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We have studied the structural properties and the magneti-
zation density profiles in multilayers of the Heusler phase
Co,MnGe with three different spacer layers: V, Au, and
AlO,, using hard X-ray scattering, soft X-ray resonant mag-
netic scattering, and polarized neutron reflectivity. We have
found that the spacer layer has a significant effect on the
magnetization profile of the Co,MnGe layer. In all cases
the interlayers at the top and the bottom of the Heusler layer
exhibit a reduced magnetic moment, the thickness of which
depends on the spacer layer and increases from 0.5 nm for
V, to 0.6 nm for Au and 1 nm for AlQO,.
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1. Introduction

In recent years an upsurge of interest has been noticed in the
new material class of ferromagnetic metals with 100 % spin
polarization, so called half-metals, since they have the po-
tential to play an important role in the rapidly evolving field
of magneto-electronics (spintronics) [1—3]. The half-metal-
licity was first predicted 1983 by de Groot et al. for the half-
Heusler alloy NiMnSb [4]. Heusler alloys are ternary inter-
metallic compounds with the general composition X,YZ,
X and Y being transition metal atoms and Z a non-magnetic
atom. The fully ordered Heusler structure is a cubic lattice
with four interpenetrating fcc sublattices occupied by X, Y
and Z atoms (L2, structure). Intense theoretical investiga-
tions using energy band structure calculations predicted
more than 20 different Heusler alloys to exhibit half-metal-
lic behavior [5-9]. The most prominent are the half-metals
NiMnSb and PtMnSb (so-called half-Heusler compounds,
since one of the sublattices is empty), the pseudo-ternary
phase Co,CrggFeg4Al, and the phases Co,MnSi and
Co,MnGe. Currently the half-metallic Heusler phases are
considered to be the most attractive candidates for applica-
tion in spintronic devices, since they exhibit extremely high
Curie temperatures (905 K for Co,MnGe) and an electronic
structure which is closely related to conventional semicon-
ductors.
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Regardless of these promising properties of the Heusler
half-metals, experimental investigations in recent years
have revealed that it is very difficult to realize the predicted
full spin polarization even in single crystals. The perform-
ance of tunneling magneto-resistance (TMR) devices using
Heusler thin films as an electrode was somewhat disap-
pointing at first. NiMnSb integrated into a magnetic tunnel
junction (MTJ) showed only 25% spin polarization at
4.2 K [10]. Later these results were improved and actually
the highest value obtained for spin polarization in an MTJ
using a Co,MnSi electrode is 89 % [11, 12]. However, irre-
spective of the experimental method applied to determine
the degree of spin polarization quantitatively, it is always
definitely less than 100 %. The main reason suggested for
this reduction is site disorder in the film and at the inter-
faces, since only a perfectly ordered Heusler alloy exhibits
a gap in the minority spin band [13, 14]. Interfaces in thin
film heterostructures combining the Heusler alloys with
other materials are of utmost importance for spintronic de-
vices, since the spin polarization has to be stable down to
the first few monolayers of the interface. However, these
compounds are prone to interdiffusion and site disorder,
which both have the tendency to suppress the full spin po-
larization [13, 14].

2. Structure and magnetism of bulk Heusler
compounds

2.1. Structure of Heusler compounds

Discovered more than 100 years ago by Friedrich Heusler
[15], the first ternary metallic compound Cu;MnAl exhibits
remarkable magnetic properties, as it is a ferromagnet even
though none of its constituents is one. Further investiga-
tions showed that a whole class of isostructural ternary me-
tallic alloys with the general composition X,YZ exists,
where X denotes a transition metal element such as Ni, Co,
Fe or Pt, Y is a second transition metal element, e.g. Mn,
Cr or Ti, and Z is an atom from the 3, 4% or 5" group of
the periodic system such as Al, Ge, Sn, or Sb. More than
1000 different Heusler compounds have been synthesized
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Fig. 1. Schematic representation of the L2, and C1y, structure.
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Fig. 2. Calculated spin-projected DOS for Co,MnGe, taken from
Ref. [18].

so far, a comprehensive review of the experimental work up
to the year 1987 can be found in Ref. [16]. They attracted
considerable interest due to their very versatile magnetism.
Actually, the driving force for the intense study of the
Heusler compounds is the predicted half-metallic ferromag-
netic nature for some of these alloys [5, 6, 17—-19].

The Heusler alloys are defined as ternary intermetallic
compounds with the stoichiometric composition X, YX and
the crystal structure L2;. Moreover there exist so-called
half-Heusler phases with the general formula XYZ, having
Cly structure. The L2; or Cly structure is most important
for the predicted half-metallic properties of the Heusler
compounds, since the theoretical band structure calculations
usually refer to this structure. The L2, unit cell is depicted in
Fig. 1. It can be imagined to consist of four interpenetrating
fcc sublattices occupied by X, X, Y and Z atoms, respec-
tively. The sublattices are shifted along the space diagonal
with the corner of the Z sublattice at (0, 0, 0), the first X sub-
lattice at (1/4, 1/4, 1/4), the Y sublattice at (1/2, 1/2,
1/2) and the second X sublattice at (3/4, 3/4, 3/4). In the
Cly, structure the second X sublattice remains empty.

