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Core-shell nanostructure in a GeyoMny ; film observed via structural and magnetic measurements
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Manganese-doped germanium films are model systems for the study of nanospinodal decomposition into
Mn-rich nanostructures and its influence on the electronic and magnetic properties. Here we study a film of
GeooMny; forming self-organized nanocolumns perpendicular to a Ge substrate with high resolution scanning
transmission electron microscopy combined with electron energy loss spectroscopy, bulk magnetization, and
muon spin rotation and relaxation (uSR) measurements. The Mn-rich nanocolumns approximately form a
triangular lattice with no detectable Mn atoms in the matrix. We find that they consist of cores surrounded by
shells. The combined analysis of bulk magnetization and «SR data enables us to characterize the electronic and
magnetic properties of both the cores and shells. We argue that the discovered phase separation of the columns
between a core and a shell is relevant for other transition-metal-doped semiconductors.
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I. INTRODUCTION

Spin-polarized carriers in spintronic applications may be
conveyed by conventional metallic ferromagnets or by ferro-
magnetic semiconductors. Until now semiconductor spintron-
ics has mainly been based on diluted magnetic semiconductors
[1-6]. Another route consists of the use of films with a well-
defined pattern of transition-metal-rich nanostructures with
a relatively high-temperature ferromagnetic phase. Vertical
elongated nanostructures like nanocolumns are one of these
structures [7-9]. They have been observed by several groups
in Mn-doped germanium films [10-14] as well as in Cr-doped
ZnTe films [15].

The magnetic properties of these films have so far been
investigated by x-ray magnetic circular dichroism [16—18]
and electron spin resonance [19-21], but the most conclu-
sive results stem from superconducting quantum interference
device (SQUID) magnetometry [22-24]. Here we resolve
the structure of the nanocolumns in the GegoMng; film at
the atomic scale using high resolution scanning transmission
electron microscopy (STEM) supplemented with electron en-
ergy loss spectroscopy (EELS) analysis. We characterize their
magnetism with SQUID and muon spin rotation and relaxation
(uSR) measurements. The films consist of nanocolumns
embedded in a Ge matrix with less than 0.05 at. % of Mn.
Each nanocolumn is made of a core surrounded by a shell
with notable different magnetic properties. We suggest that
this threefold structural and magnetic phase separation is
generic to impurity doped semiconductors with nanospinodal
decomposition.

The 80-nm-thick Gey9Mny ; film was grown by molecular
beam epitaxy at low temperature. Ge and Mn atoms have been
co-evaporated at 100 °C on a Ge(100) substrate using standard
Knudsen cells. Due to the very low solubility of Mn in Ge,
a spontaneous two-dimensional spinodal decomposition takes
place within the film at the early stage of the growth [25].
The subsequent layer-by-layer growth leads to the formation
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of Mn-rich nanocolumns spanning the whole film thickness
[14]. Their average diameter is d,c = 4 nm—see the images
in Appendix A. The nanocolumns approximately form a
triangular lattice with an average lattice parameter drl,‘; = 10nm
and a correlation length of a few d.lfc’ (Appendix B).

The STEM-EELS analysis was performed at room temper-
ature with an A-sized electron probe. The uSR spectra were
recorded from 300 down to 5 K at the low energy muon (LEM)
spectrometer [26,27] of the Swiss Muon Source (SuS, Paul
Scherrer Institute, Switzerland) with a 9 cm? area sample. The
measurements were carried out either in zero or in an external
field By, applied perpendicular to the film substrate.

II. ELECTRON MICROSCOPY

Results of STEM-EELS measurements are presented in
Fig. 1. The nanocolumns exhibit a rather complex inner
crystal structure and are surrounded by a Ge matrix with
huge tensile strain up to 1.0 (3)%. The dark ring marked by
the inner orange circle in Fig. 1(b) is an interfacial region
separating two phases [28]. As shown in Fig. 1(c), the Mn
content within the nanocolumns is not uniform: This leads
to a core-shell structure with a d.o.e = 2 nm core diameter
containing a nearly homogeneous concentration of 65 at. %
of Mn surrounded with a r¢ = 1 nm thick shell in which the
Mn content decreases roughly linearly from 65 to less than
0.05 at. %—the detection limit of atom probe tomography
[29]—in the matrix. The average Mn content of 33 at. % over
the total area agrees with a previous estimate [29].

