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We have studied [Co,MnGe/V]y multilayers with a thickness of the V layers #y between 1.5 and 10 nm and
a fixed thickness of the Heusler layer lConnGez?’ nm by x-ray scattering, neutron reflectivity, and magnetiza-
tion measurements. In the thickness range vy <3 nm neutron reflectivity results provide clear evidence for an

antiferromagnetic (af) interlayer long-range order below a Néel temperature Ty. The interlayer long range
order does not show an oscillating character and is stabilized by a weak af coupling field H,=~ 100 Oe. We
attribute the af coupling to magnetic dipolar stray fields originating from magnetically rough surfaces of a
granular Co,MnGe microstructure. In the thickness range ;=4 nm the multilayers undergo a cluster glass
transition at 7= 150 K. At high temperatures above Ty or T} the mutilayers are superparamagnetic with a huge

cluster magnetic moment g, = 10°ug.
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I. INTRODUCTION

In recent years an upsurge of interest has been noticed in
ferromagnetic metals with 100% spin polarization at the
Fermi level due to their potential in the rapidly evolving field
of spintronics.! Electronic energy band structure calcula-
tions revealed the possible existence of several fully spin
polarized Heusler compounds, among them PtMnSb,
NiMnSb,* Co,MnGe, Co,MnSi,> and Co,Cr,¢Fe,4ALS The
Heusler compounds Co,MnSi and Co,MnGe combine a high
ferromagnetic Curie temperature (960 K and 900 K, respec-
tively) and a high volume magnetization. Therefore, they are,
in principle, ideal materials for applications in spinelectron-
ics, such as spin injection into semiconductors, tunneling
magnetoresistance (TMR),” and giant magnetoresistance
(GMR)® elements. However, experimentally the realization
of full spin polarization in thin films of the Heusler com-
pounds is a difficult task. Until now the degree of spin po-
larization measured experimentally is always definitely less
than 100%.°!! The reason for this reduction is usually asso-
ciated with site disorder in the ordered ternary Heusler com-
pounds, since only the perfectly ordered alloy (space group
L2,) develops a gap in the minority spin band.>'? Interfaces
in thin film heterostructures combining the Heusler alloys
with other materials are of utmost importance for spintronic
devices. However, these compounds are prone to interdiffu-
sion and site disorder, which both have the tendency to sup-
press the full spin polarization.>!?

We have started systematic investigations of metallic mul-
tilayers of the Heusler phase Co,MnGe with other metals
like V, Au, and Cr.'? The aim of this research is twofold. On
the one hand, high quality multilayers or superlattices are
ideally suited to study the structural quality of interfaces by
x-ray or neutron reflectivity methods. On the other hand, we
were interested in the basic question whether an oscillatory
interlayer exchange interaction (IEC), which exists in most
magnetic/nonmagnetic multilayer systems of the transition
metals,!* can also be observed in Co,MnGe-based multilay-
ers. In the case of a positive answer one could, e.g., prepare
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antiferromagnetically coupled multilayers with a presumably
large GMR effect.

In fact, of the many different multilayer systems we have
studied up to now,"* we found only in the [Co,MnGe/V]
system first indications from magnetization measurements
that an antiferromagnetic interlayer coupling might exist.
This was confirmed later by preliminary neutron reflectivity
measurements.'> In the present paper we will report on a
detailed investigation of the magnetic ordering phenomenon
in [Co,MnGe/V] multilayers with variable V thickness. It
will turn out that the interlayer magnetic ordering is uncon-
ventional and definitely different from the IEC mechanism.
The magnetic order is directly related to the peculiarities of
the magnetism in very thin Heusler layers.

This paper is organized as follows: In Sec. II we describe
the sample preparation and introduce the experimental meth-
ods applied. Section III contains a characterization of the
multilayer structure using specular and off-specular x-ray
scattering measurements. In Sec. IV we report on the mag-
netic properties with special emphasis on a quantitative in-
terpretation of off-specular magnetic neutron scattering and
derive a magnetic phase diagram. In Sec. V we discuss the
microscopic origin of the magnetic ordering phenomenon in
[Co,MnGe/ V], multilayers, Sec. VI provides conclusions
and a summary.

II. SAMPLE PREPARATION AND EXPERIMENTAL

The samples used in this study were grown by dual source
radio frequency (rf)-sputtering at a pressure of 35
X 1073 mbar Ar and a substrate temperature of 300 °C on
Al,O5 a-plane, as described in detail elsewhere.!*> We pre-
pared a series of multilayers with a constant nominal thick-
ness of the Co,MnGe layers tConnGe=3-0 nm and variable V
interlayer thicknesses ty=1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and
10.0 nm. The number of bilayers was 20 for ty=1.5, 4.0, and
10.0 nm and 50 for the other multilayers. In Table I the
growth parameters of the samples are listed. One should note
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TABLE L. Overview of the structural parameters for the [Co,MnGe(tco mnGe)/ V(tv) ]y multilayers with
the nominal thickness (first row), the number of periods N (second row), the experimental thickness (third
row), and the total rms roughness parameters derived from the x-ray reflectivity data (see main text).

Nominal thickness

Experimental thickness

rms roughness

ty (nm) fCo,MnGe (NM) N ty (nm) fCo,MnGe (NM) oy (nm) O Co,MnGe (NM)
1.5 3 20 1.45 2.9 0.4 0.4
2 3 50 2.35 3.0 0.5 0.65
2.5 3 50 3.0 3.0 0.75 0.55
3 3 (#1) 50 34 34 0.65 0.85
3 3 (#2) 50 2.8 2.9 0.85 0.9
4 3 20 3.8 3.0 0.9 0.75
5 3 50 5.0 2.9 0.95 0.7

that for =3 nm we have prepared two samples with
slightly different preparation conditions. The samples are re-
ferred to as #1 and #2 in the figures below.