2.2. Magnetic properties

The majority of the Heusler alloys with a magnetic element
on the Y position order ferromagnetically, but several anti-
ferromagnetic compounds also exist, for instance Ni;MnAl
or Pd;MnAl [20, 21]. The main contribution to the mag-
netic moments in the Heusler alloys usually stems from
the atoms at the Y position. If magnetic atoms occupy the
X positions, their moment is usually quite small or even
vanishing. There exist a few Heusler compounds with
rather large magnetic moments on both the X and the Y po-
sitions. In this case the ferromagnetic state is very stable
and the ferromagnetic Curie temperature 7, becomes ex-
ceptionally high. The best examples are provided by the
Heusler phases Co,MnSi and Co,FeSi with a Co moment
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of about 1 pg and Curie temperatures of 985 K [22] and
1100 K [23], respectively, the highest 7, values known for
the Heusler alloys. The mechanism which stabilizes the fer-
romagnetism is a strong next-nearest neighbor ferromag-
netic exchange interaction between the spins at the X and
the Y position [5, 24]. If a non-magnetic element occupies
the X position, the dominant exchange interaction between
the Y spins is that of a weaker superexchange type due to
hybridization, mediated by the electrons of the non-mag-
netic Z atoms. Depending on the valence of Z the interac-
tion can have either sign [24]. The Si sp atom has a very
small negative moment which is two orders of magnitude
smaller than the Co moment. The orbital moments are al-
most completely quenched and their magnitudes are negli-
gible with respect to the spin magnetic moments [18, 25].
Heusler compounds such as Cu,MnAl with a magnetic mo-
ment only on the Y position are considered as good exam-
ples of localized 3d metallic magnetism [24]. Since in the
ideal L2, structure there are no Mn—Mn nearest neighbors,
the Mn 3d wave functions overlap only weakly and the
magnetic moments remain essentially localized at the Mn
position.

2.3. Half metallicity

The most spectacular property of full spin polarization at
the Fermi level Ex was first detected in 1983 for the half-
Heusler alloy NiMnSb by electron energy band calcula-
tions [4]. PtMnSb and CoMnSb have also been predicted
to possess this property. NiMnSb, PtMnSb and CoMnSb
have been dubbed half-metals [4], since only for one spin
direction is there metallic conductivity, for the other spin
direction the conductivity is of semiconducting type. In a
ferromagnetic transition metal alloy this half-metallicity
is a very rare property, since usually s or p bands with a
small exchange splitting cross the Fermi energy and con-
tribute states of both spin directions. For several years the
half-Heusler alloys PtMnSb, NiMnSb and CoMnSb re-
mained the only ferromagnetic alloys with half-metallic
character, before starting in 1990 a second group of half-
metallic Heusler alloys, Co,MnSi, Co,MnGe and
Co,Mn(Sb,Sn;_,) were found theoretically [17, 26, 27].
The calculated indirect band gap for the minority carriers
is smaller in these materials than in the half-Heusler com-
pounds [25], for Co,MnSi and Co,MnGe one derives
Eeqpp = 0.81eV and Eg, = 0.54 ¢V, respectively. The
spin-projected density of states for Co,MnGe is depicted
in Fig. 2.

The origin of the gap in the minority spin band is rather
subtle, but recently theoretical calculations revealed the ba-
sic mechanism for the formation of the gap. The d—d hybri-
dization between the transition atoms composing Heusler
alloys is essential for the formation of the gap at Eg. In the
case of half-Heusler compounds (e.g. NiMnSb) the gap is
created by the hybridization and bonding-—antibonding
splitting between the Mn d and the Ni d states. In the case
of full Heusler alloys (e.g. Co,MnGe) the gap originates
from the hybridization of the d states of the two Co atoms
and the subsequent interaction of these hybrids with the
Mn d states [7].

Spin polarized neutron diffraction measurements on bulk
Co,Mn(Si, Ge, Sn) Heusler compounds have been em-
ployed to determine the degree of spin polarization at the
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Fermi level [28]. This method probes the spatial distribu-
tion of the magnetization, details of which depend sensi-
tively on the spin polarization. The results suggest a finite
density of states in the minority spin d band of manganese.
Hence the spin polarization was found to be large, but not
100 %. More recent superconducting/ferromagnetic point
contact measurements on a Co,MnSi single crystal gave a
spin polarization of 55 % [29]. Similarly, the degree of spin
polarization determined from the analysis of spin resolved
photoemission spectra was always found to be significantly
below 100 % [30, 31].

2.4. Order and disorder at interfaces

Although the TMR results show that Heusler-based mag-
netic electrodes are quite promising, the experimentally de-
termined spin polarization is always significantly smaller
than 100 %. This experience leads to the suspicion that at
least for a few monolayers at the interfaces the full spin po-
larization is lost.