The atomic density in the nanocolumn core is large:
82 (8) atoms/nm> to be compared to 44 atoms/nm® in pure
Ge. A close packed metallic structure is therefore formed
in the nanocolumns. It is tempting to assign it to the stable
Ge-Mn alloy of formula Ge;Mnjs since its Mn atomic fraction
of 5/8 is close to the value measured in the nanocolumns core
[30]. However, x-ray diffraction has definitely excluded the
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FIG. 1. (Color online) Characterization of the GeyoMng; film.
(a) Mn concentration map obtained by EELS. (b) STEM plane view.
(c) Ge and Mn concentration profiles across a single nanocolumn. In
(b) and (c) the orange dashed circles and vertical dashed lines specify
the nanocolumn core and shell positions.

presence of the hexagonal Ge;Mns phase within the film [31].
Magnetization measurements discussed below also support
this result since the magnetic moment per Mn in the core
is much less than 2.6 g /Mn in pure Ge;Mns. An exhaustive
investigation of the possible phases concluded to an alpha type
Ge;Mn phase in the columns [28]. It consists of a simple cubic
lattice of Ge atoms hosting Mn at interstitial sites located at the
center of the cube. For the nominal composition Ge;Mn every
second interstitial site is occupied, but depending on the oc-
cupancy of the interstitial site the structure can accommodate
large variations in the relative atomic fractions of Ge and Mn.
Here, since the columns contain more Mn than Ge atoms, we
conjecture that all the interstitial sites are occupied and some
of the Mn atoms are in substitutional Ge sites.

Concerning the Mn atomic density, it varies from
53 (6) atoms/nm? in the nanocolumns core down to approxi-
mately zero in the Ge matrix. Assuming a linearly decreasing
Mn concentration profile in the shell, we find that 3/7 (4/7)
of Mn atoms are located in the nanocolumns core (shell).

In summary of the electron microscopy study, we find the
columns to be embedded in a Ge matrix which is free of Mn and
to be made of a core and a shell. Both the Mn concentration and
the atomic density are large in the core. Its structure is most
likely of Ge,Mn alpha type. The Mn concentration sharply
decreases in the shell which is more diamondlike. Strong
strains are present at the interface between the core and the
shell.
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III. MAGNETIC MEASUREMENTS
A. SQUID measurements

We now present the magnetization data. From the signal
obtained upon field cooling (FC) the film in 5 T down to
5 K [Fig. 2(a)] two magnetic transitions are inferred: a first
one close to room temperature and a second one below 30 K.
This large difference in the transition temperatures suggests
that two very distinct regions in the film are involved. The
Mn concentration in the matrix is too small for the matrix
to be involved in any of the transitions. The two transitions
could therefore concern the cores and shells inferred from
microscopy. The SR data presented below will confirm this
hypothesis and allow us to assign each of the transitions with
the cores and the shells. At present we give the saturation
magnetization for the cores: 30 kA/m when normalized to
the film volume [dashed line in Fig. 2(a)], i.e., 827 kA /m with
respect to the core volume. This corresponds to a core moment
of teore = 1.7 up/Mn. The shell magnetization at 5 K is the
difference between the low temperature magnetization of the
film, i.e., 43 kA /m on average for the two field directions, and
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FIG. 2. (Color online) Bulk magnetization measurements for the
GegoMng; film normalized to its volume. The field B, is either
parallel or perpendicular to the film substrate. (a) Magnetization vs
temperature while cooling the film under 5 T. (b) Magnetization
cycles recorded at 5 K. (c) Remanent magnetization as a function
of temperature obtained after field cooling under 5 T down to 5 K
and switching off the field. For the sake of clarity the magnetization
between 10 and 250 K has been enlarged in (d). The different magnetic
configurations denoted 1 to 5 are discussed in the text and illustrated
in Fig. 5.
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the core contribution. It is ~13 kA /m [Fig. 2(a)]. Interestingly
this value of 13 kA/m corresponds to the average of the
remanence signals at 5 K for the two field directions [Fig. 2(c)].
Scaled to the shell volume this magnetization amounts to
124 kA /m, i.e., an average moment fige = 0.6 g /Mn. This
is not a saturation value since the data show no sign of
saturation when the temperature approaches 5 K.

