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Electron spin resonance and microwave magnetoresistance in Ge:Mn thin films
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We report a study of resonant and nonresonant microwave absorption in germanium thin films (¢=120 nm)
implanted with manganese to a concentration of x=2-8 at. %. The germanium matrix contains MnsGe;
precipitates, Mn-rich ferromagnetic nanoclusters, and diluted Mn ions. Electron spin resonances (ESR) ob-
served below 60 K are attributed to collective spin waves in the whole film, while at higher temperatures
resonances due to ferromagnetic MnsGes precipitates are detected. The high-frequency magnetoresistance
(MR) exhibits a nonmonotonic field behavior with a minimum around H=1-4 kOe. The orientation depen-
dence of the MR is explained by dimensional effects in the thin film geometry and inhomogeneous distribution
of magnetic centers. A phase relaxation length of band carriers in Ge:Mn films is determined. It varies from
70-350 nm with decreasing temperature and exceeds the mean intercluster distance in the whole temperature
range. This implies that the intrinsic conductivity of the nanoclusters does not generally influence the MR, and

the main contribution to the microwave MR originates from charge carriers.
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I. INTRODUCTION

Both semiconductors and magnetic materials play an im-
portant role in modern electronics. Conventional electronic
devices utilize the electron (hole) charge to process and
store information. The use of an electron spin holds great
promise for a new class of semiconductor memory and signal
processing devices with a new functionality. Coexistence
of magnetism and semiconducting properties has been real-
ized in diluted magnetic semiconductors (DMS) (Refs. 1 and
2) and metal-organic salts doped with transition ions. Gener-
ally, these types of materials have low Curie temperatures,
which make them unsuitable for industrial applications.
However, unusual magnetic properties of nanostructures
based on Ge or Si hosts doped with Mn have been demon-
strated recentlyﬁ’9 High Curie temperature, correlation be-
tween electrical and magnetic properties,'%!? existence of
weakly-localized charge and spin carriers in a magnetically
ordered lattice, and other remarkable features of these sys-
tems make them particularly attractive for spintronic appli-
cations. Detailed investigations and comparison of bulk,'
two-dimensional (2D) Ge:Mn magnetic films (see, for ex-
ample, Refs. 14-22) and quasi-one-dimensional Ge;_ Mn,
nanostructures®8 have been performed recently. Generally,
in thin films a nonmonotonic dependence of the magnetore-
sistance (MR) on magnetic field and temperature was ob-
served and attributed to a complex film structure containing
various types of magnetic clusters. These findings were dis-
cussed in terms of a combination of the hopping electrical
conductivity, Zeeman splitting, spin-dependent scattering on
bounced magnetic polarons, and geometrical MR of nano-
clusters. It was also shown that the MR ratio may vary from
~1% (Refs. 19, 21, and 22) to 270% (Ref. 20) depending on
the film composition, growth method, and sample history.
None of these works, however, provides any direct evidence
of the MR effect observed in Ge,_ Mn, or Si;_,Mn, nano-
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wires. In all works cited above the MR was measured using
conventional contacting techniques. On the other hand, a
contact free method based on measurements of the resistivity
change in a microwave cavity and simultaneous detection of
electron spin resonance (ESR) has been successfully used
both for thin films?>*~2 and nanoscale objects.?® For samples
with low resistivity, p, the absorbed microwave power P
changes as a function of magnetic field H;

Poxp(H) and dP/dH «dp(H)/dH, (1)

as, for example, was demonstrated in semiconductors.?’-8

In this work we study both the resonant and nonresonant
microwave absorption at 9.45 and 24.17 GHz in Mn-
implanted Ge thin films as a function of temperature and Mn
concentration. In particular, we provide evidence for the ex-
istence of long-range (k=0) spin waves at low temperatures
and attribute high-temperature ESR resonances to spatially
separated noninteracting MnsGe; nanoclusters. Possible
mechanisms of the observed nonresonant absorption of mag-
netoresistive origin are discussed. We demonstrate that the
intrinsic conductivity of the nanoclusters does not generally
influence the MR and that the main contribution to the mi-
crowave MR originates from charge carriers.