Interfaces of the Heusler compounds with other materials
are a very delicate problem for spintronic devices. For spin
injection into semiconductors or for TMR devices the spin
polarization of the first few monolayers at the interfaces is
of utmost importance. A large spin polarization in the bulk
of a Heusler compound does not guarantee that it is a good
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Fig. 3. Magnetic moments for (a) the ideal system and (b) the Mn anti-
site system in Co,MnSi (Co,MnGe) around the defect. Values are
taken from Ref. [18].
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Fig. 4. Total DOS for defective (boldline) and ideal (dashed line)
Co,MnSi with Co antisite. The inset shows the minority DOS at Eg
projected on the different neighbors (denoted as roman numerals) as
one moves away from the Co antisite defect [18].
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Fig. 5. Magnetic moments for (a) the ideal system and (b) the Co anti-
site system in Co,MnSi (Co,MnGe) around the defect [18].

spintronic material, unless it keeps its spin polarization
down to the interfaces. Hence there are various problems
that have to be overcome in order to reach full spin polari-
zation in real devices.

Site disorder within the sublattices of the Heusler com-
pounds disturbs the perfect L2, point symmetry and may
therefore destroy the half-metallicity. An essential question
is, which type of disorder is most detrimental for the spin
polarization. Therefore, the effects of several types of de-
fects in the Heusler alloys Co,MnSi and Co,MnGe have
been studied by model calculations [6]. According to those
calculations, the most frequent defects expected are: 1) Mn
antisites where a Co atom is replaced by Mn, 2) Co antisites
where Mn atoms are replaced by Co, and 3) Co—Mn swaps
with exchanged positions compared to the ideal bulk. Due
to their low formation energy, Co and Mn antisites are
likely to be formed with a concentration as high as 8% [8,
32], whereas Co—Mn swaps exhibit lower defect concen-
trations.

Mn antisite defects are most likely to occur in Co,Mn
(Si, Ge). In this case the total density of states (DOS) shows
a shift of 0.04 eV towards higher binding energies in the
minority spin band, resulting in a small increase of the spin
gap. For this type of antisite disorder the half-metallicity is
kept. However, the Mn magnetic moment is now antiferro-
magnetically coupled to the surrounding Mn spins, leading
to a reduction in the saturation. Figure 3 depicts the region
close to the defect compared with the ideal case, including
the magnetic moments. Since the point defect induced
changes are efficiently screened by the conduction elec-
trons, only the nearest neighbor spins are affected.

Although Co antisites are theoretically expected to occur
in concentrations typically two orders of magnitude smaller
than for Mn antisites, experimentally these two defects are
found to have the same density. The Mn atom sitting on
the Co position leads to a sharp peak in the electron DOS lo-
cated just in proximity to the Fermi level (see Fig. 4) and
therefore destroys the half-metallicity. The calculated spin
polarization for the case presented in Fig. 4 is as low as
6 %. The defect-induced states at the Fermi level are spa-
tially localized, as shown in the inset of Fig. 4. The analysis
of magnetic moments (Fig. 5) shows that in the case of a Co
antisite defect the magnetic moments remain virtually un-
changed and couple ferromagnetically to the surrounding
Co spins.

Co—Mn swaps can be viewed as the sum of two different
Mn and Co atomic antisites. The calculated minority DOS
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is shifted to higher energies, along with a defect-induced
peak located —0.2 eV below the Fermi level, the majority
DOS remains essentially unaffected. Hence the half-metal-
lic character is kept by the Co—Mn swaps. However, the to-
tal magnetic moment per unit cell is drastically reduced by
about 4 .

This low degree of point disorder tolerable for the Heusler
compounds presents a strong experimental challenge, since
in thin films a larger amount of disorder than in the bulk ma-
terial is expected due to lower preparation temperatures. The
best choice to avoid disorder is to grow thin films epitaxially
in the well ordered L2, structure, as has been realized for
Co,MnGe on GaAs [32—34] and MgO [35]. Another possi-
bility to avoid point defects is to find Heusler alloys with par-
ticularly high energies for the defect formation.

For high-performance spintronic devices it is of special
importance to restore the half-metallic ferromagnetism at
the interfaces with an isolator or semiconductor. Theoreti-
cal model calculations were first carried out for NiMnSb/
semiconductor interfaces [36, 37], mainly showing the loss
of half-metallicity at the interfaces, except in the case of
NiMnSb/CdS. Further calculations revealed the presence
of interface states at almost all Heusler/semiconductor con-
tacts [38, 39]. Here, the half-metallicity is destroyed only
for a few atomic layers close to the interface and comple-
tely restored far away from it.