At the end of these magnetization measurements the
field was switched off and the remanent magnetization was
measured while warming the film up to room temperature
[Figs. 2(c)-2(d). The magnetic remanence data are exotic in

Ip . . .
two respects. Because dj, is very short an antiferromagnetic or-
der of the nanocolumns should occur through the nanocolumn
dipolar coupling [14]. We thus expect no magnetic remanence
at low temperature from the nanocolumns. The first surprise is
the quite large remanent magnetic signal instead observed at
5 K, accounting for about 35% of the magnetic moment under
5 T. Moreover, it is nearly isotropic and almost disappears
at 20 K [Fig. 2(d)] which is the position of the zero field
cooling (ZFC) peak in low field magnetization measurements
[Fig. 3(c)]. The second unexpected result is the magnetization
uprise observed when warming the film from 20 K up to ~40 K.

In order to understand these unexpected features a micro-
scopic probe able to resolve the magnetic properties of the
cores and shells is needed. It is provided by ;SR spectroscopy.
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FIG. 3. (Color online) (a) A transverse-field (TF) wSR time
spectrum recorded at 75 K and in a 10 mT field with the result of a fit
to Eq. (1). (b) Thermal dependence of the asymmetry a,, and (c) field
difference (Bexy — Bi) = (Bext — Bma) (bullets) compared to the field
oM, where M is the bulk magnetization (full lines) measured under
B = 10 mT following either a field or zero-field cooling procedure.
The TF-uSR geometry is illustrated with the pictogram. The dashed
line in panel (b) is a guide to the eyes.
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B. Muon spin rotation and relaxation

The technique consists in the implantation of fully polarized
muons in the sample. Muons of low kinetic energy are used
to ensure they are all stopped within the film thickness
(Appendix C1). The spin 1/2 of the muon precesses in
the local field at the interstitial site it occupies. The local
field is the sum of the field arising from the neighboring
electronic magnetic moments and the external field if any
[32]. A typical weak transverse-field (TF) uSR time spectrum
aoP;’f(t) recorded after a FC procedure is shown in
Fig. 3(a). Py (t) measures the evolution of the muon po-
larization along the X axis in a plane perpendicular to Bey. As
explained in Appendix C 2, for 40 < T < 300 K the function

aoPy T (t) = aj exp[—(hx 1 1)P1cos(y, Bit + )
+ar COS(V/LBeXtt +¢) (D

provides a good fit to the data. Here ¢ is a phase con-
stant, a; = 0.13, By and a, are free parameters, and y, =
851.6 Mrads~' T~! is the muon gyromagnetic ratio. The
stretched exponential accounts for the magnetic inhomogene-
ity and dynamics of the first component. The exponent S
has been set in consistency with zero-field (ZF) data. The
relaxation rate Ay, is so large below 40 K that it cannot be
determined with confidence. Still the second component can be
analyzed after dropping the initial channels and setting a; = 0
in Eq. (1). The temperature dependencies of a, and the field
difference (Beyy — B)) are displayed in Figs. 3(b)-3(c).

The muons being implanted randomly in the film, and the
matrix between the columns occupying a volume bigger than
that of the columns, it is legitimate to set a; = ap, Where
amat/ao is the fraction of muons implanted in the matrix.
Naturally we denote B; = Bna the field probed by these
muons. From Fig. 3(c) the field difference By — Bext 1S On
the order of —uoM. The sign of this field can be understood
as follows. In the absence of Mn atoms in the matrix, it is
essentially the dipolar field produced by the nanocolumns
which is antiparallel to the column moments. Therefore the
field in the matrix is essentially equal to Bex — oM. We
speculate the slight reduction in absolute value of the measured
field compared to —uoM below 200 K [see Fig. 3(c)] to arise
from the Mn moments in the shells which are slightly polarized
antiparallel to the cores; see Sec. IV and the interpretation of
the remanence data in state 4.