The magnetic measurements of the samples were carried
out by a commercial SQUID-magnetometer (Quantum De-
sign MPMS system). The chemical structure of the multilay-
ers was characterized by x-ray scattering at the beamline W1
at the HASYLAB (Hamburg, Germany) using a diffracto-
meter with a standard two circle setup. The photon energy
was chosen to be hv=8048 eV, corresponding to Cu K« ra-
diation (A=0.154 nm) or hvr=7000¢eV (A=0.177 nm),
which yields a slightly better contrast of the scattering
lengths.

We have studied specular and diffuse (off-specular) scat-
tering in the small angle regime combining longitudinal Q,,
offset Q., and transverse Q, scan geometries (see Fig. 1).!
The specular intensity was collected using standard 6-26
scans along Q. (with z as growth direction). A structurally
well-defined multilayer periodicity gives rise to Bragg peaks
at Q.=2mn/A, where A is the bilayer thickness and n is an
integer. Interdiffusion at the interfaces leads to diffuse inten-
sity, which is not localized along the Q, direction, but
spreads out in the reciprocal space. To map out diffuse scat-
tering, offset Q. and Q, scans were taken. The offset Q. scan
corresponds to the longitudinal Q, scan, but with the sample

FIG. 1. X-ray and neutron scattering geometry in reciprocal
space for (a) a specular reflectivity (6—26 scan, Q,=0) and (b)
diffuse scattering (Q, scan, Q, constant). Bragg peaks in the specu-
lar reflectivity and diffuse Bragg sheets are schematically shown as
dots and dotted lines, respectively.

rotated by A@ from the specular direction, such that only
diffuse intensity is collected (see Fig. 1). If the interface
roughness of the multilayers is correlated along the growth
direction, the features of the specular scan will be replicated.
Transverse Q, scans at the Q, position of the multilayer
Bragg peak give information on the in-plane correlation
length and correlated roughness.!'”!8 If the probed Q, regime
is large enough, it is possible to distinguish between short-
range disorder, resulting from roughness and long-range dis-
order e.g., from terracing. Experimentally these scans are
often realized by rocking scans, i.e., fixing the scattering
angle 260 and varying «; and a; so that a;+a,=const. If
Q,/Q, is small, these scans approximate Q, scans in recip-
rocal space. With the help of appropriate software it is also
possible to perform proper Q, scans, which we preferred for
our measurements.

In order to obtain information on the in- and out-of-plane
crystalline structure, high-angle out-of-plane Bragg scans
and grazing incidence in-plane Bragg scans using Cu Ka
radiation were carried out.

Unpolarized and polarized neutron reflectivity (PNR)
measurements were performed to identify and characterize
the magnetic structure of the multilayers. We obtained these
data at the Institute Laue-Langevin in Grenoble (France)
mainly with the ADAM reflectometer,'® but also with the
EVA instrument.”® The reflectometer ADAM is an angle dis-
persive fixed wavelength machine working at A=0.44 nm.
Transmission supermirrors allow the polarization and analy-
sis of the neutron spin direction. Using 180° spin flippers it is
possible to measure the non-spin-flip (NSF) [(++) and
(——)] and spin-flip (SF) [(+—) and (—+)] scattered inten-
sities, which are collected by a 2D position sensitive detec-
tor. The efficiency of spin-polarizing and analyzing devices
is typically 97%. A displex cryostat and a solenoid serve for
a temperature range from 10 to 600 K and a field range up to
1 T. We used the ADAM reflectometer for polarized and
unpolarized reflectivity studies applying the same scan ge-
ometries as in the x-ray experiments (see Fig. 1).

In the polarized neutron reflectivity scans all four cross
sections (++), (——), (+—), and (—+) are measured. Here
+(—) designates the up (down) spin polarization of the inci-
dent and reflected neutrons relative to an applied field at the
sample position defining a polarization vector P, here paral-
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FIG. 2. X-ray reflectivity scan of a [Co,MnGe(3 nm)/
V(2 nm)]s, multilayer measured at 27v=7000 eV. The open sym-
bols denote the measured intensity. The simulation is shown by the
full line, which is offset by a constant factor from the experimental
data for clarity reasons. The filled circles (bottom curve) show the
corresponding off-specular scan (6—0.3°).

lel to the sample plane. The non-spin-flip intensities contain
information on the chemical structure and are sensitive to the
projection of the in-plane magnetization of the sample paral-
lel to P. This leads to a splitting of the (++) and (——)
intensities, if the sample is ferromagnetic. The spin-flip chan-
nels are sensitive to the magnetic induction projected perpen-
dicular to P. The spin flip is of pure magnetic origin and does
not occur in coherent nuclear scattering. By measuring SF
and NSF reflectivities the magnitude and orientation of the
in-plane magnetic induction B=47M of the sample can be
determined.

III. STRUCTURAL CHARACTERIZATION

In Fig. 2 we show the small angle x-ray reflectivity scan
and the corresponding off-specular (6—0.3°) scan of a
[Co,MnGe(3 nm)/V(2 nm)]s, sample with a nominal thick-
ness (as calculated from the sputtering rates) of 3 nm for
Co,MnGe and 2 nm for V. The data were taken at hv
=7000 eV. Specular and off-specular data are scaled to the
same intensity, allowing a direct comparison. Above the criti-
cal angle for total reflection 6, the superstructure gives rise
to Bragg peaks superimposed on the Fresnel reflectivity. We
observe sharp superlattice reflections up to fourth order, re-
vealing good interface quality and low fluctuations of the
layer thickness. The off-specular data mainly replicate the
specular one, indicating a significant correlated roughness
along the growth direction. The simulation using the Parratt
formalism?! (see Fig. 2) reproduces the thickness of the lay-
ers as well as their total rms roughness. (We refer to the
roughness as fotal, because it contains correlated and uncor-
related parts, which cannot be distinguished by Q. scans.) In
good agreement with the nominal thickness we get ty
=2.35 nm and ¢, mnge=3.0 nm. The interface roughness is
oy=0.5 nm and oCOZMnGe=O.65 nm. These values are gener-
ated by the Parratt formalism from the spatial profile of the
scattering length density; the interfacial roughness is in-
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FIG. 3. (Color online) Two-dimensional (2D) map of the x-ray
intensity  scattered from the [Co,MnGe(3 nm)/V(2 nm)]s,
multilayer as a function of the angle of incidence «; and scattering
ay, respectively. The logarithmic intensity color scale is shown on
the right-hand side.

cluded by varying the density with an error function. For the
[Co,MnGe/V] multilayers we find that the scattering length
densities in the V layers as well as in the Co,MnGe layers
deviate slightly from their bulk value.

