequilib-
rium rapid thermal annealing (RTA) treatment is a promising
method [23]. The low Ty ensures a more uniform distribu-
tion of Mn atoms and avoids the formation of intermetallic
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precipitates in Ge;_,Mn, films. The subsequent RTA pro-
moted the crystallization of Ge;_,Mn, films and the incorpo-
ration of Mn atoms into the Ge host. The Mn atoms localized
in Ge film can be easily doped into the Ge host at high RTA
temperature (7g). However, the Mn atoms in Ge film are
not easy to get near other Mn atoms and form intermetallic
compounds compared to Mn atoms deposited directly at high
Ts. This method has great advantages in the suppression of
phase separation. The Mn-doped SiGe FMS prepared by this
kind of method has been reported recently, which is free of
phase separation and has a higher 7¢ at the Mn composition
x of 0.05 compared with the previous study [13]. Obviously,
depositing films at low 7g combined with RTA indeed has
the potential to prepare high Tc FMSs without intermetallic
precipitates [23].

In this study, Ge_,Mn, FMSs were prepared by industrial-
friendly magnetron sputtering at 50 °C combined with high-
temperature nonequilibrium RTA treatment. Detailed sample
structure analyses were performed to understand the struc-
ture, distribution, and doping features of Mn atoms in the Ge
host with x. We obtained the phase diagram of Ge;_,Mn,
films versus x and Ty, and face-centered cubic (fcc) struc-
ture Ge;_,Mn, FMS can be achieved with x up to 0.1. The
intermetallic precipitates have been avoided, which is due to
the low Ts. Subsequently, we have investigated the magnetic
properties of Ge;_,Mn, FMS, with T¢ reaching up to 282 K at
x = 0.07. The electrical transport characteristics of Ge|_,Mn,
films were carefully compared, which showed the distinct
features of the different microstructures in Ge;_,Mn, FMS
and Ge;_,Mn, with intermetallic precipitates. Finally, we dis-
cussed the mechanism of avoiding intermetallic precipitates
in preparing Ge;_,Mn, FMS by depositing film at low Tg
combined with RTA treatment.

II. SAMPLE PREPARATION AND DESCRIPTION

For this study, a series of Ge|_,Mn, films was grown on
intrinsic Ge (100) substrates by magnetron sputtering with
a base pressure of 9 x 10~° Torr. The Ge;_Mn, films were
grown via a codeposition of Ge and Mn, with x varying from
0.008 to 0.32 at different combinations of powers for each tar-
get. Before loading into the growth chamber, the Ge substrate
was cleaned using a standard HF/H,O chemical etching. Af-
ter thermal desorption of the Ge substrate surface oxide at
800 °C, a flat 50-nm Ge buffer layer was grown on the sub-
strate at 750 °C. The 100-nm Ge;_,Mn, layer was grown at
50 °C, avoiding intermetallic precipitates [21]. Then, a 5-nm
Ge capping layer was deposited at 50 °C. Finally, to promote
crystallization and activate Mn dopants, a key nonequilibrium
RTA treatment was performed at 800 °C for 30 s in N, at-
mosphere [23]. N, cannot react with the 5-nm Ge capping
layer, even if they are heated together at 600 ~ 1200 °C for
several days [24]. If there is no additional description, the
films mentioned in this work are prepared according to the
above conditions. The Mn composition x and layer thick-
ness were measured by energy-dispersive x-ray spectroscopy
(EDS) in the scanning electron microscope and atomic force
microscopy, respectively. These films were further patterned
into 10 x 40 um? Hall bar devices using photolithography and
ion milling. All magnetic measurements were performed by
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FIG. 1. (a) The cross-sectional TEM image of Ge;_,Mn, film
with x = 0.05. (b) The typical in-plane hysteresis loop and magneti-
zation vs temperature curve of Ge;_,Mn, film with x = 0.05. (c) The
EDS line scans parallel to the film at x = 0.027, 0.05, and 0.1. (d)
The x dependence of the FWHM size and peak counts per 400 nm.
(e) The schematic diagram of Mn dopants distribution varying with
x. The curved dashed line with arrows indicates that the MR of
Ge,_,Mn, films changes from negative MR to enhanced positive MR
with x.

the superconducting quantum interference device (MPMS-3).
The electrical transport measurements were performed by
a Quantum Design physical property measurement system
(PPMS-9T).