II. EXPERIMENT

Ge:Mn thin films were prepared by implanting Mn* ions
into commercially purchased single-crystal Ge(100) wafers
(resistivity=40-57 Ohm cm). Mn* ions were implanted
with an energy of 100 keV at fluences of 1 X 1016, 2 x 106,
and 4 X 10'® at./cm?. These fluences produce average vol-
ume concentrations of Mn of about 2, 4, and 8 at.%, respec-
tively, on top of the Ge substrate. During the implantation,
the samples were held at 300 °C to avoid amorphization.
The projected depth range of Mn ions is about 120 nm with
the implant designed to yield a quasi-Gaussian profile.?’
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Structural, electronic, and static magnetic properties of the
samples have been extensively studied earlier by a number of
experimental techniques.”®?> We want to emphasize a thor-
ough control of the sample fabrication. Indeed, preparation
of samples under the same conditions (density and energy of
the ion flux, substrate temperature, etc.) always results in an
identical type of samples, i.e., characterized by the same Mn
profile, type of Mn defects, ratio of diluted and precipitated
Mn, etc. Three samples with different Mn concentration con-
sidered in the paper represent three different types of mag-
netic semiconductors, which could be obtained by ion im-
plantation:

(1) x=2%—low Mn concentration, small amount of
amorphous semiconducting Mn-rich nanoclusters with a
mean diameter below 7.5 nm, complete absence of ferromag-
netic MnsGe; precipitates.

(2) x=4%—an optimal ratio between diluted Mn and
phase precipitation; metallic MnsGe; crystalline clusters
with a mean diameter of 9.5 nm.

(3) x=8%—Tlarge amount of MnsGe; precipitates at the
expense of the Mn diluted phase; metallic MnsGes crystal-
line clusters with a mean diameter of 13.1 nm.

Magnetization measurements were performed using a su-
perconducting quantum interference device (SQUID) magne-
tometer (MPMX 5XL, Quantum Design) at temperatures be-
tween 1.8 and 370 K and in fields up to 50 kOe. A magnetic
field was applied either in the plane or perpendicular to the
plane of the sample.

The ESR experiments have been performed in a conven-
tional ESR spectrometer (EMX Bruker) equipped with an
ESR-910 cryostat (Oxford Instrument). Technical details of
the experimental setup have been given elsewhere.>> Angular
dependent (both in plane and out of plane) magnetic reso-
nance spectra were measured as a function of magnetic field
at microwave frequencies of 9.45 and 24.17 GHz and a
modulation frequency of 100 kHz between 4 and 310 K. It
should be noted that the majority of measurements have been
performed at 9.45 GHz, unless specified differently. The fol-
lowing methodology was adapted to provide an interpreta-
tion of the angular dependencies: when the field is applied in
the plane of an isotropic film, the resonance occurs at the
frequency wy of the spin-wave mode with the wave number
¢=0 propagating along the film:33

wo= NHH +47M + H)]"? - Sw,, (2)

where y=gup/h is the gyromagnetic ratio, M is the satura-
tion magnetization, H;=2K /Mt is the surface anisotropy
field, ¢ is the film thickness, and dwy is the frequency shift
due to the spin-wave energy renormalization processes. In a
two-dimensional system the angular dependence of the reso-
nant field H,. can be described by following equations:*?

w/y=VH H,,

H,=H, cos(0y— 0) —4mM 4 cos 26,
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H, = H, cos(0y — 0) — 47M . cos® 6, (3)

where 6 is the angle between the film plane and the external
dc magnetic field and 6 is the angle between the film mag-
netization vector M and the film plane.

Samples were placed into a rectangular resonator at an
antinode of the microwave magnetic field. In a separate se-
ries of experiments performed in a cylindrical resonator at
room temperature, we checked that both the displacement of
the sample from the resonator axis into regions of a stronger
microwave electric field and the dispersion signal did not
distort the magnetic resonance spectrum. Variation of the mi-
crowave power over several orders of magnitude (in the
range 10°°-10"2 W) also did not change the shape of the
spectra. For all geometries the static magnetic field was kept
perpendicular to the microwave one.