We now turn to a,(T) [Fig. 3(b)]. As the film is cooled below
250 K, a, starts to decrease and it reaches a plateau at ~200 K:
We conclude that the nanocolumns enter a magnetically
ordered state with an average ordering temperature Tf"‘ =
225 K and a transition width ~50 K [33]. This relatively large
width could be associated with some inhomogeneity in the Mn
concentration along the columns or in their diameter as has
been evidenced in atom probe tomography [29]. In a weak TF-
1SR experiment, the muons probing a magnetically ordered
region—here the columns cores as will be shown below—and
its vicinity are rapidly depolarized [34] and do not contribute
to the signal. Therefore, we attribute the second component
below 200 K to muons implanted in the sample surroundings,
i.e., the so-called background with ap, >~ 0.035, a reasonable
value considering the area of our sample. Above T<, the
amplitude a. = a> — apg = 0.05 is assigned to muons in the
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FIG. 4. (Color online) A selection of ZF-;4SR time spectra for the
Geo9oMny film with S, either parallel [panel (a)] or perpendicular
[panel (b)] to the film substrate. The solid lines arise from fits. The
thermal dependence of the ©SR spin-lattice relaxation rate Az |y 1S
displayed in panel (c).

paramagnetic cores and their surroundings. The film volume
fraction corresponding to the column cores and the region
within a distance r from them is 77 (dcore /2 + r)? / /3 (aﬁlllg)2 /2]
which is equal to a./(ac + ama) provided that r = 1.8 nm.
Such an r value is in the accepted range; see, e.g., Ref. [35].
The zero-field (ZF) 1SR data provide a further insight into
the magnetic moments of the columns and their dynamics.
A selection of ag Py’ () time spectra with the initial muon
polarization S,, either parallel or perpendicular to the film
substrate is shown in Fig. 4. P;XIF, | (#) denotes the evolution
of the projection of the muon polarization along S, which
defines the Z axis. We note three qualitative characteristics.
(i) The transition from the paramagnetic to the superparamag-
netic states of the columns is fingerprinted by comparing the
spectra at 300 and 200 K. (ii) Given the uniaxial character
of the nanocolumns, the similitude of the spectra for the
two geometries is striking. Since we probe the dynamics of
the Mn spins, we conclude that we are dealing with spins
with weak magnetocrystalline anisotropy, in agreement with
Ref. [36]. (iii) With a column ordering temperature of 7' =
225 K, no magnetic excitation should be present at, say
25K, ie., %Tf"l /10, in contradiction to the dynamical fields
signalled by a nonzero slope of the spectra at long times.
Given the core-shell structure of the columns, we assign these
dynamical fields to the Mn ions in the shells and therefore the
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transition observed at 225 K by TF-uSR to the Mn ions in the
cores, and consequently we denote T = T,

A quantitative analysis of the dynamics probed by the
ZF-uSR measurements is given in Appendix C 3. The muon
spin-lattice relaxation rate Az ma deduced from this analysis
is proportional to the fluctuation time t of the Mn spins in
the shells. A sharp increase of t is inferred below 50 K
[Fig. 4(c)], indicating the onset of a fluctuation slowing down.
This is consistent with the general picture that we propose
below for the magnetic properties of the nanocolumns, in
particular the onset of a magnetization signal from the shells
below ~30 K [Fig. 2(a)] and the drop of the shell signal at
~20 K in the remanence data [Fig. 2(d)]. ZF-uSR and SQUID
measurements probe the spin freezing at different temperatures
because of their different time scales, on the order of a
nanosecond for the former [32] and of a minute for the latter.