The typical cross-sectional transmission electron micro-
scope (TEM) image of Ge|_,Mn, film is shown in Fig. 1(a).
The top is the Pt deposited during the sample fabrication
by focused ion-beam etching. Then there is the 100-nm
Ge;|_,Mn, layer, where we do not find the existence of inter-
metallic precipitates. A detailed microstructural analysis will
be conducted in the following. The 100-nm Ge;_,Mn, layer
can be easily distinguished compared to the 50-nm Ge buffer
layer. Figure 1(b) shows the typical in-plane hysteresis loop
at 10 K of Ge;_,Mn, film with x = 0.05. The coercive field
(moHc) is &~ 310 mT. T¢ is 266 K extracted from the differen-
tiation of magnetization vs temperature curve [25,26]; see the
Supplemental Material [27]. Therefore, the Ge;_,Mn, layer
exhibits long-range ferromagnetism, as indicated by this sig-
nificant magnetic hysteresis, which will be further discussed
in Sec. III B.

Usually, Mn atoms as dopants are easily enriched, which
will lead to the nonuniform distribution of Mn atoms in
the host [17,28]. Therefore, to determine the distribution
of Mn atoms in Ge;_,Mn, films, careful EDS line scans

024407-2



MICROSTRUCTURE AND MAGNETIC PROPERTIES OF ...

PHYSICAL REVIEW B 109, 024407 (2024)

in TEM were performed parallel to the film, as shown in
Fig. 1(c). The EDS intensity of Mn atoms varying with
position is nonuniform with fluctuations, which indicates
that the distribution of Mn atoms is indeed nonuniform. The
EDS intensity also increases as x increases. These peaks and
plateaus represent Mn-rich and Mn-poor regions in the host
consistent with previous literature [17,28]. The largest size of
full width at half maximum (FWHM) is 8, 14, and 20 nm at
x = 0.027, 0.05, and 0.1, respectively. As shown in Fig. 1(d),
the largest size of FWHM increases with x, which indicates
that the size of Mn-rich regions in Ge;_,Mn, films becomes
larger with x. The peak counts per 400 nm also increase
with x. Therefore, the increasing Mn composition x makes
the density of Mn-rich regions in Ge;_,Mn, films increase.
Although the EDS line scans might not be quantitatively
accurate, qualitative analysis is sufficient.

Based on EDS line scans and subsequent results, we be-
lieve that the distribution of Mn atoms in Ge;_,Mn, films
should be as illustrated in Fig. 1(e). For Ge;_,Mn, films
with low x(x < 0.03), there should be few Mn dopants in
Mn-poor region. Mn dopants are enriched in Mn-rich region.
As x(0.03 < x < 0.1) increases, not only the size and density
of Mn-rich regions in Ge;_,Mn, films increase, but also the
Mn dopants in both Mn-poor and Mn-rich regions increase.
When x exceeds 0.1, intermetallic precipitates will occur in
Ge_yMn, films inevitably. The curved dashed line with ar-
rows illustrates the x dependence of magnetoresistance (MR)
characteristics of Ge;_,Mn, films, which will be discussed
later.