To exclude the possibility that magnetoelastic surface
modes (Walker modes) may cause electron spin resonances,
we studied samples of both rectangular and arbitrary shapes.
No dependence of ESR spectra on the sample shape was
found, thereby excluding this possibility.

The intensity (hence, static magnetic susceptibility®*) of
the ESR resonances of the Mn:Ge films were calibrated
against a paramagnetic single crystalline CuSO,-5H,0
99.99% pure standard for which a total number of spins, N
=2% 10", corresponding to Cu?* ions with S=1/2 was de-
termined by SQUID magnetometry (7=4-300 K). Line po-
sitions were calibrated against a standard paramagnetic
a'-diphenyl-B-picryl hydrazyl (DPPH) sample. In order to
study the MR effect, the absorptive background of the cavity
was measured for all experimental conditions and subtracted
from each spectrum. One should note that in semiconductors
with a dopant concentration level in the order of 1%—-10%
the sampling depth, i.e., the skin depth, is of the orders of
tens of microns at 9.45 and 24.17 GHz, which exceeds the
thickness =120 nm of the magnetically doped semicon-
ductor film by far. An undoped germanium wafer was mea-
sured for comparison and its signal subtracted when neces-
sary.

III. RESULTS

A cross-sectional TEM image showing the morphology of
the Mn-implanted Ge film (x=4%) is presented in Fig. 1.
The figure reveals the presence of three structural layers: (i)
a 120-nm-thick magnetically doped layer containing small
Mn;sGe; clusters, Mn-rich amorphous clusters, and diluted
Mn ions, (ii) a 100-nm-thick damaged Ge underlayer with
“extended defects” (mainly vacancies and Ge interstitials),
and (iii) an undistorted Ge substrate.

The ESR spectra of Ge:Mn films exhibit strong tem-
perature dependence. Three main temperature intervals can
be distinguished: low (7T=4-60 K), intermediate (T
=60-220 K), and high (T=220-300 K) temperatures as
discussed in the following.

A. Low-temperature regime (I'=4-60 K)

Complex magnetic resonance spectra containing a number
of peaks are observed in Ge:Mn films with different Mn
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FIG. 1. TEM image showing a cross-section of the ion-
implanted Ge:Mn film with Mn concentration of 4%.

concentrations in the temperature range T=4-60 K (Fig. 2).
For the sample containing 4% of Mn it was possible to
clearly identify resonant lines at all temperatures and field
orientations. Besides, this sample has optimal structural
properties, e.g., the ratio between diluted and precipitated
Mn. Its spectrum comprises three strong resonances (labeled
1-3) in the low magnetic-field range (H<2 kOe) and two
weak lines, which we denote PMI1 and PM2, at H
=34 kOe. Investigation of a reference sample (nonim-
planted single crystalline Ge wafer, x=0%) shows much sim-
pler ESR spectrum containing lines PM1 and PM2 only. The
resonant fields for lines PM1 and PM2, H=3300-3450 Oe
at 9.45 GHz (i.e., g=1.975-1.950), are typical for paramag-
netic resonances, which could arise from initial structural
defects, a small amount of paramagnetic impurity in the wa-
fer, band carriers in germanium, or a combination of these
factors. Henceforth, we shall only consider lines 1-3, which
are characteristic of magnetically doped Ge:Mn films. Lines
1-3 exist at T=4-60 K only [see Figs. 2 and 3(a)]. The
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FIG. 2. (Color online) ESR spectra of Ge films implanted with
Mn concentration of 0%, 2%, 4%, and 8% at T=5 K. Line numbers
are given for the sample with the Mn concentration of 4%. The dc
magnetic field is oriented at 45 degrees to the film surface. Details
of ESR spectra in the g=2 region (lines PM1 and PM2) are shown
in the inset.
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FIG. 3. Temperature dependencies of: (a) magnetic susceptibili-
ties calculated for lines two and three (see Fig. 2) and (b) magnetic
moment measured during field cooling in the magnetic field, H
=1 kOe, in the Ge:Mn film (x=4%). Dashed lines in Fig. 3(a) are
guides for the eye. The dc magnetic field is normal to the film plane,
04=90 deg.