IV. CORE-SHELL MAGNETIC NANOSTRUCTURE

We now provide a picture for the magnetic behavior of the
nanocolumns. It is illustrated in Fig. 5 for the different char-
acteristic regimes found in the magnetization and remanence
data and labeled by numbers 1 through 5 in Fig. 2. It is based on
the fact that the core-shell splitting found in the microstructure
also pertains to the magnetic properties as indicated by the
ZF-pSR experiment. In addition our picture implies that there
is no exchange coupling between the core and the shell and
that the magnetic behavior of the shell is spin-glass-like. These
two hypotheses will be subsequently discussed.

PERPENDICULARFIELD

PARALLEL FIELD

FIG. 5. (Color online) Schematic magnetic configurations for the
cores and shells for fields and temperatures defined as labels in Fig. 2.
The B,y direction is relative to the film substrate. The green arrows
refer to the magnetic moment of the cores. Wide white arrows refer to
the polarized frozen spin-glass-like state in the shells, while narrow
arrows sketch a paramagnetic state. The curly dashed lines in panel
4 sketch the dipolar field from the cores.
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We assign the signal in state 1 to the magnetic moments
of the cores which are aligned parallel to Bey. Considering
their nanometer size, the nanocolumns behave as super-
paramagnetic nanostructures in SQUID measurements. Their
maximum blocking temperature is TBS QD — 150 K given
by the vanishing remanence in Fig. 2(c) and the bifurcation
between ZFC and FC curves in Fig. 3(c). In state 1 the shells
are paramagnetic and essentially they do not contribute to the
signal. When the temperature is lowered to 5 K (state 2) the Mn
moments in the shells freeze. Because of the spin-glass-like
state, both ferro- and antiferromagnetic couplings should be
present between the Mn moments. The resulting magnetization
is aligned parallel to By, and the average value of 0.6 ©g/Mn
deduced from Figs. 2(a)-2(c) should therefore not be regarded
as the intrinsic value for Mn moments. A field much larger
than 5 T is certainly required to ferromagnetically align them.
State 3 is obtained after cancellation of B.y;. In the case where
this field was parallel to the film, the core magnetization
spontaneously aligns along the column axes owing to their
shape anisotropy since the column cores are 80 nm long
and their diameter is 2 nm. Now, it becomes energetically
favorable for neighboring cores to align antiparallel under the
mutual influence of their dipolar fields. The lattice formed
by the columns being triangular, this situation leads to strong
frustration. The Mn magnetic moments in the shells which
are not magnetically coupled to the cores are unaffected by
their rearrangement. This is testified by the same value found
for the shell magnetization in Figs. 2(a) and 2(c), i.e., in
the magnetization and remanence data. Upon warming up to
20 K (state 4), dynamics sets in on the time scale of the SQUID
measurements among the Mn moments in the shells: Their
contribution to the magnetization rapidly drops. In fact, as
revealed by the upturn of the signal above 20 K, the shell Mn
moments are slightly polarized antiparallel to their core due
to its stray field. For By perpendicular to the film substrate, a
sizable remanent signal is detected at 20 K and above. We
attribute it to imperfections in the nanocolumn array (see
Appendix B) which inhibit a perfect cancellation of the core
moments. Upon further warming the polarization of the shells
by the core is less effective: The global magnetization of
the film goes through a local maximum before the effect of
superparamagnetism in the column cores takes over (state 5),
and the film remanent magnetization ultimately vanishes at
~150 K.

The absence of magnetic coupling between the Mn mag-
netic moments in the cores and shells is traced back to the
strains present at the interface, the signature of which is the
dark ring in Fig. 1(b). The large difference between the crystal
lattice of the core (metallic phase of alpha-type Ge,Mn) and
shell (more diamondlike) prevents any epitaxial relationship at
their interface and thus any atomic continuity [28]. This leads
to the formation of interface dangling bonds and dislocations
breaking the magnetic coupling between the core and shell.
The shell structure is highly disordered owing to the strong Mn
concentration gradient. This gives rise to random interactions
and magnetic frustration favoring a spin-glass-like state. The
core-shell magnetic separation could probably be observed
in other transition metal doped semiconductors grown at
moderate temperature like GaMnAs [37], GaFeN [9], GeFe
[38], and ZnCrTe [8].
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V. CONCLUSIONS