3. Experimental procedures

We have studied the structure and magnetism of the ferro-
magnetic Heusler compound Co,MnGe in high-quality
Co,MnGe/Au, CooMnGe/V and Co,MnGe/AlO, multi-
layers with varying thicknesses of the spacer layer but with
a fixed number of 50 or 30 periods. We used hard X-ray
scattering, soft X-ray resonant magnetic scattering
(XRMS), and polarized neutron reflectivity (PNR). The
samples were prepared by rf-sputtering from solid targets
with proper stoichiometry at a pressure of 5x10~3 mbar
Ar and a substrate temperature of 300°C on Al,03(1120)
substrates, as described in detail elsewhere [40]. Hard X-
ray scattering was performed at the synchrotron facility
HASYLAB, XRMS was carried out at the synchrotron fa-
cility BESSY II using the ALICE chamber [41], and PNR
was done at the Institut Laue-Langevin using the ADAM
reflectometer [42].

4. Resonant magnetic X-ray scattering

The X-ray absorption cross-sections for right and left circu-
larly polarized light at the L, and L3 absorption edges of
magnetic transition metals are different, the difference
being the magnetic signal from the sample referred to as
the X-ray magnetic circular dichroism (XMCD), as sche-
matically depicted in Fig. 6. The element and magnetic sen-
sitivity can also be used for scattering purposes, which is
then referred to as the X-ray resonant magnetic scattering
(XRMS).

Phenomenologically the X-ray scattering amplitude of an
atom can be written in the form

f(Q,0) =f(Q) +f () + if"(w) (1)

where f°(Q) is the atomic form factor, i.e. the Fourier
transform of the charge distribution, /', f” are the real and
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Fig. 6. Picture of the spin-dependent absorption process.

imaginary parts of the dispersion corrections,

Q = 4n/Asin(0) is the magnitude of the scattering vector,
and o is the X-ray frequency. /', f” are energy dependent
and take their extreme values at the absorption edges. Since
the dispersion corrections are usually dominated by elec-
trons in the K or L shell, where the electrons are spatially
confined, their Q dependence can be neglected. The Thom-
son term f°, on the other hand, depends on the scattering
vector. However, at the 2p edges of 3d metals the X-ray
wavelength is large compared to the atomic radius, which
leads to the approximation f°(Q = 0) = Z, where Z is the
atomic charge number. If only dipole transitions are consid-
ered, the total elastic X-ray scattering amplitude can be
written as [43-45]:

f=(g-&)(=rZ+F) +i(e x &) - mFV + (¢ - m)(e; - m)F?

h fa 5
(2)
where with €; ¢ are the unit polarization vectors of the inci-

dent and scattered waves, respectively. The F) functions
are defined as follows:

Y

FO = [FL + Fl] 3)
3
F(l)zg[ﬂl—ﬂl] (4)
F@ _ 3 2F) —F' — F! 5
_871[ 0 —1 1] ()

The unit vector m points along the direction of the local mag-
netic moment, which defines the quantization axis of the sys-
tem. The functions F*!? are strongly energy dependent reso-
nant strengths for the dipole transitions. The first term in
Eq. (2) refers to non-resonant and resonant charge scattering.
The second term is first order in the magnetization and yields
a circular dichroic signal, whereas the third term is second
order in the magnetization causing linear dichroism. The
XRMS experiments reported here used the L-MOKE geo-
metry, where the magnetization lies along the sample surface
within the scattering plane. To probe this magnetization, cir-
cular polarized light is needed. The polarization vectors can
be written as a linear combination of ¢, and ¢,

1 .
€y = ¢% (€5 £ i€n) (6)
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where €, and ¢, refer to the polarization vectors parallel and
perpendicular to the scattering plane, respectively, and the
positive sign indicates right circular polarization. The re-
fractive index is related to the scattering amplitude through

r 2
1= () =3 pfi0.0=0) ™)

where p; is the number density of species i in the sample
and fi(w, Q = 0) is the corresponding scattering amplitude
in the forward direction k; = k¢ [46]. It can be shown that
the classical optical approach and the quantum-mechanical
description are equivalent with respect to the dipolar transi-
tions [47]. However, for the simulation of specular reflec-
tivity from ferromagnetic multilayer systems an algorithm
based on magneto-optics is more convenient, since it allows
for the application of a standard dynamic approach. The re-
quired refractive index of a material can be completely in-
ferred by an absorption experiment. The refractive index is
commonly split into real and imaginary parts according to

ne=1-0.+if, =1 — (0£AI/2) +i(BLAB/2)  (8)

where ¢ and [ are the dispersive and absorptive contribu-
tions, respectively, and Ad and Af are the corresponding
magnetic contributions to the refractive index. According
to the optical theorem, the imaginary part 5 of the complex
refractive index is directly proportional to the absorption
coefficient u,

By = ps/(2k) 9)

where £ is the photon wavevector and the index refers to po-
sitive (+) or negative (—) circular polarization. If the en-
ergy dependence of f is known, the modified Kramers—

Kronig relations
ﬂ El + ﬂ E/
94 (E) +0-( P/ B E2( ) 4

(10)

_2E, [CBE) - f (E) ( ")
/ E/Z dE' (11)

can yield the dispersive contribution ¢ to the refractive in-
dex. P denotes the principal value of the integral [48].