temperature dependence of the magnetic susceptibility x;(i
=1-3), determined in relative units from the integral inten-
sity of the resonances, is shown in Fig. 3(a) for lines two and
three. If to assume that all Mn ions (3 X 10" ions for x
=4%)* are (1) in the Mn* oxidation state with the largest
electronic spin (3d°4s', §=6/2) and (2) in the noninteract-
ing paramagnetic state, then calibration against the reference
sample demonstrates that the experimental y; values exceed
the total magnetic susceptibility of such ions by two orders
of magnitude. Hence, these resonances cannot be attributed
to noninteracting Mn* ions and can only be related either to
separated superpara- or ferromagnetic centers (for example,
ferromagnetic MnsGes clusters and interacting diluted Mn
ions) or collective spin excitations in the whole film. Inter-
estingly, SQUID measurements reveal a well-pronounced
step at T,,=~60 K corresponding to the second critical tem-
perature [Fig. 3(b)] at which lines 1-3 disappear. Variation of
the Mn concentration leads to similar temperature dependen-
cies of resonant lines. In samples with the Mn concentration
of x=2% and 8% the resonant lines emerged and disappeared
in the same temperature range as in the main investigated
sample (x=4%). However, the correspondent ESR spectra
had a very complex shape, which made a reliable decompo-
sition of the spectrum impossible. Thus, concentration varia-
tions of the spectra reflect the structural difference of the
investigated Ge:Mn films.

At T=4 K the resonance fields H,. (lines 1-3) show the
same anisotropic response during rotation of the sample
around the axis parallel to the film plane, as demonstrated in
Fig. 4(a) for line one. This indicates uniform ferromagnetic
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FIG. 4. Angular dependences of the resonant field H, of line
one at T=4 K (a) and lines ¢ (black dots) and d (white dots) at T’
=292 K (b) in Ge:Mn films (x=4%). The solid lines are approxi-
mations by the Eq. (3), as described in the text. The inset shows
orientations of rf and dc magnetic fields and the direction of the
sample rotation. In our experimental set-up ¢=0. At ®5=0 the dc
magnetic field lies in the film plane.

spin excitations driven by the magnetic anisotropy of the
whole layer, which in turn is the result of both magnetocrys-
talline and magnetoelastic components of the matrix aniso-
tropy as well as the anisotropy of MnsGe; clusters. The an-
gular dependence of the resonant field of line one indicates
the presence of a perpendicular component of the magneti-
zation in zero field.”? Similar results were observed for the
lines two and three. A fit of the experimental results for an-
gular dependencies of the resonant field given by the system
of Eq. (3) is shown in Fig. 4(a) (solid line) at T=4 K. The
figure shows good agreement between the experimental re-
sults and the model. The value #=23°, obtained by solving
the system of Eq. (3), indicates that the magnetization vector
is tilted away from the film plane and confirms the presence
of the perpendicular magnetization component.

B. Intermediate-temperature regime (7=60-220 K)

Figure 5(a) shows an absorption spectrum dP/dH vs H at
T=100 K. The spectrum differs significantly from that ob-
served at low temperatures. It contains only the temperature-
independent paramagnetic resonances PM1 and PM2. A
strong nonlinear background, exceeding the background of
the spectrometer with an empty holder by a few orders of
magnitude, dominates the spectrum. In order to clarify the
nature of this background, we investigated the resonant spec-
tra at X-band (f=9.45 GHz) and K-band (f=24.17 GHz)
frequencies. The paramagnetic resonances showed the ex-
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FIG. 5. (Color online) ESR spectra of the Ge:Mn film (x=4%)
at (a) T=100 K and (b) T=262 K. The dc magnetic field is parallel
to the film plane. Details of ESR spectra (for lines ¢ and d) are
shown in the inset in Fig. 5(b). The dashed black line in Fig. 5(a)
shows a background of the ESR spectrometer. The solid red line in
Fig. 5(a) is an approximation to the magnetoresistance background
using the Eq. (5), as described in the text. The solid red line in Fig.
5(b) is modeled by Lorentzian line fitting superimposed with a non-
linear magnetoresistance background.

pected frequency shift (=2.6 times) to higher magnetic
fields, whereas the large background signal remained fre-
quency independent. This implies that this field- and
temperature-dependent background, which was not observed
in the undoped reference sample, might be caused by the
microwave MR of the film.