III. RESULTS AND DISCSSUSION

A. Sample microstructure characterization

The ferromagnetism of FMSs is related to their mi-
crostructures. For typical Mn-doped group III-V and -IV
semiconductors, ferromagnetism is hole mediated after Mn
atoms are doped into the host [3,13]. During the doping pro-
cess, the formation of other microstructures might occur. In
the Ge-Mn system, there are various microstructures typically
such as GesMns and GegMn;;[22]. Therefore, it is necessary
to know the microstructure of our Ge;_,Mn, films. To get an
understanding of the microstructure, x-ray diffraction (XRD)
was performed for all Ge;_,Mn, films. The XRD patterns of
Fig. 2(a) show that only Ge (111) of fcc structure appears
at 20 ~ 27.3° with x < 0.1. The Mn atoms did not form
secondary phases and were incorporated into the Ge host. The
Ge;_,Mn, films maintain the fcc structure of Ge. However,
GesMns (111) and GegMn;(261) appear at 26 ~ 30.6° and
26 =~ 40.7° with x > 0.1, respectively. Obviously, the large x
causes the appearance of intermetallic precipitates. The lattice
constant (a) increases with x, which was roughly extracted by
the Bragg formula for Ge;_,Mn, films with x < 0.1, as shown
in Fig. 2(b). The a is greater than that of fcc Ge [29]. These
results are qualitatively consistent with the subsequent TEM
analysis. When Mn atoms are doped into the Ge host, the Ge
lattice is strained. Because the radius of Mn is larger than that
of Ge, Mn will cause the Ge lattice to expand [30].

For our Ge|_,Mn, films, the microstructure will be greatly
influenced by 7g. Therefore, the XRD of Ge;_,Mn, film
at different 7gx was performed (Fig. S2(a) [27]). When Tx
<700 °C, there are no peaks, and Ge,_Mn, films are
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FIG. 2. (a) The XRD patterns of Ge,_,Mn, films at different x.
(b) The x dependence of a extracted by XRD and HRTEM, respec-
tively. (c) The phase diagram of Ge;_,Mn, films vs x and 7x. The
HRTEM images and dj;;;; of Ge,_.Mn, FMS at (d) x = 0.027, (e)
x = 0.05, and (f) x = 0.1, respectively.

amorphous. Once T = 700 °C, Ge (111) appears, because
the RTA treatment promotes the crystallization of Ge;_,Mn,
films. Subsequently, a phase diagram of Ge;_,Mn, films
versus x and 7g was plotted based on the above results,
as shown in Fig. 2(c). We name Ge;_,Mn, films in the
yellow, blue, and gray areas as Ge;_,Mn, FMS, Ge;_,Mn,
with intermetallic precipitates, and amorphous Ge;_,Mn,,
respectively. We also noticed that intermetallic precipitates
will appear in films once 75 reaches 200 °C (Fig. S2(b) [27]).
Compared to high 7g, high 75 is indeed much easier to
promote the formation of intermetallic precipitates, which is
consistent with the previous description.

To further confirm the microstructure of Ge;_,Mn, FMS,
high-resolution transmission electron microscope (HRTEM)
measurements were performed for Ge;_,Mn, FMS at x =
0.027, 0.05, and 0.1, respectively. The HRTEM images in-
dicate that Ge,;_,Mn, FMSs are polycrystalline and have a
fce structure with a preferred (111) orientation, as shown in
Figs. 2(d) to 2(f). Although single-crystal Ge;_,Mn, FMS
might be obtained by further improving Tgr, too high Tx
also increases the probability of forming intermetallic pre-
cipitates. After careful examination of the zoomed-in images,
we did not find the existence of intermetallic precipitates in
Ge;_Mn, FMS. These results are consistent with the XRD
results. According to the inverse fast Fourier transform opera-
tion, the interplanar spacings (d{11;) of Ge;_ Mn, FMSs are
0.3288, 0.3306, and 0.3311 nm at x = 0.027, 0.05, and 0.1, re-
spectively, which is larger than the pure Ge of 0.3264 nm [31].
The deduced a are 0.5695, 0.5726, and 0.5734 nm at
x = 0.027, 0.05, and 0.1, respectively. Although this result is
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FIG. 3. The XPS spectra with the Lorentzian-Gaussian fitting of
Mn 2ps, for different Ge,_,Mn, films at x = 0.027, 0.05, and 0.23,
respectively.

not entirely consistent with the XRD result quantitatively, it
qualitatively reveals that a indeed increases with x. Both TEM
and XRD results indicate that Mn atoms are doped into the Ge
host, making the Ge lattice expand.