X-ray resonant magnetic scattering allows for the deter-
mination of element-specific chemical and magnetic depth
profiles of layered structures [49—51]. These profiles can
be obtained by a quantitative analysis of specular reflectiv-
ity measurements, usually performed by numerical simula-
tion. The calculation of the reflectivity needs a dynamic ap-
proach, since total and multiple reflection effects cannot be
neglected. Lee et al. have given a theoretical formulation of
X-ray resonant magnetic scattering [52, 53] from rough sur-
faces and interfaces within the distorted-wave Born approx-
imation. A matrix based formalism for magneto-optics with
arbitrary magnetization direction has been developed by
Zak et al. [54—56]. It offers the possibility to calculate the
specular reflectivity without any restrictions to the geome-
try, i.e. the magnetization direction, angle of incidence
and polarization.

For the present XRMS measurements circularly polar-
ized light in the energy range of 600—900 eV was used. A

S, (E) —0_(E) =
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magnetic field was applied in the scattering plane along
the sample surface either parallel or antiparallel to the
photon helicity, which corresponds to the longitudinal mag-
neto-optical Kerr effect (L-MOKE) geometry. The maxi-
mum field was £ 1.1 kOe, high enough to fully saturate
the ferromagnetic Co,MnGe layers. The magnetic contri-
bution to the scattered intensity was measured by reversing
the magnetic field while keeping the photon helicity fixed.
For more details we refer readers to Refs. [57, 58] and refer-
ences therein.

5. Polarized neutron reflectivity

As the wavevector transfer is small in neutron reflectivity
(NR) experiments, the layer average nuclear and magnetic
density profile normal to the surface is probed. If the neu-
tron polarization, i.e. the neutron magnetic moment is fixed
and the polarization state of the scattered neutrons is ana-
lyzed before the detector, NR is called polarized neutron re-
flectivity (PNR). In our experiments four reflectivity curves
are measured, denoted as R"",R™~",R"",R~". Here the
first index ‘+° or ‘=’ refers to the incident neutron spin state,
and the second index to the neutron spin state after reflec-
tion from the sample. The reflectivities R and R~ are
those without a change in the spin state and are called non-
spin-flip (NSF) channels, whereas R*~ and R~ are spin-
flip (SF) channels. The scattering geometry for PNR studies
is schematically depicted in Fig. 7. The y-axis is the quanti-
zation axis for the neutron magnetic moment zy, which is
interacting with the in-plane magnetic induction B in the
sample. For specular reflectivity a; = a5 holds and the scat-
tering vector Q, is parallel to the z-axis and perpendicular to
the surface.

In the dynamic theory, the scattering of polarized neu-
trons can be calculated in an exact way, starting from basic
equations. By fitting a model reflectivity to the measured
polarized neutron reflectivities, the depth-dependent mag-
netization profile can be derived in addition to structural in-
formation like film thickness and interfacial roughness.

Considering the two possible eigen-states of the neutron,
the particle behavior is formally described by a two-compo-
nent vector of states, i.e. ¥(z) = (¥1(z), ¥-(z)), Y+(2)
for neutrons polarized parallel to the y-direction, and

il

Fig. 7. Scattering geometry for PNR studies. The y-axis is the direc-
tion of the applied field and therefore also the quantizitation axis for
the neutrons and the non-spin-flip axis, while the x-direction is the
spin-flip axis. For specular reflectivity studies the scattering vector Q
is parallel to the z-axis.
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¥ _(z) for neutrons polarized antiparallel to the y-direction.
The specular scattering of polarized neutrons is then de-
scribed by a pair of coupled, second order differential equa-
tions:

6%2 Y. (2) + (% - 2;_1—21 Vi (Z)) Y. (2)
2m
FV+,(Z) Y _(z)=0 (12)
0 Q> 2m
2P+ (4;12V_‘<Z)> ¥_(2)
2m
~ V@) =0 (13)

where the total scattering potential seen by the neutrons can
be written as an operator V:

Vi Vi_ 27h? b, 0 b, b
++ V4 _ nh N n 4 'y X (14>
V.,V __ m 0 b, by — b,

Here m is the neutron mass, % is the Planck constant, b, is
the coherent neutron scattering length, and the non-diago-
nal elements Vi o by = by, sin @ are proportional to the
component of magnetic induction perpendicular to the po-
larization axis. The diagonal elements V. o< (b, £ by) de-
pend on b, = by, cos 0, i.e. on the inductance component
parallel to the y-axis, where by, can be considered as the
magnetic scattering length.

Some conclusions can directly be drawn without solving
the Schrodinger equation. When the off-diagonal elements
of the scattering potential V;; with i # j are zero, Eqs. (12)
and (13) are decoupled and only NSF scattering occurs. In
this case the vector of the magnetic induction of the sample
B has to be oriented along the y-axis. Alternatively, if the
magnetization is aligned parallel to the x-axis, V;; with
i =j are zero and the V, _, V__ potentials flip the neutron
spin from up to down and vice versa. Thus quantitative ana-
lysis of all four scattering channels in a PNR experiment al-
lows for the determination of the magnitude and orientation
of the magnetic induction in the sample.