Additional information on the in-plane structure of the
interfaces and their correlations can be obtained by analyzing
the diffuse scattering. One important parameter which can be
derived is the in-plane correlation length £.!7'® In Fig. 3 we
show a 2D map with the logarithm of the reflectivity con-
tours plotted as a function of x-ray incident (¢;) and exit
angles (). The diagonal ridge at a;=ay is the specularly
reflected intensity. If the interfacial roughness is perfectly
correlated in the vertical direction, the diffuse intensity along
Q. would be peaked at the Bragg conditions, visible as Bragg
sheets. For random perpendicular roughness, the diffuse in-
tensity will be spread out uniformly in Q..!”-!8 The multilay-
ers studied here have a roughness correlation somewhere be-
tween these limiting cases. The Bragg sheets can easily be
identified. The perpendicular roughness correlation exists,
but the intensity is low, indicating that random roughness is
predominant.

Figure 4 shows a transverse Q, scan of the sample
[Co,MnGe(3 nm)/V(2 nm)]s, together with a simulation.
The Q, scans of the multilayers are usually taken at the Q,
values corresponding to the second-order Bragg peak. The
experimental data are corrected for footprint effects arising
from the fact that the probed volume of the sample changes
with the angle of incidence. Besides the Yoneda wings, other
optical features arising from the multilayer periodicity are
visible. For the simulation we used the Mingh model,*
which describes an intermediate case between uncorrelated
and completely correlated roughness and assumes that verti-
cal correlations do not depend on the lateral scale of the
roughness. The parameters used for this model are the verti-
cal correlation length L, the horizontal correlation length L,
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FIG. 4. Transverse Q, scan of the [Co,MnGe(3 nm)/
V(2 nm)]s, sample at the position of the second-order Bragg peak
at Q,=2.4 nm™! (dots) together with a fit within the Mingh model

(Ref. 22) (line).

and the “jaggedness” parameter /. The vertical correlation
was taken from the out-of-plane coherence length obtained
from large angle diffraction (see below). The jaggedness and
the in-plane correlation length are left as the only free pa-
rameters, h being a value between 0.1 and 1. For small A
values the surface is extremely jagged; if h=1, the surface
has smooth hills and valleys.'® Best fits could be achieved
for L,=20 nm and h=1. We attribute the horizontal correla-
tion length to long-range disorder from grain boundaries.
Information on the crystalline structure of the multilayers
is obtained by large angle diffraction. In Fig. 5 a longitudinal
scan of the sample [Co,MnGe(3 nm)/V(2 nm)]s, at A\
=0.177 nm is depicted. The multilayer possesses pure (220)
out-of-plane texture for Co,MnGe as well as for the V layers.
Aside from the fundamental Bragg peak, the multilayer ex-
hibits a rich satellite structure caused by chemical modula-
tions. The spacing derived from the position of these satellite
peaks corresponds exactly to the chemical modulation as de-
termined from reflectivity measurements. Satellite peaks up
to the order /=+2 and [=-3 can be resolved, indicative for a
coherently grown superstructure in the growth direction.

2
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FIG. 5. Out-of-plane x-ray Bragg scan of the

[Co,MnGe(3 nm)/V(2 nm)]sy, multilayer at A=0.177 nm.
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FIG. 6. Hysteresis loops of the multilayers [Co,MnGe(3 nm)/
V(3 nm)]sy #1) (a) and [Co,MnGe(3 nm)/V (4 nm)],,
(b) measured at different temperatures indicated in the figure. The
mass in the magnetization unit refers to the magnetic layer only.

From the width of the satellite peaks at half maximum
(FWHM) A(20) we derive the out-of-plane coherence
length of the multilayer D, using the Scherrer equation
Dn=0.89N/[A(20)-cos(0®)].>> We estimate D,,,=13 nm,
thus comprising about two superlattice periods. The funda-
mental Bragg peak in Fig. 5 is positioned at 20=49.75°, i.e.,
at the middle position between the V (110) Bragg peak at
20=48.8° and the Co,MnGe (220) peak at 20=51.6°, as
expected for a coherently strained multilayer. As revealed by
in-plane rocking scans, all samples exhibit a broad distribu-
tion of in-plane Bragg peaks. Thus the samples can be char-
acterized as polycrystalline multilayers rather than superlat-

tices.

IV. MAGNETIC PROPERTIES

In Fig. 6 we depict magnetic hysteresis loops for
[Co,MnGe/V] multilayers with a V thickness ty=3 nm (a)
and ry=4 nm (b), which are representative for all other mul-
tilayers studied. The ferromagnetic saturation magnetization
at 4 K is about 50 emu/g, corresponding to 45% of the ex-
pected saturation magnetization, if all Heusler layers would
exhibit the full bulk magnetization. The reduction should be
attributed to the intermixing at the interfaces giving rise to
nonferromagnetic or weakly ferromagnetic interlayers. With
the roughness parameter derived from the x-ray scattering
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FIG. 7. The dc magnetic susceptibility measured in a field of
+10 Oe for the [Co,MnGe(3 nm)/V(4 nm)],, (left panel) and the
[Co,MnGe(3 nm)/V(3 nm)]s, (#1) multilayer (right panel). The
field cooled curve (fc) after cooling in H=+2 kOe and zero-field
cooled curve (zfc) are plotted.