Furthermore, x-ray photoelectron spectroscopy (XPS) was
used to investigate the Mn chemical states in Ge;_,Mn,
films, because the valence state of Mn is related to the mi-
crostructures of Ge;_,Mn, films. Figure 3 presents the XPS
spectra with the Lorentzian-Gaussian fitting of Mn 2pj3,, for
different Ge|_,Mn, films. The Mn 2p;,, peaks of amorphous
Ge;_Mn, (without RTA) at x = 0.027, 0.05, and 0.23 are
both around 638.75 eV, which is consistent with the previ-
ously reported Mn 2p3,, peak for Mn metal at 638.64 eV [32],
indicating only the Mn’* in amorphous Ge;_Mn,. Amor-
phous Ge;_,Mn, deposited at 50 °C neither crystallizes
nor forms intermetallic precipitates. However, for Ge,_,Mn,
FMSs at x = 0.027 and 0.05, the Mn 2p3,, peaks increase
to approximately 641.15 eV and could be decomposed into
two peaks at 640.34 eV (peak 1) and 641.57 eV (peak 2).
The two peaks correspond to the Mn 2p3,, multiple peaks of
Mn?* in MnO [32] or (Ga, Mn)As [33] reported at 640.30
and 641.50 eV, indicating that some Mn atoms in Ge;_,Mn,
FMS are Mn?*. The left peaks correspond to the satellite
peak of Mn**, as previously reported [32,33]. These Mn*"
correspond to the Mn atoms doped into the Ge host. With
further increase in x to 0.23 for Ge|_,Mn, with intermetallic
precipitates, the Mn 2p3,, peak increases to 641.87 eV and
an additional peak 3 appears at 642.56 eV, attributed to the
contribution from the Mn 2p;,, multiple peak for Mn** of

642.50 eV [32,33]. It suggests that both Mn** and Mn*"
are present in Ge;_,Mn, with intermetallic precipitates; the
latter correspond to intermetallic precipitates, consistent with
the report of overdoped Sip25Geo .75 : Mn, FMS [23]. While
collecting the XPS spectra of Mn 2p, the XPS spectra of
Mn 3s were also collected to aid in distinguishing the valence
states of Mn (see the Supplemental Material [27]). The Mn 3s
peaks of Ge;_,Mn, FMS exhibit only a splitting amplitude
AE; of 6.2 eV, indicating the presence of Mn’T[34]. In
contrast, the Mn 3s peaks of Ge;_,Mn, with intermetallic
precipitates exhibit AE; of 6.2 eV and AE, of 5 eV, suggest-
ing the presence of Mn*" and Mn**, respectively [34]. These
results summarized from the XPS spectra of Mn 2p and 3s
were consistent.

Combining XRD, HRTEM, and XPS, we believe that our
Ge|_,Mn, FMSs are high-quality FMSs without intermetallic
precipitates. Some Mn atoms at interstitial sites replace Ge
atoms to the substitutional sites, which will provide both holes
and magnetic moments in Ge;_,Mn, FMS [8,9,35]. The car-
riers of our Ge;_,Mn, FMS are indeed holes (Fig. S4 [27]).

B. Magnetic properties

Next, the magnetic properties of Ge;_,Mn, films at dif-
ferent x were investigated. The temperature dependence of
magnetization for representative Ge;_,Mn, films is shown
in Fig. 4(a). These curves were obtained by cooling samples
to 10 K with an in-plane field (1 T) and measuring samples
to 350 K with a fixed in-plane field (10 mT). These arrows
point to T¢ extracted by the differentiation of magnetization
vs temperature curves (see the Supplemental Material [27]).
Tc of Ge;_,Mn, FMS first increases rapidly from 45 K
with x < 0.03 to 266 K at x = 0.05 and then is maintained
around 280 K with x, as shown in Fig. 4(b). Tc reaches up
to 282 K at x = 0.07. The increase in x not only provides
more magnetic moments but also more hole carriers, both
of which play an important role in enhancing hole-mediated
ferromagnetism [8,9], thereby increasing 7c. The hole-carrier
concentration of Ge;_,Mn, FMS indeed increases with in-
creasing x (Fig. S5 [27]).