For the analysis of the measured reflectivities some im-
portant points should be noted here. The diagonal elements
of the scattering potential V, and V__ contain nuclear as
well as magnetic contributions, whereas V,_ and V_ are
solely of magnetic origin. As the ‘up’ and ‘down’ neutrons
experience different scattering potentials when interacting
with a ferromagnetic sample, the critical vector for the total
reflection Q. has to be modified. For the case of NSF scat-
tering Q. is given by [59]

0F = \/167p,(by £ by) 2 (15)

Here =+ refers to the up and down spin polarization, and Z is
a unit vector pointing in the direction of the scattering vec-
tor normal to the surface.

For an angle @ of the magnetization vector with respect
to the y-axis, the difference

R™™ — R~ =2bycos x 2B, (16)
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is proportional to the y-component of the magnetization
vector, whereas the spin-flip reflectivities are degenerate,
and

R™ +R " =2bysin?0 < B? (17)

is proportional to the square of the x-component of the mag-
netic induction.

The solution of Eqgs. (12) and (13) will not be given here,
but several algorithm to simulate PNR data have been pro-
vided in the literature [60—62], among them the superma-
trix (SM) method and the matrix-recursion (MR) formalism
[63—67]. These are based on a generalized Parratt formal-
ism. A potential well structure composed of slabs of con-
stant potential is assumed. Then all transmitted and re-
flected amplitudes are calculated via recursion. Interface
roughness can be realized numerically by a slicing method
[68], where the interface region is divided into different
layers with sharp boundaries and constant potentials.

6 Scattering results of Heusler alloy multilayers

Using specular and off-specular hard X-ray reflectivity we
have found that in CooMnGe/Au multilayers at the inter-
faces correlated roughness dominates and interdiffusion is
negligible, whereas in Co,MnGe/V multilayers the rough-
ness is uncorrelated and dominated by interdiffusion. In
Co,MnGe/AlO, multilayers, in contrast, the interfaces are
very sharp, roughness and interdiffusion is negligible. A
typical hard X-ray reflectivity scan from a [Co,MnGe
(3 nm)/Au (3 nm)] 5o multilayer is shown in Fig. 8. Here
the subscript refers to the number of double layers and the
layer thicknesses are nominal thicknesses. A theoretical fit
to the data by the Parratt formalism (solid line) yields 2.29
(0.4 nm) nm and 2.93 nm (0.3 nm) for the Au and Heusler
layer thicknesses (mean square interface roughness param-
eters), respectively.

With XRMS methods we have again recorded the reflec-
tivity curves, but now with the incident circularly polarized
X-ray beam tuned to the corresponding L3 absorption edges
of Co and Mn. The results are shown in Fig. 9. Included in
this figure is, for comparison, the hard X-ray scan of the
same multilayer. In the next step the scattering angles are

10?[ '|

[ 1

> 10°F 1
2 r 1
£ 10°F ]
ST i
0T £ so4sev !

0 2 4 6 8 10 12

Q,(hm™)

Fig. 8. Hard X-ray reflectivity from [Co,MnGe 2.3 nm/Au 3 nm]y 5o
multilayer. The solid line is a fit to the data points.
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frozen to one of the multilayer Bragg peaks and the incident
photon energy is scanned across the region of the L, and L3
absorption edges. These energy scans reveal the element-
specific magnetic moment density profiles within the
Co,MnGe layers [47, 57]. In Fig. 10 we show for the
Co,MnGe/Au multilayers the charge intensity (I7 +17)/2
and the magnetically sensitive asymmetry (IT —17)/
(It +I") for the first three Bragg peaks at the Co L, 3 ab-
sorption edges. These spectra are very rich in structure due
to convolution of charge and magnetic intensity and there-
fore not easy to analyze. However, from the sign depen-
dence of the asymmetry some straightforward conclusions
can be drawn about the non-ferromagnetic layer thickness,
as shown by model calculations discussed in [57]. Accord-
ing to the asymmetry at the photon energy of 775 eV, which
is (+.—+) for the first, second, and third order Bragg peak,
one can conclude by comparison with model calculations
that the non-ferromagnetic interlayer must have a thickness

3
: 8 1
s F |
£ 1™Lo 3
3 r 1
g £ »Mn
S ¥ E
2 F
Z ]
g F 1
£ [——E=8048eV E
~ [—=—E=780eV(Co) 3
F —— E =637 eV (Mn) :
0 1 5 3 4
Q,(hm)

Fig. 9. Soft X-ray reflectivity from the same [Co,MnGe (3 nm)/Au
(3 nm)] 505 multilayer as shown in Fig. 8, but with X-ray energies
fixed to the Co and Mn Lj edges, respectively. The top plot is a repro-
duction of the hard X-ray scan shown in Fig. 8.

of about 1 nm. For a more refined estimate the energy-de-
pendent intensities and asymmetries need to be modeled
within a magneto-optical matrix formalism, as done for
Co,MnGe/Au in [57].