data, one can estimate that about 50% of the 3.0 nm thick
Co,MnGe layer belongs to the interfaces.!® At 4 K the rem-
anent magnetization is 90% of the saturation value, whereas
at 220 K the hysteresis loop of the multilayer exhibits a van-
ishing remanent magnetization, while the saturation magne-
tization is only slightly reduced. We consider this as a first
hint to an antiferromagnetic (af) order. In Fig. 7 we show the
susceptibility of the same two samples measured in a dc field
of +10 Oe after cooling in zero field (zfc) and in a field of
42000 Oe (fc). For the sample with ty=4 nm the suscepti-
bility is reversible and increases with decreasing temperature
down to 7=150K where one observes the onset of strong
magnetic irreversibility and a maximum in y(7). This is the
classical behavior of a spin glass or cluster glass transition at
a freezing temperature 7;2* As will be shown below, the
susceptibility above T reveals the existence of large clusters
with ferromagnetic short-range order. Therefore the classifi-
cation as cluster glass transition seems to be appropriate.
The low-temperature susceptibility of the sample with #y
=3 nm shows a strong irreversibility at 100 K. In addition
there is a peak in the susceptibility at 250 K, indicating an-
other magnetic phase transition. In the next section we will
show that at this transition temperature there is an onset of
antiferromagnetic interlayer long-range order.

A. Magnetic neutron scattering

In order to verify the hypothesis of an antiferromagnetic
interlayer order in the multilayers we performed specular
neutron reflectivity measurements. Figure 8 shows the unpo-
larized neutron reflectivity scans of the multilayers
[Co,MnGe(3 nm)/V(2 nm)]s, and  [Co,MnGe(3 nm)/
V(3 nm)]5, (#2) measured in zero field at room temperature
together with a numerical simulation. In addition to the first-
order structural superlattice peak at 26=4.62° (ty=2 nm)
and 260=3.72° (ty=3 nm) there is a magnetic half-order peak
at 20=2.32° and 26=1.92°, respectively, due to a doubling
of the multilayer periodicity. For the sample
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FIG. 8. Specular unpolarized neutron reflectivity scans of
the [Co,MnGe(3 nm)/V(2 nm)]s, and the [Co,MnGe(3 nm)/
V(3 nm)]s, (#2) multilayers at RT denoted by open symbols. The
lines show a fit to the data points by the Parratt formalism. Aside
from the structural peaks, half order antiferromagnetic peaks are
clearly visible.

[Co,MnGe(3 nm)/V(2 nm)]s, the three half-order af peak
can also be resolved. This and the narrow width of the af
peaks indicate that the af order might be coherent throughout
the whole multilayer stack. We used the structural parameters
from the simulation of the x-ray data in Sec. III to simulate
the unpolarized neutron reflectivity data in Fig. 8. This re-
duces the number of free parameters in the fit drastically, so
that only the magnetic scattering length densities are left as
free parameters. The simulations were performed using the
super-iterative routine generalizing a conventional Parratt
formalism for the case of reflection of spin 1/2 particles
from a stack of magnetic layers.>>2?® At a large number of
layers this routine is numerically more stable than the super-
matrix formalism proposed earlier.?”-?

The result of the fit is included in Fig. 8. The magnetic
scattering length density for the samples is Nb,,=0.52
X 10° A=? and Nb,,=0.4X 107° A2 for the sample with r,
=2 and 3 nm, respectively. This gives a magnetic moment of
1 ug and 0.7 ug for one Co,MnGe formula unit, respec-
tively. Note that the fit of unpolarized neutron reflectivity
provides values for the sublattice magnetic moments that are
too low compared to the saturation values determined with
SQUID measurements.

The other samples under study likewise showed an af
peak, indicating antiferromagnetic long-range order for a V
layer thickness in the range between 1.5 nm=<#t, =<3 nm. For
the samples with a V layer thickness #y,=4 nm no af peak
could be detected, although the magnetization measurements
at higher temperatures showed zero remanence. No indica-
tions of an oscillatory character of the af order, as expected
for the IEC mechanism, could be discerned.

More detailed insight into the magnetization vector ar-
rangement over the mutilayers stack can be achieved by an
analysis of PNR data. Figure 9 shows specular PNR data
collected for the [Co,MnGe(3 nm)/V(2 nm)]s, (a) and for
[Co,MnGe(3 nm)/V(3 nm)]s, (b) multilayer. Two NSF
cross sections and the spin-flip (—+) channel are plotted
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FIG. 9. Specular polarized neutron reflectivity scans for non
spin flip ((++) and (——)) and for spin flip ((—+),(+—)) channels
of the multilayers (a) [Co,MnGe(3 nm)/V(2 nm)]s, and (b)
[Co,MnGe(3 nm)/V(3 nm)]sy (#1). Measurements taken at 12 K.

together with the result of a computer simulation. The reflec-
tivity scans were performed at 12 K after zero-field cooling
and applying a small field of 10 Oe to provide a neutron
guide field.

For the multilayer with #y=3 nm there is only a small
splitting of the NSF cross sections at the structural first-order
peak, well within the range of the error bars. Moreover, the
total reflection edges for the (++) and (——) channel coin-
cide. This indicates that there is essentially no ferromagnetic
contribution to the first-order peak in the magnetic ground
state. The SF cross section is peaked at the af half-order peak
and possesses nearly the same intensity as the NSF cross
sections. The specular PNR data can well be simulated using
a model, which assumes a coherent af coupling through the
multilayer stack, the antiferromagnetic sublattice having the
magnetic moments m; and —m,, respectively. In order to pro-
vide both spin-flip and non-spin-flip reflections at the af peak
position, the model assumes that the sublattice magnetiza-
tions have projections parallel and perpendicular to the ap-
plied field. This is introduced by the fitting parameters
(cos ), where 7 is the angle between the af axis and the
applied field. The transverse dispersion (sin? ) with the con-
straint (cos y)><{cos® y)=1—(sin? y) accounts for a pos-
sible spread in the af axis directions over the sample surface.

