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Abstract

The usefulness of Mossbauer spectroscopy for the investigation of magnetic multilayer systems is described. By
applying 3’Fe Madssbauer spectroscopy, the behavior of ultrathin magnetic layers, such as FCC-like Fe films on
Cu(0 0 1), is studied. Position-specified (depth-selective) information is available by preparing samples in which mon-
atomic *"Fe probe layers are placed at specific vertical positions, e.g. at interfaces or at the surface. As demonstrated for
epitaxial chemically ordered Fe,,Pts, alloy films and polycrystalline nanostructured Tb/Fe multilayers, the Fe-spin
structure can be determined directly, and a site-selective Fe-specific magnetic hysteresis loop can be traced in very-high-
coercivity materials. For the studies of non-magnetic layers, on the other hand, hyperfine field observations by *°7Au and
11981 probes are worthwhile. Spin polarizations in Au layers penetrating from neighboring ferromagnetic 3D layers are
estimated from *°7Au Mdssbauer spectra and are also studied by inserted **?Sn probes in Au/3D multilayers. In the Sn
spectra for Cr/Sn multilayers, it was found that remarkably large spin polarization is penetrating into Sn layers from
a contacting Cr layer, which suggests that Cr atoms in the surface layer have a ferromagnetic alignment. © 1999
Elsevier Science B.V. All rights reserved.

Keywords: Mossbauer spectroscopy; Hyperfine fields; Spin polarization; Interface magnetism; Multilayer magnetism

1. Introduction

Mossbauer spectroscopy is a useful technique for
the investigation of magnetism in ultrathin films,
interfaces and multilayers. By observing magnetic
hyperfine fields, By; one is able to confirm the
existence of magnetic order, and estimate the mag-
nitude of the local moment and the direction
of magnetization. The magnetic transition
temperature is determined from the temperature
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dependence of the hyperfine field. The Mdssbauer
effect shows whether the thin-film or multilayer
samples and their interfaces are composed of differ-
ent metallurgical and magnetic phases. Information
from Mossbauer spectroscopy is essentially ele-
ment-specific and even position-selective if the
Mossbauer-isotope probes are located as desired.
For instance, by analyzing the spectra for topmost
interface layers in a multilayer, we can provide
structural information about the interface from
a microscopic viewpoint [1].

Since the discovery of giant magnetoresistance
(GMR) [2,3], novel problems have been raised
up concerning magnetism of ultrathin films and
interfaces. It is believed that the spin-dependent

0304-8853/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0304-8853(99)00346-7



T. Shinjo, W. Keune | Journal of Magnetism and Magnetic Materials 200 (1999) 598-615 599

scattering occurs mainly at interface sites, but the
relation between interface roughness and the spin-
dependent scattering probability is not yet clear.
The mechanism of interlayer coupling between
magnetic layers across a non-magnetic spacer layer
is also a crucial issue, and the studies of magnetism
in non-magnetic layers contacting with ferromag-
netic layers are of great importance. For the studies
of non-magnetic layers, '*’Au and '!°Sn are useful
Mossbauer probes.

In this article, several studies using >’Fe probes
are briefly summarized, emphasizing the unique
information which Mdssbauer spectroscopy as
a local atomistic technique may provide. Further-
more, studies of 3D/Au multilayers using '°’Au
and ''°Sn probes are introduced. As the GMR
effect has been observed for the first time in Fe/Cr
multilayers, the role of the Cr spacer layer is also of
interest. Finally, some preliminary Mossbauer re-
sults on ''°Sn in Cr/Sn systems are described.

2. Survey of “’Fe Mossbauer studies
2.1. Interfaces

It is well known that 3Fe is the most convenient
isotope for Mossbauer measurements, and there
are a large number of publications concerning
Maossbauer spectroscopic studies of interface mag-
netism [1]. A recent review of structure and mag-
netism of some Fe mono- and multilayer systems as
seen by conversion-electron Mossbauer spectro-
scopy (CEMS) at atomic scale was given by
Przybylski [4]. If *’Fe probes are located selective-
ly at interfaces sites, the structure of the interface is
conjectured from the hyperfine field observation.
Several examples of *>"Fe spectra for interface sites
are shown in Fig. 1. Spectrum (a) was taken from an
interface of BCC(a-) Fe contacting with polycrys-
talline V metal. The sample was a multilayer pre-
pared in ultrahigh vacuum (UHV) by repeating the
depositions of the following structure n times on
a polyimid substrate: [3°Fe(100 A)/°7Fe(3.5 A)/
Vxn. If the surface of the *°Fe layer was ideally flat
and no diffusion had taken place, the spectrum
would indicate the situation of approximately two
topmost interface atomic layers. However, the ob-
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Fig. 1. 37Fe Mossbauer absorption spectra for Fe interfaces
covered by various metals: (a) [3*Fe(100 A)/5"Fe(3.5 A)/V] at
42K; (b) [°°Fe(100A)/*7Fe(3.5A)/Mg] at 42K; (o)
[3°Fe/>"Fe/Mn] at 300 K; (d) [Mn/>"Fe/>°*Fe]Mn at 300 K.