C. High-temperature regime (7'=220-310 K)

As the temperature increases (T7=220 K), new very in-
tense resonant peaks a-d appear on the MR background in
the field range H=1-4 kOe [Fig. 5(b)]. Lines ¢ and d are
positioned very close, see insert in Fig. 5(b). It should be
noted that we assign different symbols to the high- and low-
temperature resonant lines in order to emphasize the differ-
ence in their nature, as will be discussed below. Integral in-
tensities of these peaks are larger than the intensity of the
calibration sample by ~2 orders of magnitude (Fig. 6) and
strongly exceed the intensities of the lines PM1 and PM2,
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FIG. 6. (Color online) Temperature dependencies of the mag-
netic susceptibilities calculated for the lines a-c [see Fig. 5(b)] in
the Ge:Mn film (x=4%). Dashed lines are guides for the eye.

which are completely masked by the lines ¢ and d. The tem-
perature dependence of the integral intensity, i.e., the mag-
netic susceptibility, of lines a, b, and ¢ shows a maximum at
T=260-270 K (Fig. 6) close to the Curie temperature Tc3
(Ref. 34) measured by the SQUID magnetometer [Fig. 3(b)].
The lines a-d vanish at T=310 K.

The out-of-plane angular dependence of the H,., values of
lines ¢ and d at 292 K is presented in Fig. 4(b). The depen-
dence has a fourfold symmetry indicating that the magneti-
zation vector M is oriented in the film plane.”? The angular
dependence of the line b (not shown) has a twofold character.
This difference indicates that the line » and lines ¢ and d
have different microscopic origins, possibly related to ferro-
magnetic clusters with fourfold magnetocrystalline symme-
try (lines ¢ and d), a uniaxial anisotropy (line ) resulting
from the shape anisotropy of a 2D film and a strongly inho-
mogeneous distribution of magnetic defects inside the film.
Application of the system of Eq. (3) to the analysis of the
angular dependence at 7=250 K results in #=0°, which in-
dicates that the magnetization vector lies in the film plane
with an experimental accuracy of *=10°. The magnetization
curves recorded at 7=250 K as a function of magnetic field
(up to 5 T) also confirm that the easy axis of the magnetiza-
tion is oriented in the plane of the film (Fig. 7). The magne-
tization does not saturate in high magnetic fields where its
slope corresponds to the susceptibility AM/AH=6

T T T T

4x10°

T=250 K

perpendicular

parallel

0 500 1000 1500
H (Oe)

FIG. 7. (Color online) Field dependences of the magnetic mo-
ment m at 7=250 K in the Ge:Mn thin film (x=8%) for parallel
and perpendicular orientations of the dc magnetic field as indicated
in the figure.
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X107 emu/Oe for the in-plane and AM/AH=18
% 107 emu/Oe for out-of-plane orientations. The observed
m(H) dependence is characteristic for a multicomponent
magnetic system. Due to its magnitude and the strong angu-
lar dependence, this slope cannot be explained by paramag-
netic impurities. Most likely, the shape of the curve can be
attributed to the anisotropy of individual MnsGe; precipitates
and its interplay with the uniaxial anisotropy caused by a 2D
nature of the thin Ge:Mn film.

It should be noted that the orientation dependence
changes dramatically with temperature as evidenced by com-
parison with the line one at T=4 K in Fig. 4(a). The differ-
ent angular dependences indicate that the magnetocrystalline
anisotropy of the Ge:Mn film is temperature dependent and
that the easy axis of the magnetization changes its direction
with temperature.