This model can perfectly describe both sets of data in Fig.
9 with the parameters consistent with those obtained from

PHYSICAL REVIEW B 72, 214403 (2005)

£ 10°
c
> T=15K
£
o,
=
= o
S 10* 4 e 0000
b= o %0,
= 0
-0.010 -0.005 0.000 0.005 0.010
-1
Q [nm]
X

FIG. 10. Neutron transverse scans of the [Co,MnGe(3 nm)/
V(3 nm)]s, (#1) sample at the position of the half-order Bragg peak
(dots) together with a fit within the framework of the Born approxi-
mation (line).

the fit of the data in Fig. 8. In particular, for the sample with
ty=3 nm, one gets m;=m,=~0.8 ug/formula unit, {cos y)
=0.7(sin?> v)=0.35. Then one can speculate on the reasons
for an appreciable loss of the layer magnetization in this
sample with respect to the saturation magnetization which is
my=m,=2.5 pg/formula unit, as well as with respect to the
value determined above with magnetometry.

However, the results of our PNR simulations are based on
the hypothesis that the layers are homogeneously magnetized
over the neutron coherence area: specular reflectivity does
not provide any direct information on the lateral length
scales of the film, completely ignoring their crystalline struc-
ture and possible large-scale inhomogenities. Figure 10
shows a transverse scan of the [Co,MnGe(3 nm)/
V(3 nm)]s, (#1) multilayer measured in zero field at 15 K at
the position of the af peak. The presence of magnetic off-
specular scattering indicates that the magnetization in the
single layers is broken up into domains, the size of which
being smaller than the longitudinal projection L;~ L/sin « of
the neutron coherence length L=1/AQ, where AQ is the
uncertainty in the wave vector value due to experimental
resolution. The longitudinal projection of the lateral coher-
ence length is estimated to be about 60 wm, while the trans-
verse coherence length (perpendicular to the reflection
plane), L, ~L, is only a few nm due to the focusing condi-
tion of the monochromator. Remarkable is the fact that in the
transverse scan through the af peak no resolution-limited
Gaussian profile is apparent, and, in contrast to the structural
Bragg peak, the af scan can well be fitted by a Lorentzian
line shape. This gives a strong hint that the af peak on the
specular reflectivity line is mainly due to a contribution of
off-specular scattering to the specular reflection within the
range of their overlap. Hence, being simulated with the
model given above and assuming only specular reflectivity
leads to a false result for this sample.

Therefore quantitative evaluation of both, PNR and off-
specular scattering, collected over a broad range of incidence
and scattering angles is required for a realistic description of
the present system. Figure 11 depicts an unpolarized 2D «;
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FIG. 11. (Color online) (a) 2D map of the neutron intensity
scattered from the af coupled [Co,MnGe(3 nm)/V (3 nm)]s, (#1)
multilayer in zero applied field at 15 K. The Bragg sheet at the af
peak is purely of magnetic ordering. The centered intensity is the
first-order structural peak. (b) The simulation of the corresponding
map within a super-iterative based version of the distorted wave
Born approximation.

—a; map of the scattering 1ntens1ty of the
[ConnGe(?, nm)/V(3 nm)]s, (#1) multilayer in zero field
measured at 15 K together with a simulation. The specular
ridge with the first-order nuclear Bragg peak, as well as the
Bragg sheet crossing the reflectivity ridge at the half-order
Bragg peak position, can be observed. To achieve a good fit
quality we simulated the map and directly compared the cut
along the specular line and a vertical cut at the position of
the af peak with the measured data. Simultaneously we pro-
vided spin-polarized simulations of the off-specular data us-
ing the same fitting parameters as for the unpolarized case
and compared the reflectivity cuts through the maps with the
measured polarized reflectivity scans (see simulation in Fig.
9). The maps were simulated within a super-iterative-based
version of the distorted wave Born approximation
(DWBA).>>2?6 The underlying model has the following fit
parameters: the lateral domain size &, the depth correlation
factor ng giving the out-of-plane (af) correlation length, and
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FIG. 12. Sketch of the microscopic picture for the antiferromag-
netic state of the sample [Co,MnGe(3 nm)/V(3 nm)]s, (#1) with
four different types of domains. The arrow indicates the guiding
field direction.

the mean value {cos ¢) determining mean magnetization av-
eraged over lateral domains in the coherence area, Agp, giv-
ing deviations of domain magnetization vectors from the
mean magnetization direction.

As the result from the numerical simulation we get the
microscopic picture of small, completely coherent columnar
domains with alternating angle Ap=45°/225° and a lateral
domain size of 2.1 um. For the simulations the magnetic
moments of the layers were set to 50% of the bulk value, in
accordance with the magnetization measurements. Thus the
sample breaks down into a Landau type of pattern® with
four possible types of domains with perfect antiferromag-
netic coupling (see Fig. 12).

For the multilayer with #y=2 nm the situation is quite
different, although this sample also shows the transverse an-
tiferromagnetic ordering and lateral domains. Similar to the
previous case, essentially no splitting of the NSF cross sec-
tions at the structural first-order peak is apparent, i.e., no
ferromagnetic contribution to the first-order peak in the mag-
netic ground state exists. But now, there is also no intensity
in the SF channel apart from a very small peak at the posi-
tion of the af peak, caused by not having 100% efficiency of
the polarizing elements. The multilayer seems to be nearly
perfectly af aligned with the sublattice magnetizations collin-
ear with the guiding field. The collinear arrangement is, in
fact, not very surprising, since it turned out that a growth-
induced uniaxial magnetic anisotropy for the measurements
in Fig. 9(a) is parallel to the direction of the external field. A
relatively low guiding field for the neutron polarization does
not cause a spin-flop transition into the state with the mag-
netization direction perpendicular to the field.*

In contrast to the previous case, Q, scans through the af
peak show a resolution-limited Gaussian line shape for the
specularly reflected beam. The latter is superimposed onto an
almost flat background of diffuse scattering (not shown
here). This indicates the presence of antiferromagnetic order-
ing on a scale bigger than the neutron coherence length si-
multaneously with the magnetization fluctuations on a
shorter length scale. Unfortunately neither of those scales
can immediately be determined from the data: the specular
peak width gives just a lower limit (60 um) for the long-
range af order, while af fluctuations contributing to diffuse
scattering are too small in size to be deduced from the line
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FIG. 13. Sketch of the microscopic picture for the antiferromag-
netic state of the sample [Co,MnGe(3 nm)/V(2 nm)]s, with two
kinds of domains: large domains separated by 180° domain wall
and “closure” domains. The arrow indicates the guiding field
direction.

shape analysis of off-specular scattering, as the range of the
lateral moment transfer is restricted.