We find for all three types of Heusler multilayers that the
magnetic moment density profiles determined for Co and
Mn are definitely different. Moreover, they are narrower
than the chemical density profiles, indicative of reduced
moments at the interfaces and asymmetric profiles with re-
spect to the growth direction. For Co,MnGe/Au multilayers
at room temperature a non-ferromagnetic interface layer
exists with a thickness of about 0.6 nm at the bottom and
0.45 nm at the top of the Co,MnGe layers; for Co,MnGe/
V multilayers at the bottom and the top the corresponding
thicknesses are 0.5nm and 0.35 nm, respectively. In
Co,MnGe/AlO, multilayers the respective thicknesses are
1 nm and 0.5 nm. This enlarged thickness is plausible, since
on an amorphous AlO, layer it is most difficult to grow an
ordered L2, structure with full magnetic moment. There-
fore, the layer averaged magnetic moment in Co,MnGe/
AlO, multilayers has the lowest value of about 2pg/f.u.,
compared to 2.25 pg in CooMnGe/V [69], and 2.35 pg in
Co,MnGe/Au [57].

We have also studied the interface quality and magneti-
zation profile of Co,MnGe/V and Co,MnGe/AlO, multi-
layers via PNR. In Fig. 11 intensity maps are shown as a
function of incident and exit glancing angles «; and oy, re-
spectively. The specular reflectivity runs along the diagonal
a; = ay. The left panel shows the intensity map for a
[Co,MnGe (3 nm)/V (3 nm)]so multilayer. In this map, tak-
en with an unpolarized incident neutron beam at zero field,
the first order Bragg peak occurs at angles o; = oy = 2.5°.
In addition, a half order antiferromagnetic (AF) Bragg peak
at angles o; = oy = 1.25° occurs at temperatures below 30
K. The antiferromagnetic coupling observed here is not
due to oscillatory interlayer exchange coupling. It is rather
due to a weak Néel-type coupling promoted by stray fields

Charge glm. //! 1.8P fgmn / 2.8p %mn / 3_ap!
g : g i g 10
& i +17 - ol : L Rl \k- | Fig. 10. Charge scattering and asymmetry for
& Z o 1 &1 1  the first three Bragg peaks of the Co,MnGe/
2 ;E % ;Em ] Au measured close to the L, and L3 reso-
= iy ; . = 2"3". i i o . i . nances. 1. BP, 2. BP, and 3. BP refer to the
i L : : : : g : : LI "] first, second and third Bragg peak, as shown
P s — 10 g )
Magne“C g ol ey &_‘ 210 M £ z in Fig. 9. The dots represent measured data,
%‘ g %‘ 0 e %“ 0 the lines are model calculations. The theoreti-
I+ - I_ E St E ol E .l cal charge intensity curves in the top panels
- 5 & b Z 0l ] are shifted down for clarity.
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Fig. 11. Neutron reflectivity maps of Heusler
alloy multilayers. (a) Reflectivity map of
[Co,MnGe (3 nm)/V (3 nm)]so multilayer; (b)
Reflectivity map of a [Co,MnGe (3 nm)/AlO,
(9 nm)]5o multilayer.
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from the magnetic domains in the multilayer. The AF peak
exhibits a pronounced streak perpendicular to the specular
reflectivity ridge into the off-specular regime. This streak
indicates highly correlated AF-coupled magnetic domains,
which have a lateral size of about 3 pm, as determined by
simulation of the off-specular diffuse intensity. In contrast,
[Co,MnGe (3 nm)/AlO, (9 nm)]so multilayers only show a
random distribution of magnetic clusters at high tempera-
tures, which can be aligned below the blocking temperature
of about 100 K in a high magnetic field. In Fig. 11b the cor-
responding intensity map is shown, using an incident (+)
polarized beam without polarization analysis of the exit
beam. The map was recorded at 10 K in a field of 1.3 kOe.
Due to the much larger period of this multilayer and the in-
creased scale, four orders of Bragg peaks can be recog-
nized, which are due to the chemical and magnetic periodi-
city. There is no AF half order peak nor off-specular
intensity, indicating that neither correlated structural nor
correlated magnetic roughness is of any significance. We
have also probed the diffuse scattering at low temperatures
in remanence. The lack of appreciable diffuse scattering at
10 K indicates that the magnetic clusters are rather small
and that they are uncorrelated.

In Fig. 12 we reproduce the specular R™" and R~ re-
flectivity data for a [Co,MnGe (3nm)/AlO, (9 nm)]so mul-
tilayer taken at 10 K and in a high field of 1.3 kOe. Under
these conditions the sample is in saturation and ferromag-
netic splitting between the R™* and R~ ~ reflectivities can
easily be recognized. Note that the R™ and R~ ~ intensities
cross beyond the third order Bragg peak. This is a clear sign
for an asymmetric magnetization profile. In fact, we find
the best fit to the data points assuming a magnetization pro-
file of the Heusler layer with a 1.2 nm thick non-ferromag-
netic layer at the bottom and a 0.5 nm non-ferromagnetic
layer at the top. This asymmetry is similar to the other
Heusler multilayers discussed above, but with a thicker
non-ferromagnetic interface layer.