IV. DISCUSSION
A. Transition temperatures

As the result of Mn implantation, the magnetic structure
of the Ge:Mn film (x=4%) can be considered as consisting
of two subsystems: (i) GesMns nanoclusters with a mean size
of 9.5 nm and separation of about 42 nm and (ii) individual
Mn ions diluted in the germanium matrix.3> These two sys-
tems have considerably different Curie temperatures: T, (di-
luted Mn ions) =15 K and T3(MnsGe;)=290-295 K, as
reported in literature®-37 and observed in our own experi-
ments [Fig. 3(b)]. An additional transitional temperature,
T»=60 K, was found in Mn-implanted Ge samples. Most
probably, T, is the Curie temperature of some additional
type of clusters, for example, a fraction of amorphous Ge:Mn
precipitates, which become ferromagnetic below 60 K. A
similar transition temperature was observed in MBE-grown
Mn;sGe; thin films and attributed to two magnetic sublattices
with different exchange coupling constants and magnetocrys-
talline anisotropy.’® Alternatively, T, might be related to the
temperature at which a bound magnetic polaron (BMP) starts
forming.'718.2037 With decreasing temperature, such a quasi-
particle consisting of localized charge carriers and Mn ions
will expand and eventually percolate at 7. Thus, the whole
Ge:Mn film becomes ferromagnetic below 7;. Formation
and merging of BMPs were previously observed in Ge:Mn
films at ~76—112 K and ~12—16 K (Refs. 18 and 37). The
existence of BMPs is generally consistent with transport
properties of magnetic semiconductors. However, while T
in our experiments is in good agreement with other results,
Tc, is somewhat lower. It should also be noted that usually
the temperature corresponding to the formation of a BMP is
not observed in direct experiment but rather obtained from
the analysis of experimental data, i.e., reploting of the origi-
nal M(T) curve in H/M(T) coordinates, approximating it
with two linear dependencies and defining 7, as an extrapo-
lated divergence of the magnetic susceptibility.?

B. Electron spin resonance

As the distance between ferromagnetic MnsGes clusters is
too large, no long-range magnetic order is possible at high
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FIG. 8. Dependence of the resonant field H,., on the resonance
peak number 7 in the Ge:Mn film (x=4%) at T=5 K. The dashed
line is an approximation by Eq. (4), as described in the text. The
size of the symbols corresponds to the error bar. The insert shows
positions of resonant fields at 7=5 K. The dc magnetic field is
normal to the film plane, 65=90°.

temperatures (7>220 K). Therefore, the observed reso-
nances [lines a-d in Fig. 5(b)] with different angular depen-
dencies can be attributed to spin excitations in this and other
types of ferromagnetic Ge:Mn clusters segregated in the Ge
matrix.

Below T, both clusters and diluted Mn ions form a long-
range ordered magnetic state over the whole film. This is, for
example, evidenced by the collective response of resonances
1-3, which show the same angular dependence at low tem-
perature. In this state resonances from different clusters are
exchange coupled yielding a similar response. Another pos-
sible origin of these low-temperature resonances is the exci-
tation of standing spin-wave resonance.*>*? Such spin waves
can be excited both in perpendicular and parallel
geometries*!*? in ferromagnetic films with sufficient thick-
ness. In the case of spin-wave resonances excited in the per-
pendicular orientation, one expects the following dependence
of the resonant fields H,. on the spin-wave mode number n
according to Ref. 42:

D[37/2(n + 1/4)]*3

H,=H, z , 4)

where D is the bulk exchange stiffness constant and ¢ is the
film thickness.

We demonstrate that condition (4) for a spin-wave reso-
nance is indeed fulfilled in our system for the lines 1-3 at
low temperatures (7=5 K) assuming that the film thickness
is t=120 nm, as shown in Fig. 8, and deduce the exchange
stiffness constant D=(0.85-1.15) X 10 Oe cm?. Depend-
ing on the rotation angle ®, the exponent value varies from
0.4-0.7. Such deviations from 2/3 can be qualitatively ex-
plained by considering the longitudinal inhomogeneous
structure of the film and temperature dependent change of
the magnetic anisotropy. It should be noted that Eq. (4) is not
fulfilled in one-dimensional (1D) Ge;_Mn, nanostructures
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of a similar chemical composition.** Thus, the spin-wave
resonance has never been observed in Ge;_ Mn, nanowires,
which was also confirmed by different temperature depen-
dences of resonant lines there.!-1?

Observation of spin-wave resonances in our films indi-
cates long-range magnetic ordering at low temperatures. It
should be noted that it was impossible to detect this type of
resonances in strongly spatially separated small Mns;Ges
clusters at high temperatures. Thus, in addition to conven-
tional ferromagnetism related to the Mns;Ges system, we ob-
serve long-range exchange interactions related to the ferro-
magnetic nature of diluted Mn ions dispersed in the
nonmagnetic matrix.