tained spectrum is very broad in comparison with
a normal 6-line pattern (Zeeman sextet) of o-Fe,
suggesting that the hyperfine field is considerably
distributed [5]. From the analysis of the hyperfine
field distribution P(Bys), the range of mixing be-
tween Fe and V at the interface is estimated to be
not more than three atomic layers [6]. This con-
clusion is consistent with the analysis of the 'V hy-
perfine-field distribution observed by NMR [7].
For comparison, a spectrum of the BCC interface
in contact with Mg metal, [3°Fe(100 A)/>7
Fe(3.5 A)/Mg], is shown in Fig. 1(b) [8]. The spec-
trum of the Fe/Mg interface shows a more clearly
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resolved 6-line pattern than that of Fe/V, sugges-
ting that the degree of mixing is significantly less.
The condition of Fe/Mg interface preparation was
almost the same as that of Fe/V but the modifica-
tion of the interface structure is moderate in the
Fe/Mg. Since Fe and Mg are insoluble with each
other in the equilibrium state, it seems reasonable
that the reactivity at the interface is limited. The
interface reactivity thus depends greatly on the
combination of elements. Moreover, the structure
depends on the procedure of deposition, if the reac-
tivity is relatively high. As an example, the spectra
for two kinds of Fe/Mn interfaces are shown in Fig.
1(c) and (d), respectively [9]. The former is a spec-
trum for an Fe interface covered by a Mn layer
(Mn-on-Fe). The line profile is similar to that of the
Fe/V interface, but the degree of intermixing is
supposed to be somewhat less than the Fe/V case.
In contrast, the spectrum for another kind of
Fe/Mn interface, where the *"Fe probing layer was
deposited on the surface of Mn prior to the thick
>¢Fe deposition (Fe-on-Mn), was found to be con-
siderably different. The spectrum includes a central
line corresponding to a fairly large non-magnetic
fraction of Fe atoms, which means diffusion of Fe
atoms into Mn layers for more that several atomic
layers. The extent of mixing at an interface depends
greatly on the procedure of sample preparation. In
a multilayer structure built by successive depos-
itions, it can happen that the structures at the top
and bottom interfaces of each layer are different,
and then the compositional modulation has a uni-
directional profile with respect to the film growth
direction. Thus, the degree of intermixing may be
estimated sensitively by analyzing the hyperfine
field distribution observed by °*7"Fe Mossbauer
spectroscopy. A Mossbauer analysis of epitaxially
grown Fe/Ag interfaces has been reported by
Schurer et al. [10,117].

An issue derived from GMR studies is the rela-
tion between spin-dependent scattering probability
and interface roughness. It is indeed interesting to
apply the Mdssbauer techniques to this problem,
and already several arguments have been presented
[12]. However, the results are not consistent with
each other and the optimum interface condition for
the enhancement of spin-dependent scattering is
not clarified yet. MGssbauer spectroscopy gives us

information on the degree of intermixing, that is,
the interface roughness on the most microscopic
(atomic) scale. In actual interfaces, there exists
roughness of various scales. For the estimation of
roughness on a macroscopic scale, X-ray tech-
niques are useful. However, if one attempts to
prepare samples with different roughness, it is un-
avoidable that many factors change simultaneously
and GMR properties cannot be expressed as
a function of a single parameter of roughness.
Therefore the relation between roughness and
spin-dependent scattering probability remains
a matter of debate. Recently, Schad et al. [13]
reported that the magnitude of the GMR effect in
MBE grown epitaxial Fe/Cr(0 0 1) superlattices de-
pends on both the vertical roughness amplitude
n (as obtained from synchrotron X-ray diffraction,
XRD) and the lateral roughness, i.e. the step density
Ngep (as determined from CEMS). A linear increase
of the GMR with the product, # X ng.,, was found.
This result is based on the model by Landes et al.
[14] and Klinkhammer et al. [15] (which is sup-
ported by calculations [ 16,17]), where the hyperfine
fields of the components of the CEMS spectra are
characteristic for >"Fe probe atoms on different
sites at the interfaces or inside the bulk of the layers.
Based on this model, the intensities of the spectral
components observed in Ref. [13] were assigned to
the abundances of the respective *>’Fe site as fol-
lows: (i) 33 T to bulk positions (npyy), (i1) 29 and
25 T to sites at interface steps (714.p), and (iii) 19 T to
sites at atomically flat interface parts (ng,). A re-
duced ground-state hyperfine field of 25.8 T for the
first Fe layer at the flat interface was also observed
for Fe(1 1 0)/Cr(1 1 0) sandwiches [18]. The model
by Landes et al. [14] is also supported by CEMS
results on sputtered Fe/Cr multilayers [19,20].