The typical in-plane hysteresis loops at 10 K for represen-
tative Ge|_,Mn, films are plotted in Fig. 4(c). As x increases,
the hysteresis of these curves becomes more pronounced. The
coercive field (uoHc) and saturation magnetization (Ms) of
Ge;_,Mn, FMSs at different x are extracted by hysteresis
loops. The poHc increases rapidly from & 30 mT with x <
0.03 to ~ 290 mT with x > 0.03, as shown in Fig. 4(d). The
Mg also increases quickly with x. Subsequently, we calculated
the magnetic moment (m) per Mn atom in Ge;_,Mn, FMS
based on Mg, as shown in Fig. S6 [27]. The m increases first
and then decreases with x, with the maximum of 0.80 ygz /Mn
appearing at x = 0.07. This result deviates from the theoreti-
cal value of 3 uz /Mn for Mn atom in Ge film [13], indicating
that at most 27% of Mn atoms are magnetically activated
and the rest of Mn atoms are paramagnetic. The increase in
m with x < 0.07 might be attributed to the enhancement of
ferromagnetic interactions with increasing x, while the de-
crease in m is likely due to the more Mn atoms with x > 0.07
that cannot work. We have also noticed that Tc, Mg, and a
increase with x and tend to saturate around x = 0.07. It is
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of Tc for Ge;_,Mn, FMS. (c) The in-plane hysteresis loops with different x at 10 K. (d) The x dependence of woHc and My for Ge,_,Mn,

FMS.

not a coincidence, but is closely related to the microstructure.
This is likely due to the fact that Mn atoms doped into the
Ge host when x = 0.07 have approached the limit of their
solubility in Ge under the nonequilibrium condition of RTA.
When x exceeds 0.07, even more Mn atoms are no longer able
to be effectively incorporated into the Ge host and become
magnetically activated. This pulls down the calculated average
magnetic moment m per Mn atom.

The magnetic properties of Ge;_,Mn, FMS are signifi-
cantly different at x < 0.03 and x > 0.03. There should be
differences in the origin of magnetic properties, even if their
microstructures are similar between x < 0.03 and x > 0.03.
For Ge|_,Mn, film atx = 0.008, it is not ferromagnetic due to
its extremely small x. When 0.015 < x < 0.03, 7¢ are around
45 K, which is low, and poHc are also significantly small
compared to Ge;_,Mn, FMS with x > 0.03. The magnetic
properties do not seem to originate from long-range hole-
mediated ferromagnetism, but are more likely derived from
the magnetic moments of individual Mn-rich regions [36,37]
illustrated in Fig. 1(e). Fewer Mn atoms in Mn-poor regions,
which are mostly not magnetically activated, would result
in many Mn-poor regions being paramagnetic. It limits the
establishment of ferromagnetic order across the entire film.
Therefore, the magnetic properties are still hole mediated but
short range. However, as x increases, the poHc (or magnetic
hysteresis) becomes significantly large, indicating long-range
ferromagnetism. It is likely that the increasing x reduces
the number of paramagnetic Mn-poor regions, promoting
the formation of long-range hole-mediated ferromagnetism.

Although there might still be a few Mn-poor regions that are
paramagnetic, it is not enough to prevent the establishment
of ferromagnetic order across the entire film. Benefiting from
this transformation, Tc and uoHc increase rapidly with x, as
well as M.