C. Magnetoresistance

The high-frequency MR can be measured in doped semi-
conductors by means of ESR spectroscopy as was discussed
in the introduction [see Eq. (1)]. Our experimental results
show that in low magnetic fields the derivative of the micro-
wave absorption, dP/dH, is negative (Fig. 5). The best ap-
proximation to this sharply decreasing part of the MR signal
is given by dP/dH=A[1-exp(BHY)], where A and B are
field-independent coefficients. The derivative passes a
temperature-dependent minimum at H=1-4 kOe (Fig. 5).
The high-field part of the MR was approximated by the func-
tion dP/dH=CHP, where C is the constant. Numerical val-
ues of A and C depend on a number of factors, such as the
sample geometry and size. On the other hand, exponents p
and g reflect the physical nature of the MR. Below we ana-
lyze the temperature and angular dependences of these pa-
rameters only. A good fit to the experimental background
[Fig. 5(a)] is obtained using,**

dP/dH = A[1 — exp(BH")] + CHP . (5)

The angular dependencies of the exponents ¢(®) and
p(0®) are shown in Fig. 9. First, we discus the low-field part
of the MR. When the sample rotates around the axis lying in
its plane [see inset in Fig. 4(a)], the ¢ value varies in the
range 0.99-1.20 [Fig. 9(a)]: for ®=90° (dc magnetic field is
normal to the sample plane) we obtain ¢ = 1.0. This indicates
that the MR occurs due to Zeeman splitting of charge-carrier
states,* which are degenerate in zero magnetic fields. The
applied magnetic field lifts the degeneracy and leads to split-
ting of the states. As the result, the probability of hopping,
carrier mobility, and density of states will be changed. In the
frame of this model one calculates the coefficient B=
—(2-4)X107™* G™'= uoupgS(S+1)/kT (where k is the Bolt-
zmann constant, up is the Bohr magneton, 7 is the tempera-
ture, and §=1/2), which is in good agreement with the value
B=4X10"* G~! obtained from the fit in Fig. 5(b) at T
=262 K. When the external magnetic field is tilted away
from the sample normal, an additional component of the MR
appears. In particular, for ®=0° (dc magnetic field is in the
sample plane) we find g=1.2, which indicates a rather sig-
nificant deviation from the simple Zeeman model described
above. This can be explained by the additional contribution
of the anisotropic MR that is superimposed on the hopping
Zeeman MR, which is usually isotropic. The anisotropy of
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FIG. 9. Angular dependencies of ¢ (upper panel) and p (lower
panel) exponents [Eq. (5)] at 7=270 K describing low- and high-
field components of the magnetoresistance, respectively. The size of
the symbols corresponds to the error bar. Horizontal lines show
predictions corresponding to different magnetoresistance models.
The solid line in (b) is a guide for the eye.

the low-field part of the MR found in our experiments may
cause limitation of wave functions in two-dimensional films
as it was found in Refs. 46 and 47. Another possible reason
of the MR anisotropy is an inhomogeneity of the demagne-
tization field due to an uneven distribution of various mag-
netic centers in the Ge:Mn film.

The parameter p characterizing the quasilinear high-field
part of the MR varies in the range 0.70-1.55 [Fig. 9(b)], in
particular, p=0.70*£0.06 when ®=0° and p=1.55*+0.05
when ©=90°. These values of p are compatible with the
Lorentzian MR existing in most conductors and semiconduc-
tors as a result of orbital motion of charge carriers in the
magnetic field. Deviation of p from one is typical for con-
ductive systems with reduced dimensions and a high dopant
concentration.*®# In particular, a relatively low value of p
=0.5-0.8 is expected for two-dimensional disordered semi-
conductors with high dopant level (as in our case).*® The
effect is caused by heavy doping and strong disorder of the
crystal lattice that leads to a spin-dependent scattering of
charge carriers. The theoretical background for this case has
been given in Ref. 48. The orientation dependences of g and
p exponents are likely to be related to the magnetocrystalline
anisotropy of MnsGe; clusters acting as scattering centers for
charge carriers. Another possible reason of the anisotropy is
a quasi-one-dimensional character of the disorder, for ex-
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FIG. 10. (Color online) Temperature dependencies of the phase
relaxation length of the carriers in the Ge:Mn films doped with 2%,
4%, and 8% of Mn. The size of the symbols corresponds to the error
bar.

ample, due to formation of conductive channels caused by
Mn implantation.