After saturation the [Co,MnGe (3 nm)/AIO, (9 nm)]sq
multilayer at low temperatures in a high field, we have re-
moved the field and rotated the sample by 90°. In this case
the remanent single domain state has a magnetization vec-
tor pointing along the spin-flip (SF) axis for polarized neu-
tron scattering. The results are shown in Fig. 13. Parallel

10"k

Intensity (arb. units)

10‘5|.|.|,|.|.:.|.|.|

8 10 12 14 16
20 (deg)

Fig. 12. Specular polarized neutron reflectivity of a [Co,MnGe

(3 nm)/AlO; (9 nm)]so multilayer. The intensity crossing of the R*™*

and R~ at the fourth Bragg peak is an indication for an asymmetric
density profile.
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Fig. 13. Specular polarized neutron reflectivity of a [Co,MnGe
(3 nm)/AlO, (9 nm)]so multilayer. The NSF reflectivity is solely due
to the nuclear profile, while the SF reflectivity is entirely due to the
magnetic profile. The separation of nuclear and magnetic scattering is
achieved by first saturating the sample parallel to the y-axis and then
rotating the sample in remanence, such that the magnetization vector
isoriented parallel to the x-axis (SF-axis).

to the NSF direction, the ferromagnetic splitting between
the R™" and R~ ~ specular reflectivities vanishes, whereas
strong SF scattering occurs, which is of pure magnetic ori-
gin. With this technique, the nuclear density profile (NSF)
and the magnetic density profile (SF) can be separated and
directly be compared. The Bragg peaks are shifted slightly
against each other because of refractive effects in the NSF
reflectivities. The shapes of the Bragg peaks are slightly
different for NSF and SF scattering, indicative of different
nuclear and magnetic density profiles in this multilayer.

7. Discussion and conclusions

The combination of hard X-ray scattering, soft X-ray reso-
nant magnetic scattering, and polarized neutron reflectivity
provides us with a wealth of detailed information on the
structural properties (layer thickness, interface roughness,
interdiffusion) and the magnetic properties (element specif-
ic magnetization profiles, magnetic domain state, and inter-
layer antiferromagnetic coupling). From hard X-ray scatter-
ing we find the layer thicknesses and the interfacial
roughnesses. Resonant magnetic soft X-ray scattering pro-
vides the layer and elemental resolved profiles of the mag-
netic moments normal to the layers, which for the analysis
of the Heusler alloys is essential to distinguish between the
Co and Mn magnetization profiles. With polarized neutron
reflectivity the average layer magnetization vector is
probed and off-specular magnetic scattering yields infor-
mation on the domain size distribution at remanence.
Furthermore, any correlation normal to the layers can easily
be recognized, such as the antiferromagnetic coupling in
[Co,MnGe (3 nm)/V (3 nm)]sy multilayers at low tempera-
tures. Another important advantage of polarized neutron re-
flectivity is the fact that in the spin-flip channel the mag-
netic scattering can be separated from the nuclear
scattering. A similar separation of charge and magnetic
scattering is not possible in the case of resonant magnetic
X-ray scattering.
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Fig. 14. Schematic profile of the interface region for Heusler/spacer
multilayers.

We find for all Heusler multilayers a reduced magnetiza-
tion at the interfaces, not only at the lower interface where
the growth starts, but also at the top interface after covering
with the spacer layer. In all cases, this interfacial layer with
reduced magnetization is thicker at the bottom than at the
top. For the [Co,MnGe/AlO,]so Heusler multilayer this ef-
fect is most pronounced. The interfacial profile at the top
and bottom interfaces is shown schematically in Fig. 14.
The non-magnetic layer close to the interface is referred to
as bec, as the random alloy has bec structure and no mag-
netic moment. The intermediate layer is referred to as disor-
dered L2, since the magnetic moments are reduced due to
antisites. The exact nature of the antisites could not be ana-
lyzed by the methods employed here. The center Heusler
layer is labelled as L2, as this layer exhibits the highest
magnetic moment, close to the expected moment for the
bulk ordered phase.

In the past magnetic tunnel junctions have been produced
with one Heusler layer only where the top electrode is a fer-
romagnetic transition metal, for instance Co,MnGe/AlO,/
Co [70, 71]. In this case the bottom Heusler layer can be
grown under optimized conditions on a single crystalline
substrate, while the top layer shows ferromagnetism irre-
spective of the crystal quality. However, in a tunnel junc-
tion with two Heusler layers such as Co,MnGe/AlO,/
Co,MnGe the top Heusler layer has to be grown on the
amorphous AlO, barrier layer. This will immediately cause
growth problems which severely hamper the magnetization
and spin polarization at the AlO,/Co,MnGe interface. The
way out of the problem is the use of single crystalline tunnel
barriers, such as MgO. Indeed with the use of MgO tunnel
barriers, very high values for the tunneling magneto-resis-
tance have recently been observed [72].

We gratefully acknowledge financial support by the DFG via SFB 491
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