As x increases further, the magnetic properties of
Ge|_Mn, with intermetallic precipitates become distinct
from those of Ge;_,Mn, FMS, as do the electrical transport
properties discussed later. For Ge;_,Mn, with intermetallic
precipitates at x = 0.23, the M vs T curve shows a signif-
icant turning point at low temperature, and the M vs poH
curve exhibits a large and unique magnetic hysteresis. The
magnetic hysteresis loop can be decomposed into two compo-
sitions; one is consistent with Ge;_,Mn, FMS with x < 0.1,
attributed to the contribution from Ge;_,Mn, FMS compo-
nent. And, the other one with a larger magnetic hysteresis is
due to the dispersed intermetallic precipitates in Ge;_,Mn,
film, which might originate from the blocking of intermetallic
moments at low temperature. The turning point in the M vs T
curve might arise from the blocking temperature or as a result
of the formation of coherent intermetallic precipitates causing
a metastable state [21]. Of course, a more accurate explanation
for the magnetic properties of Ge;_,Mn, with intermetallic
precipitates needs further systematic investigations.

C. Electrical transport properties

Finally, we studied the electrical transport properties
of representative Ge;_,Mn, FMS and Ge;_,Mn, with
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intermetallic precipitates, respectively. Figure 5(a) shows MR
curves at 5 K for Ge;_,Mn, FMSs with different x, and the
MR ratio decreases with x. In Ge;_,Mn, FMSs, there are
two contributions: negative MR and positive MR. Usually,
the negative MR is attributed to spin-dependent scattering of
carriers [38], a typical feature of FMSs [3,18,19]. However,
as x increases and the ferromagnetism enhances, this negative
MR does not increase but instead decreases. Therefore, there
should be other mechanisms responsible for the negative MR
of Ge;_,Mn, FMS at low temperature, which is enhanced
by an inversely x-correlated physical quantity. This might be
due to the orbital weak-localization effect, which also causes
negative MR under external magnetic fields, as previously
reported [39,40]. With the decrease of x, the hole-carrier
concentration decreases (Fig. S5(b) [27]), possibly leading to
earlier entry of hole carriers into the orbital weak localization
at low temperature, ultimately resulting in the increase of
negative MR for Ge;_,Mn, FMS with decreasing x at 5 K.
The positive MR is geometric MR stemming from the Lorentz
force, which acts on moving charge carriers [17,28]. This pos-
itive MR increases with increasing x, leading to the decrease
of the MR ratio for Ge,_,Mn, FMS.

As x further increases and intermetallic precipitates ap-
pear, the electrical transport characteristics become unusual.
The positive MR shows a significant enhancement and the
MR ratio reaches up to 165% at 28 K under 6 T, as shown
in Fig. 5(b). This is significantly higher than the MR ra-
tio of Ge;_,Mn, FMS without intermetallic precipitates by
two orders of magnitude. This enhanced positive MR is
only observed in Ge;_,Mn, with intermetallic precipitates,
which is similar to the large geometric MR reported in
Hg,_,Cd,Te [41], Ag, sTe, and Ag,, sSe [42] with inhomo-
geneities. As previously mentioned, geometric MR depends
on the effect of the Lorentz force, which is canceled out by the
Hall potential accumulated at the edges of Hall bar devices.
Therefore, shorting out the Hall potential can effectively in-
crease geometric MR, such as Corbino geometry, which is
most effective in this regard. Incorporating shorting bars of
high-conductivity materials into devices can also effectively
short out the Hall potential [43]. In fact, high-conductivity
inhomogeneities in semiconductors play a similar role. With
increasing x, for Ge;_,Mn, FMS, the number of relatively
high-conductivity Mn-rich regions increases, as illustrated in

Fig. 1(e), thus leading to an increase in geometric MR. The
conductivity of Mn-rich regions is higher than that of Mn-poor
regions, which can be indirectly inferred from the decreasing
trend of resistivity with increasing x (Fig. S5(a) [27]). For
Ge|_,Mn, with intermetallic precipitates, the conductivity of
intermetallic precipitates should be significantly higher and
more effectively short out the Hall potential, thus greatly
enhancing geometric MR compared to Ge;_,Mn, FMS.

Therefore, the MR characteristics change from the small
negative MR of Ge;_,Mn, FMS to the significantly enhanced
positive MR of Ge;_,Mn, with intermetallic precipitates, as
illustrated by the curved dashed line with arrows in Fig. 1(e).
In fact, the electrical transport characteristics at different x can
provide an easy method to distinguish different microstruc-
tures in Ge_,Mn, films.