It is important to note, that the field-dependent MR has
not been observed in one-dimensional DMS nanostructures
of a similar chemical composition [Ge,_,Mn, nanowires (x
=1-5%), see Refs. 10-12]. Thus, one may conclude that
reducing the dimension from 2D to quasi-one-dimensional
suppresses the spin-dependent scattering in the Ge:Mn sys-
tem.

D. Phase relaxation length of carriers

Veinger et al.’’ have shown that the field-dependent MR
has a minimum at some characteristic magnetic field, H,,
where the phase coherence of the charge carriers is de-
stroyed. This field is related to the carrier dephasing length,
L(p, as

he
¢ 4eL(2p’ (©)
where all other symbols are conventional. We have adopted
the same procedure and calculated L, for all investigated
samples (Fig. 10). For the film with x=4%, L (T) saturates at
low temperatures, 7=15 K, where the phase relaxation
length reaches its maximal value, L(PE350 nm. Thus, the
phase relaxation length is much smaller than the skin-depth
over the whole temperature range. On the other hand, L,
exceeds the thickness (r=120 nm) at 7=4-100 K. This im-
plies the existence of three-dimensional conductivity in the
semiconductor films. At high temperatures (7>150 K) the
phase relaxation length is reduced to L,=70 nm, i.e., within
the thickness of the magnetically modified layer. This value
is still notably higher than the mean distance between
Mn;sGe; clusters, which is about 42 nm for x=4%. This fact
suggests that the MnsGe; clusters do not noticeably hinder
the carrier mobility even at high temperatures. Moreover,
since the phase relaxation length significantly exceeds the
cluster size, the intrinsic conductivity of the nanoclusters
does not generally influence the MR, i.e., all observed fea-
tures of the MR are mainly “cluster-independent” and related
to the Ge matrix with diluted Mn ions. Thus, we conclude
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that the main contribution to the microwave MR originates
from charge carriers.

V. CONCLUSIONS

The microwave absorption in Mn-implanted Ge thin films
with dopant concentrations of 2%, 4%, and 8% has been
investigated. At high temperatures (7=220-290 K) reso-
nant peaks correspond to the ESR in ferromagnetic MnsGe,
clusters. On the other hand, low-temperature resonances (T
=4-60 K) can be interpreted as arising from spin-wave ex-
citations and obeying the expected dispersion law [see Eq.
(4)]. The appearance of spin-wave resonances at low tem-
peratures indicates the presence of long-range spin states and
the cooperative magnetic response originating from spin or-
dering in the whole system.

We show that the magnetoresistive background contains
two components: a positive classic Lorentzian magnetoresis-
tance and a negative one arising from the Zeeman splitting.
The orientation dependences of both components are ex-
plained by a superposition of the isotropic part of the MR
due to Zeeman splitting of the charge-carriers states and its

PHYSICAL REVIEW B 78, 045206 (2008)

anisotropic part caused by dimensional limitations in the thin
film. The analysis of the magnetoresistance background en-
ables to calculate the phase relaxation length of charge car-
riers that varies in the range 70-350 nm as the temperature
decreases from 300 to 4 K. Since this length exceeds signifi-
cantly the cluster size, all observed features of the magne-
toresistance are cluster-independent and can be attributed to
charge carriers in the Ge matrix. Comparison of the magne-
toresistance in Ge:Mn thin films and nanowires indicates di-
mensional limitations on the effect of spin-dependent scatter-
ing in the Ge:Mn system. We demonstrate a very good
correlation between the ESR and SQUID magnetometry re-
sults. These techniques allow us to elucidate a complex mag-
netic structure of the Ge:Mn films and distinguish contribu-
tions from several types of magnetically ordered clusters and
diluted ions.
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