On the other hand, the diffuse intensity contribution at the
position of the specular reflection is small with respect to the
Gaussian component. This justifies the fitting procedure of
the reflectivity line in Fig. 9(a) described above and proves
the values of the deduced physical parameters for this
sample. The reduction of the sublayer magnetization values
is due to the averaging of the layer magnetization over lateral
domains within the coherence range. A domain configuration
which can explain our observations for this sample is
sketched in Fig. 13. Again, the data suggest that in each of
the lateral and columnar-like domains the magnetization of
the sublayers alters sign across the multilayer stack. How-
ever, now one can distinguish between two kinds of domains.
The main set of relatively large domains separated by 180°
domain wall mostly cause non-spin-flip specular reflection,
as the domain magnetization is collinear with the guiding
field for the neutron polarization. The size of those domains
allows a few of them to be simultaneously illuminated co-
herently. Namely, this coherent averaging reduces the effec-
tive magnetic optical potential, while fluctuations around its
mean value contribute in non-spin-flip off-specular scatter-
ing. The other set of so-called “closure” small domains>
causes a diffuse background of spin-flip scattering. In the
present experiments polarization analysis of diffuse scatter-
ing was not possible. Therefore the contribution of the clo-
sure domains to the off-specular scattering cannot be deter-
mined unambiguously. More detailed study of diffuse
scattering is, however, not required to achieve our main goal:
to learn about the remagnetization process in this system.

Instead, it is sufficient to carry out corresponding fits for
the specular reflectivity curves. The latter were measured on
the [Co,MnGe(3 nm)/V(2 nm)]s, multilayer at different
fields at 10 K. To ensure a well-defined magnetic state, the
sample has been saturated at room temperature and cooled
down in zero field. The results of the fit are summarized in
Fig. 14 where the field dependence of the antiferromagnetic,
(m;—m,)/2, and ferromangnetic, (m;+m,)/2, order param-
eters is depicted. With increasing field the af order parameter
continuously decreases and is completely suppressed at H
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FIG. 14. Field dependence of the antiferromagnetic, (m;
—-m,)/2 (filled circles), and ferromangnetic, (m;+m,)/2 (open
circles), order parameters for the sample [Co,MnGe(3 nm)/
V(2 nm)]s, measured at 10 K.

=350 Oe. On the contrary, the ferromagnetic order param-
eter, almost vanishing in zero field, increases continuously,
reaching the value expected for ferrromagnetic saturation at
H=350 Oe. Remembering that this sample has an antiferro-
magnetic configuration collinear with the applied field, one
should expect some scattering intensity in the spin-flip chan-
nel, if the system would undergo a spin-flop transition and
approach the saturation via rotation of the sublattice magne-
tization. Surprisingly, however, the remagnetization process
is quite different. There is no resolvable spin-flip scattering
over the entire magnetic field range (Fig. 15), indicating that
the remagnetization takes place solely by domain wall move-
ments for domains in the sublayer with the magnetization
direction opposite to the applied field. From the upper panel
in Fig. 15 it follows that the af order parameter continuously
degrades as the intensity of the half-order af reflection de-
creases. Simultaneously the increasing ferromagnetic order
parameter manifests itself in the splitting of the (++) and
(——) channel intensities (lower panel in Fig. 15). At satura-
tion the (——) channel exhibits nearly zero intensity. This is

003F © o ]

— ——(+,4)
0.02 00—
o) _v_(""*')
2 001+ \o ]
S 0\8
g 000p ¥ i
& 006t /o/o i
>
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FIG. 15. Field dependence of the af peak intensity (upper panel)
and first order structural peak (lower panel) for the spin flip (—+)
and non-spin flip [(++) and (——)] channels for the multilayer
[Co,MnGe(3 nm)/V(2 nm)]s, at 10 K.
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FIG. 16. Field dependence of the af peak intensity of the
[Co,MnGe(3 nm)/V(3 nm)]s, (#2) multilayer taken at T=15 K
(solid dots) and T=150 K (open dots).

a special feature of several Heusler alloys, which has been
used for the construction of neutron polarizers.!

Figure 16 shows the field dependence of the af peak in-
tensity of the [Co,MnGe(3 nm)/V (3 nm)]s, multilayer taken
at 15 K and 150 K. At 15 K the af peak intensity is not
restored after switching off the field, whereas at 150 K about
30% of the af peak intensity is restored. The af coupling is
apparently very weak at 150 K; a field of about 50 Oe al-
ready destroys the af order. For antiferromagnetically
coupled multilayers the effective coupling energy J can be
estimated by the formula®