The GepoMn; film of self-organized nanocolumns is a
complex object. The columns comprise a core of diameter
2 nm with a Mn atomic concentration of ~65% and a shell
of thickness 1 nm in which the Mn concentration decreases to
0. The Mn concentration in the matrix between the columns
is below the detection limit of 0.05%. A transition from a
paramagnetic to a superparamagnetic state is observed for the
cores around 225 K. Below 150 K they become progressively
blocked on the SQUID time scale. No magnetic order is found
for the magnetic moments in the shells. Their spin dynamics
is rather isotropic. The shell magnetic moments start to slow
down on the nanosecond time scale below 50 K. There is
no magnetic coupling between a column core and its shell,
except for a weak dipolar coupling. Finally we suggest that
the separation in three distinct structural and magnetic regions
observed here is generic to semiconductors doped with a
nonmiscible transition element.
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APPENDIX A: TRANSMISSION ELECTRON
MICROSCOPY AND ELECTRON ENERGY LOSS
SPECTROMETRY CHARACTERIZATION

Transmission electron microscopy (TEM) measurements
were performed using a monochromated and double-corrected
80-300 kV FEI Titan® Ultimate microscope working at
200 kV. Taking advantage of the image-side aberration cor-
rector, high resolution TEM (HRTEM) images were acquired
close to Gaussian focus, i.e., within a few nanometers away

FIG. 6. Low and high resolution TEM images of the Gey9Mny ;
film: cut (left) and top views (right).
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FIG. 7. Mn and Ge areal density maps obtained by EELS measurements.

to avoid delocalization effect. To increase the signal-to-noise
ratio of the HRTEM measurement, a series of about 10 images
has been acquired from the same area. After alignment of
the image series using a cross-correlation based algorithm,
we averaged the images over the series, to obtain an HRTEM
image with very good signal-to-noise ratio. TEM images of a
Gep9Mng ; film grown at 100 °C are shown in Fig. 6.
Electron energy loss spectroscopy (EELS) acquisitions
were achieved using a Gatan imaging filter (GIF) Quantum in
dual-EELS mode with an energy dispersion of 1 eV, allowing
us to acquire a full range electron energy loss from 0 to
1400 eV. The convergence and collection angles were 20
and 98 mrad, respectively. Typical pixel acquisition time was
20-50 ms and the typical map size was about 200 x 200 pixels.
The pixel size was set to 0.3 nm. The noise of the EELS
signal was removed using a principal component analysis
(PCA) algorithm implemented in the open-source software
Hyperpsy [39]. The relevant number of components for the
reconstruction of the spectra was chosen by careful inspection
of the factors and loadings of the first 10 components. For
each edge (Mn L, 3 at 640 eV and Ge L, 3 at 1217 eV), the
background was removed by subtracting a power law fitted
in the region preceding the edge with a width of 40-80 eV
(depending on the edge). Element maps were obtained by
integrating over 60 eV after the edge for Mn and Ge.

(M + Ge)

Total densit

Density (atom/nm?)

) 05 10 15 20 25 3.0 35 4.0
nm

Theoretically, the signal of ionization edge I can be quan-
tified using the standardless method, following the relation:

Iy = ngenl oy (A1)

where nge, is the areal density (atom/ nm?) of a given element,
I is the total integrated number of counts in the spectrum,
and oy is the cross section of ionization of an electron in the
corresponding electron shell. Taking advantage of the high
dynamical range of the spectra provided by the acquisition in
dual-EELS mode, we can measure the total integrated number
of counts I [Eq. (Al)] in the spectrum—ifrom the intense
zero-loss peak to the Ge and Mn edges.

In practice, the integration is performed over an energy
range A, and the collection angle 8 is limited by the entrance
aperture of the spectrometer. These experimental parameters
are taken into account in the calculation of the partial cross
sections, which depend on A, on the collection angle 8, and on
the energy loss. For the Ge and Mn quantification we calculated
parameterized partial Hartree-Slater cross sections [40] using
the Gatan Digital Micrograph software. By further measuring
the specimen thickness, we can calculate the absolute volumic
density (atom/nm?) of each species.