D. Discussion

The high-quality FMSs with high 7¢ but no intermetallic
precipitates have always been an important topic in the field of
spintronics. However, while preparing FMSs, not only do TM
atoms get incorporated into the semiconductor host, but inter-
metallic precipitates also occur. The formation of both FMSs
and intermetallic precipitates depends on two processes: the
aggregation of atoms and the formation of solid solutions
or intermetallic compounds under sufficient thermal activa-
tion energy (kgT'). Here, kg is the Boltzmann constant. For
example, the formation of Ge;Mns intermetallic compounds
requires the aggregation of Mn atoms. It relies on either the
diffusion of Mn atoms on Ge surface with the barrier energy
Ep during the deposition, or the movement of Mn atoms in Ge
film with the barrier energy Ej; in the postannealing process,
as illustrated in Figs. 6(a) and 6(b), respectively. In fact, the
formation of Ge;_,Mn, FMS is not influenced by this process,
as there are plenty of Ge atoms surrounding Mn atoms in the
Ge host. Therefore, we focus on strategies to suppress inter-
metallic precipitates by carefully considering the energetics or
spatial distribution of Mn atoms.

Figure 6(c) illustrates the second process of the formation
of Ge;_,Mn, FMS and intermetallic precipitates, which could
lower the total energy from E; (ground state) to E; and E;
with an energy barrier Eg. These processes and their priorities
are governed by different energies involved, i.e., the forming
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FIG. 6. (a) The diffusion of Mn atoms on Ge surface with the barrier energy Ep during the deposition. (b) The movement of Mn atoms in
Ge film with the barrier energy Ey in the postannealing process. (c) This schematic diagram illustrates that Mn atoms overcome Eg; and Ep,

to form Ge,_,Mn, FMS and intermetallic precipitates, respectively.

energy E|(E,), the energy barrier Eg|(Ep;), and the thermal
activation energy kg7 . The fact of formation of intermetallic
precipitates in various conditions at different composition and
temperatures [20,44] indicates that it is energetically favored
with its E, lower than E; of Ge;_,Mn, FMS. It has been the-
oretically predicted that the strain or high pressure can affect
the lattice and lower the forming energy, which could increase
the solubility of Mn and suppress the intermetallic phase [45].
However, this method by controlling the forming energy is
not industrial friendly and cannot fully avoid intermetallic
precipitates in Ge;_,Mn, films.

The Mn and Ge atoms with sufficient kg7 can overcome
Eg to form either Ge,_,Mn, FMS or intermetallic precip-
itates, as depicted in Fig. 6(c). During the preparation of
Ge;_ Mn, FMS by MBE at high 75, Mn atoms not only
overcome Eg| (Eg; = kgT}) to form Ge,_,Mn, FMS, but also
overcome Ep, (Ey = kgT>) to form intermetallic precipitates.
Usually, Ep, might be slightly larger than Eg;; otherwise, it is
hard to form Ge;_,Mn, FMS under thermal equilibrium once
kgT > Eg,. In fact, T} and T, can be as low as 60 °C [21]
and 70 ~ 130 °C [13,17], respectively. The deduced Eg; and
Ep; are 0.029 eV and 0.03 ~ 0.035 eV, which are quite close.
Therefore, it is also difficult to achieve a temperature window
to selectively activate the formation of Ge;_,Mn, FMS and
avoid the formation of intermetallic precipitates through their
energy barriers.