J= MStHeuslerHSM' > (1)

where Mg is the saturation magnetization, fiqge, 1S the thick-
ness of a single Co,MnGe layer, and Hy is the ferromagnetic
saturation field. The values obtained by Eq. (1) are J=6.8
X107 J/m> for the [Co,MnGe(3 nm)/V(2 nm)]s,
multilayer and J=1.1X10"7J/m? for the sample
[Co,MnGe(3 nm)/V (3 nm)]s,. Compared to typical values
for, e.g., Co/Cu superlattices of the order of 10™* J/m?, the
coupling strength in our samples is very weak.’3 The tem-
perature dependence of the af peak intensity for the
[Co,MnGe(3 nm)/V (3 nm)]s, multilayer as measured after
cooling in zero field and after cooling in a field of 1000 Oe
and then switching off the field at the measuring temperature
is displayed in Fig. 17. After zero-field cooling the af peak
intensity develops below 250 K in a phase-transition-like
fashion, reaches a maximum at about 150 K, and decreases
slightly towards lower temperatures. After cooling in a field
of 1000 Oe there is no detectable af peak intensity below
100 K, but, approaching the phase transition at 7y=250 K,
the af order recovers after switching off the field. Close to
the transition temperature the peak intensity coincides with
that measured after zero-field cooling. Since the half-order
peak intensity is proportional to the squared sublattice mag-
netization in an antiferromagnet, this behavior clearly reveals
a reversible phase transition at 250 K. Remarkably this tem-
perature is far below the ferromagnetic ordering temperature
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FIG. 17. Temperature dependence of the af peak intensity of the
multilayer [Co,MnGe(3 nm)/V(3 nm)]s, (#1) measured after field
cooling (solid triangles) and zero field cooling (open triangles).

of a single Co,MnGe film of comparable thickness, which is
about 600 K.**

V. MAGNETIC PHASE DIAGRAM

The neutron scattering results of the previous section
clearly prove that in the [Co,MnGe/V] multilayers there is
antiferromagnetic interlayer ordering in the thickness range
ty=<3 nm. The Néel temperature derived from the peak in
the susceptibility and the vanishing intensity of the half-
order peak are combined in a magnetic phase diagram in Fig.
18. The Néel temperature decreases continuously with in-
creasing thickness of the V layers. There is no indication of
an oscillatory character of the magnetic coupling. We have
confirmed for additional intermediate thicknesses by magne-
tization measurements that the interlayer ordering is always
antiferromagnetic. Actually the magnetic state of the

400 T E T T T
350 | ' 1
300 | superpara- 7
r magnetic
250 E
X, 200_' antiferro- ‘ ° 7
- 150 |- magnetic ,Q ® ]
RV
L7 : cluster i
100 [ - x X glass ]
50+ E
o I 1 i L 1 1 ]
2 4 6 8 10
t, [nm]
FIG. 18. Magnetic phase diagram for multilayers

[Co,MnGe(3 nm)/V(ty)]so as a function of the V thickness t, with
the Néel temperature (open circles) and cluster glass temperature
(filled circles). The open square designates Ty for the sample
[Co,MnGe(3 nm)/V(3 nm)]s, (#2), (see Table I). The crosses indi-
cate the onset of a strong magnetic irreversibility.
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FIG. 19. Magnetization curves of the multilayer
[Co,MnGe(3 nm)/V(3 nm)]s, (#1) measured at different tempera-
tures 7 given in the figure.

[Co,MnGe/V] multilayers above the Néel temperature is not
simply paramagnetic but exhibits superparamagnetic proper-
ties. In Fig. 19 the reversible magnetization of the
[Co,MnGe(3 nm)/V(3 nm)]s, multilayer for temperatures
above Ty is depicted. The magnetization curves reveal typi-
cal superparamagnetic behavior with a linear M(H) curve at
low fields and saturation at higher fields. For non-interacting
superparamagnetic clusters the magnetization should scale
253

.1y = 22 @)
k,T
with the number of magnetic clusters N, the cluster mag-
netic moment u,., and the Langevin function £(x). Using the
approximation £(x)=1/3x valid for small x, the low field
magnetization is given by
2
M. T) = 2t (3)
3k, T

Fitting formula (3) to the M(H,T) curves in Fig. 19 we de-
rive a cluster moment of 1.6 X 10° up at 400 K. At 250 K,
just above the Néel temperature, we get u,=4 X 10° ug. This
magnetic moment corresponds to 7X10° or 2X10°
Co,MnGe formula units combining one cluster and gives an
average dimension of 120X 120 nm? or 200X 200 nm?, re-
spectively, for the lateral cluster size. The superparamagnetic
cluster type of behavior is similar for all multilayers of the
present study. In Fig. 20 we compare the temperature devel-
opment of the superparamagnetic cluster moments for the
thickness #y=3 nm and #y=4 nm, where only the former
compound orders antiferromagnetically. The temperature de-
pendence of the cluster moment indicates that the clusters are
not independent, but show interaction.>> Thus the antiferro-
magnetic interlayer magnetic ordering in the [Co,MnGe/ V]
multilayers develops from a superparamagnetic state and not
from a conventional paramagnetic state. An interesting ques-
tion concerns the magnetic order of the samples with ty
=4 nm which do not exhibit an antiferromagnetic interlayer
order. Here one finds all ingredients of a cluster glass transi-
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FIG. 20. Temperature dependence of the cluster magnetic mo-
ment uc for the [Co,MnGe(3 nm)/V(3 nm)]s, (#1) multilayer
(filled circles) and the [Co,MnGe(3 nm)/V (4 nm)]s, multilayer
(open circles).

tion at a transition temperature 7;. Below T; the coercive
force strongly increases (Fig. 21), which can approximately
be described by H,.x Hye %" The onset of strong irreversibil-
ity in the low field susceptibility occurs below the cluster
glass transition temperature T;=~ 150 K.3637

We have included the cluster glass transition temperature
Ty in the phase diagram of Fig. 18. It is essentially indepen-
dent of the thickness #y. The cluster glass transition contin-
ues below the antiferromagnetic phase transition line (see
dashed line in Fig. 18) where it characterizes the onset of
strong magnetic irreversibility below 7. This line resembles
the reentrance phase transition line which is found in con-
ventional spin glass systems close to the critical concentra-
tion of long-range order.?* This line is usually discussed in
terms of the coexistence of both, the short- and the long-
range order parameters, at low temperatures.