To check the reliability of our analysis, we performed two
cross checks:

Mn concentration
= L3
& &

54
=N

Concentrawtion (%)

FIG. 8. (Color online) Total density and Mn relative concentration maps obtained by EELS measurements.
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FIG. 9. (Color online) (a) Areal density and (b) relative concen-
tration profiles measured across two nanocolumns.

(1) The experimental value for the Ge volumic density
in the diamond Ge pure matrix is in good agreement—
within 10%—with the corresponding theoretical value (44
atoms/nm?).

(2) The Mn concentration averaged over the whole concen-
tration map is in good agreement—within 2%—with the Mn
nominal concentration of the film measured with Rutherford
backscattering spectrometry (RBS).

Figure 7 shows the Mn and Ge areal density maps obtained
by the method explained previously. The total density (Mn +
Ge density) is calculated by dividing the total areal density
(Mn + Ge areal density) by the specimen thickness. Figure 8
shows the total density and the Mn relative concentration maps.
Profiles measured on two nanocolumns are plotted in Fig. 9.

APPENDIX B: ESTIMATE OF THE NANOCOLUMN
LATTICE CORRELATION LENGTH

The nanocolumns form a triangular lattice with a lattice
parameter dﬁ% = 10 nm. Here we provide an estimate for the
correlation length of the lattice using fast Fourier transforms
(FFT) of the TEM images. Figure 10 shows examples. While
peaks are visible on the FFT of a small fraction (20 x 20 nm?)
of the TEM image, only aring is seen when a larger area (60 x
60 nm?) of the original image is considered. For an even larger
area (not shown) no structure appears on the FFT. We therefore
conclude that the correlation length of the nanocolumn lattice
is a few tens of nanometers, i.e., a few lattice parameters.

FIG. 10. Typical fast Fourier transforms of 20 x 20 nm? (left)
and 60 x 60 nm? (right) portions of a TEM image.
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APPENDIX C: MUON SPIN ROTATION AND
RELAXATION MEASUREMENTS

In this Appendix we first display the muon implantation
profile computed for muons of 7.5 keV kinetic energy. In
the subsequent section we provide additional information on
the TF-uSR measurements. We finally describe the detailed
analysis of the ZF-u SR data.

1. Muon implantation profile

Muons of 7.5 keV kinetic energy were used for the ©SR
measurements. From the implantation depth profile shown in
Fig. 11, we can conclude that all the muons are implanted
within the film thickness of 80 nm.

2. Transverse field uSR

The TF-uSR time spectrum displayed in Fig. 3(a) exhibits
two beating oscillating components. A first analysis for
100 < T < 200 K indicates the amplitude of the more rapidly
damped component to be temperature independent. Below
100 K the damping of this first component becomes quite
large. As a consequence its initial amplitude, damping rate,
precession frequency, and initial phase are determined with
limited precision. Fixing the initial amplitude allows a better
accuracy on the other three parameters down to 40 K. To a
good approximation, the precession frequency of the second
component is constant in the whole temperature range with an
average value v, = 1.353 MHz. This corresponds to Bey, i.€.,
V) = Vext = VY Bext/(27). This discussion justifies the use of
Eq. (1) for the analysis of the TF-uSR time spectra.

3. Zero field uSR

From the two time spectra recorded at 300 K, see Fig. 4 of
the main text, we measure ap 2~ 0.23 (0.13) when S, is parallel
(perpendicular) to the film substrate. The smaller a, value for

the perpendicular geometry follows from the geometrical setup
of the spectrometer.