To effectively suppress the formation of intermetallic pre-
cipitates, relying solely on energetics is inadequate. Instead, it
is necessary to explore alternative strategies, particularly con-
sidering the diluted distribution of Mn atoms in the Ge host.
Therefore, preparing Ge;_,Mn, FMS at low Ty combined
with RTA is a promising approach [23], as the aggregation
of Mn atoms in Ge film is more challenging than that on
Ge surface, given that Ey; >> Ep [46-49]. The probabil-
ity (P) of the diffusion of atoms from one site to the next
is voe /T where vy = 1 x 10'2/s [50]. The probability
of Mn atom diffusion on Ge surface during the deposition
can be written as Pp = tpvge P0/%75 assuming that 1p ~
60s (the time for monolayer in MBE), Ty =~ 60 °C (the
minimum critical temperature for intermetallic precipitates),
and Ep ~ 0.05 eV [46,47]. For our Ge;_,Mn, films without
RTA, they are amorphous and completely avoid intermetallic

precipitates. The Mn atoms are localized in Ge film. The prob-
ability of Mn atom movement in Ge film in the RTA process
is Py = IRTAU()eiEM/kBTR, where ftrra = 30 s, Tx = 800°C,
and Ey is around 1 eV [48,49]. The Py/Pp is approximately
6 x 107>, indicating that the movement and aggregation of
Mn atoms in Ge film are indeed restricted. Therefore, the
formation of intermetallic precipitates is completely avoided.
We have roughly estimated the minimum critical T for the ap-
pearance of intermetallic precipitates by comparing Pp, which
is up to 900 °C. Obviously, 800 °C is large enough to allow Mn
atoms to overcome Eg, but also avoids the free movement of
Mn atoms in Ge film.

Therefore, depositing film at low 75 combined with a key
RTA treatment does perform excellently in the preparation
of high-quality Ge;_,Mn, FMS without intermetallic pre-
cipitates. This method significantly extends the window of
preparation conditions for Ge;_,Mn, FMS by suppressing
the movement of Mn atoms in Ge film, which can even
be further optimized by fgra. The maximum doping com-
position has been increased from x = 0.035 of Ge;_,Mn,
FMS grown by MBE at slightly higher 75 [13,21] to x = 0.1
of Gej_Mn, FMS prepared by this method. Thus, Tc has
also been improved from 116 to 282 K. Wang et al. have
previously prepared Sig25Geg75 : Mn, FMS using a similar
method, but 75 was 250 °C [23]. We note that although T¢
of Sipo5Geg.75 : Mng s FMS can reach 280 K, intermetallic
precipitates might exist in film. As we discussed before, in-
termetallic precipitates in films can result in large MR. The
MR ratio of Sig5Geg 75 : Mng 025 FMS is as high as ~4000%
at 60 K under 6 T, which might be attributed to the shorting
effect of intermetallic precipitates on the Hall potential.

IV. CONCLUSION

In conclusion, we prepared high-quality Ge;_,Mn, FMS
without intermetallic precipitates by magnetron sputtering at
low Tg combined with a key nonequilibrium RTA treatment.
The avoidance of intermetallic precipitates benefits from the
suppression of atomic movement in Ge film. This greatly
extends the preparation window for Ge;_,Mn, FMS without
intermetallic precipitates. The phase diagram of Ge;_,Mn,
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films versus x and 7z was obtained, and face-centered cubic
structure Ge;_,Mn, FMS can be achieved. The maximum Mn
doping composition x can reach up to 0.1, which is superior
to previous studies. In Ge;_,Mn, FMS, some Mn atoms re-
placed Ge atoms from interstitial sites to substitutional sites
during the RTA, providing holes and magnetic moments. As
x increases, the hole-mediated ferromagnetism of Ge;_,Mn,
FMS is enhanced. T¢ also increases with x, up to 282 K at
x = 0.07. When x > 0.1, intermetallic precipitates will in-
evitably appear in Ge;_,Mn, films. The MR of Ge;_,Mn,
with intermetallic precipitates is the enhanced positive MR
and larger than that of Ge,_,Mn, FMS by two orders, as
intermetallic precipitates effectively short out the Hall poten-
tial. Therefore, this characteristic can provide an easy method
to confirm high-quality Ge;_,Mn, FMS. Finally, high-quality

Ge;_,Mn, FMS prepared by suppressing atomic movement
in film provided an idea and path for further investigation of
ferromagnetic semiconductors.
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