A. Discussion

We now discuss the microscopic origin leading to the pe-
culiar magnetic phase diagram in Fig. 18. There are two

50
5004
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I° 200- .
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(l) 210 4I0 6I0 8IO 100
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FIG. 21. Coercive field (solid circles) and remanent magnetiza-
tion (open circles) versus temperature for the multilayer
[Co,MnGe(3 nm)/ V(3 nm)]sy (#1).
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essential ingredients one has to explain. The first is the origin
of the cluster type magnetism, which is most obvious in the
superparamagnetic behavior at high temperatures, and in the
cluster glass transition at low temperatures. Second, the
question concerning the magnetic interactions causing the
formation of the antiferromagnetic interlayer ordering needs
to be clarified.

The magnetic-cluster-type behavior is related to the crys-
talline microstructure of the single Co,MnGe layers in the
multilayer. We have shown in a previous investigation that a
single 3 nm thick Co,MnGe layer embedded between two V
layers exhibits typical small particle ferromagnetism with a
ferromagnetic hysteresis loop virtually identical for the mag-
netic field applied perpendicular and parallel to the film
plane, although the surface of the magnetic film is atomically
flat.3® The reason for this cluster type of ferromagnetism is
that the very small crystalline grains in the Co,MnGe film
are magnetically decoupled at the grain boundaries which are
chemically disordered and weakly ferromagnetic.’® A super-
paramagnetic high-temperature state is the natural conse-
quence of small particle magnetism, if the interactions be-
tween the clusters are weak and the magnetic anisotropy is
small. In contrast, in a single Co,MnGe thin film grown on a
V seed layer we did not observe superparamagnetism in the
temperature range up to the maximum experimental tempera-
ture of 400 K. In the [Co,MnGe/V] multilayers with the
same thickness of the magnetic layers, however, superpara-
magnetic behavior already exists at room temperature, prob-
ably due to a slightly different microstructure and a larger
topological roughness of the Co,MnGe layers. Thus alloying
and roughening at the interfaces and atomic disorder at the
grain boundaries cause the Co,MnGe layers in the multilay-
ers to break up into weakly coupled magnetic clusters. The
mean grain size of the crystallites in the multilayers as de-
termined from the off-specular x-ray reflectivity is about
20 nm. The average lateral magnetic cluster size we derived
from the superparamagnetic moment just above Ty is of the
order of 200 nm, i.e., one magnetic cluster is combined of
many crystalline grains. In the antiferromagnetically ordered
phase we determined an average lateral size for the magnetic
domains of several wum. Thus, in the antiferromagnetically
ordered state many magnetic clusters within one Co,MnGe
layer belong to one magnetic domain.

Concerning the magnetic interactions responsible for the
antiferromagnetic interlayer magnetic ordering, we can ex-
clude interlayer exchange coupling. Nonferromagnetic inter-
faces and thickness fluctuations seem to weaken the IEC
coupling drastically. We are thus led to the conclusion that
the dipolar interactions between the planes cause the antifer-
romagnetic interlayer ordering. This would explain the ab-
sence of an oscillatory character of the interlayer coupling
and the weak antiferromagnetic coupling field. Actually di-
polar stray fields protruding at the grain boundaries are a
natural consequence of the internal granular structure of the
Co,MnGe films. In Fig. 22 we have drawn schematically
how interlayer dipolar interactions may arrange the antifer-
romagnetic interlayer order in the [Co,MnGe/V] multilayer
system.

The importance of interlayer dipolar interactions in
multilayer systems is well established in the literature. The-
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FIG. 22. (Color online) Schematic picture of the interlayer order
in the [Co,MnGe(3 nm)/V(zy)]y multilayers. The size of the crys-
tallites is about /,=20 nm, the average magnetic cluster size is of
the order /=200 nm, and the size for the magnetic domains /, is of
several um. The arrows indicate the direction of the local
magnetization.

oretical model calculations show that the dipolar coupling in
multilayers can be ferromagnetic or antiferromagnetic, de-
pending on the interface topology.3*~*? In a system with cor-
rugated interfaces the so-called “orange peel” coupling®
may give rise to a ferromagnetic interlayer coupling. For the
case of uncorrelated roughness, antiferromagnetic coupling
is more probable.*’ Experimentally an antiferromagnetic in-
terlayer ordering induced by dipolar interactions has been
observed in [Co/Cu] multilayers with 6 nm thick Cu
layers.*> In multilayer systems [Nb/Fe] and [FeNi/Ag], af
interlayer order due to dipolar interactions has also been
discussed.***> However, at variance to the system studied
here, none of these multilayers exhibits a reversible af phase
transition and a superparamagnetic state above the Néel tem-
perature.

VI. SUMMARY AND CONCLUSION

We have studied the structural and magnetic properties of
a series of sputter-deposited [Co,MnGe/V ] multilayers, us-
ing x-ray and neutron reflectivity techniques and magnetiza-
tion measurements. X-ray reflectivity confirms the growth of
a multilayer structure with smooth interfaces. Off-specular
x-ray scattering reveals a mainly uncorrelated roughness
with an in-plane correlation length L, =20 nm corresponding
to the average crystallite size. Bragg scans give an out-of-
plane coherence length L,=13 nm. PNR and magnetization
measurements indicate a magnetic phase transition at a Néel
temperature Ty with simultaneous ferromagnetic order in the
Co,MnGe layers and antiferromagnetic order between the
layers. Above Ty the magnetic layers are superparamagnetic.
Antiferromagnetic order with a weak coupling strength and
without any indication of an oscillatory character is observed
for the thickness range ty <3 nm.

We attribute the observed antiferromagnetic interlayer or-
dering to magnetic stray fields arising from the granular Heu-
sler layers. The interlayer dipolar interactions cause a revers-
ible magnetic phase transition of the magnetic clusters with
antiferromagnetic order between the layers at a well-defined
Néel temperature for ty <3 nm. If the V layer thickness is
larger, the dipolar forces are too weak to arrange antiferro-
magnetic long range order and the system undergoes a clus-
ter glass transition at temperatures of about 150 K.
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