0.030
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0.020
0.015
0.010
0.005

T
N,
Woy

| IR NS FEETE FEETS NEE R |

0.000

Muon implantation probability (nm™)

0 20 40 60 80
Depth (nm)

FIG. 11. (Color online) Distribution of the depth implantation
profile for muons of 7.5 keV kinetic energy. The simulation has
been performed using the Monte Carlo TRIM.SP code [26,41,42] for
a GeMn film with a Ge:Mn atomic ratio of 9:1.
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A qualitative discussion of the ZF spectra is given in the
main text. Here we quantitatively describe them. The measured
asymmetry can be modeled consistently with the TF-uSR
model

a0P§X||p(t) = afama exp[—(Az I matt)ﬁ]
+al exp(—Az|ct) + avg}s (CD)

where A7 | ma and Az | are spin-lattice relaxation rates. Given
the similitude of the data recorded for the initial muon
polarization perpendicular and parallel to the film and since
ap is much larger for the latter geometry, we concentrate
our discussion on it. The @ = 1.05 geometrical parameter in
Eq. (C1) is introduced to account for the slight difference
in the signal amplitude between the TF and ZF geometries.
Naturally we assign the first (second) term in Eq. (Cl) to
muons stopped in the matrix (cores and their vicinity), while
the last one concerns muons which have missed the sample.
We find values for amy and ay,g in line with the TF results. The
weight of the second component is a >~ 0.05 in the whole
temperature range: Contrary to the transverse field case, the
signal associated with the muons stopped in the cores and their
vicinity is not lost below 7,2, Fitting Eq. (C1) to the data, we
obtain Az | ma(T) [Fig. 4(c)] and an exponent B equal to 0.6
between 200 and 50 K with a tendency to increase at lower
temperature. At room temperature, 8 = 1 provides a good fit
to the data. The relaxation rate Az ¢ is relatively small (Az . <
0.3 s~ but not zero in the whole temperature range.

Recalling the results obtained in TF measurements, and
the structure of the film, we deduce that the distance from
muons concerned by the first component in Eq. (C1) to the
nearest Mn ions spans between 0.8 and ~3.8 nm [43]. This is
a situation reminiscent of the dilute canonical spin glasses. In
such systems, the polarization function has been derived in the
case of fast fluctuating moments to be Pz(t) = exp[—+/Az?]
[32,44], a function which is close to our observation. The
relaxation rate Az is related to the magnetic fluctuation time
of the Mn spins in the shell through the formula A7 =4y AP 7,
where Ay is the half width at half maximum of the component
field Lorentzian distribution [45].

PHYSICAL REVIEW B 91, 245408 (2015)

We have simulated the distribution of the Cartesian field
components in the film region probed by muons associated
with the first component in Eq. (C1) above or in Eq. (1).
This is the part of the matrix located at a minimum distance
of d./2 +r = 2.8 nm from any nanocolumn center. For the
simulation we locate the columns on the nodes of a triangular
lattice. The core magnetization (827 kA/m) is set along the
direction of the column with a random orientation parallel or
antiparallel to it. For the shells, we consider atomic magnetic
moments of 0.6up with random orientation and a density
linearly decreasing from 57 atoms/nm’ at 1 nm from the
nanocolumn center to 0 atoms/nm® at 2 nm from it. After
a depth average according to the muon implantation profile
of Fig. 11, the distributions for the two field components
perpendicular to the nanocolumns are found to be fairly
approximated by a Lorentzian function of about 0.5 mT
half width at half maximum (HWHM). The field component
parallel to the columns is nearly Gaussian with 2.3 mT
HWHM. While the Lorentzian line shape for the distribution
of the first two components is consistent with the observed
stretched exponential function exp[—(Az | mat)? 1, the case for
the third component is not so clear. Interestingly, if one takes
a muon implantation profile uniform along the film depth, the
distribution of the third component approaches a Lorentzian
function and the anisotropy with the first two components
which remain Lorentzian is reduced. Since the influence of
the top and bottom surfaces of the film is reinforced in this
second simulation, our result suggests that the muon response
may be influenced by nanocolumns which would not extend
over the whole film thickness. Other effects not accounted for
in our simulations, such as (i) the existence of correlations in
the orientations of the cores magnetization in the frustrated
triangular lattice they form or (ii) the finite coherence length
for this triangular lattice may also play a role. The study of
these effects is out of the scope of this report.

Finally a few ZF spectra have been recorded after prior
cooling of the film with B¢y = 150 mT perpendicular to the
film substrate. Within the data error bars no difference is found
with the spectra measured after the usual ZFC procedure.
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