In Ref. [13] the type of the interfaces, Cr-on-Fe
(upper) or Fe-on-Cr (lower), could not be distin-
guished, but were assumed to be the same. Our
CEMS spectra in Fig. 2 demonstrate, however, that
the structure of both interfaces is remarkably differ-
ent. The CEMS spectra in Fig. 2 were measured on
epitaxial Fe/Cr(00 1) superlattices including two
monolayers (ML) thick >"Fe-interface probe layers
grown in UHV on MgO0O01) at T,=433K.
The composition was MgO(00 1)/Cr(50 A)/
["Fe(12 ML)/>"Fe(2 ML)/Cr(8ML)] x 15 (upper)
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Fig. 2. Room-temperature CEMS spectra from epitaxial
Fe/Cr(00 1) superlattices on MgO(00 1), MBE-grown at
T, =433 K, including 2 ML thick >’Fe-probe layers located
either at the upper (Cr-on-Fe) or at the lower (Fe-on-Cr) interfa-
ces. Right-hand side: corresponding hyperfine-field distribu-
tions, P(Byy). (b) explains the meaning of “upper” and “lower”
interfaces.

and MgO(001)/Cr(50 A)/[3"Fe(2 ML)/™Fe(12 ML)/
Cr(8 ML)] x 15 (lower) ("*Fe =Fe metal of
natural °’Fe abundance, 2.1%). The CEMS
spectra as well as the corresponding distribution of
hyperfine fields, P(Bys) of both samples are very
different (Fig. 2). The relative areas (relative inten-
sities) of the various peaks observed in P(Bys) cor-
respond to the relative abundances of different >’Fe
sites at and near to interfaces. The main peak at 33
T determines ny,y, which corresponds to 30%
(22%) in relative intensity for the lower (upper)
interface. Thus, there are more °’Fe atoms sensing
no Cr atoms in the lower interface. The peak at
19.6 T (which according to Ref. [13] determines
nee) has a much larger relative intensity for the
lower (21%) than for the upper (16%) interface.

Moreover, there is a higher P(By;) intensity at lower
hyperfine fields (below ~ 18 T) for the upper (5%)
than for the lower (1%) interface. Such low
B, values indicate *’Fe atoms with many Cr-
neighboring atoms, i.e. some Fe-Cr intermixing.
All of these reasons make us to conclude that the
lower interface is atomically flatter and shows
much less interdiffusion than the upper interface.
This agrees with observations by Heinrich et al.
[21] and Davies et al. [22] for growth of Cr on Fe.

The interfaces described so far are real interfaces
in the sense that they are not ideally sharp but
exhibit a certain degree of defects, interdiffusion,
etc. From the theoretical side, the magnetic and
electronic properties of ideally sharp interfaces have
been the subject of advanced ab initio band struc-
ture calculations which allow to compute from first
principles the local spin and charge density in thin
films of several atomic layers including their surface
or interface atomic layer. From the spin density the
magnetic moment per atom and the magnetic hf
field can be obtained. In particular, Freeman and
his group [23] have systematically performed com-
putations of electronic and magnetic properties
(including magnetic hf fields) of thin films and ideal
interfaces, based on the full potential linearized
augmented plane wave (FLAPW) method. Parti-
cularly, important is their theoretical discovery
[23] that the proportionality between local mo-
ment, u, and hf field, By, can fail at ideally flat
surfaces and interfaces, contrary to the situation in
the bulk. Famous examples are the calculated en-
hancement (relative to bulk values) of the magnetic
moment in the first monolayer of free BCC-
Fe(1 0 0) surfaces (of 31% [24]) and of free BCC-
Fe(1 1 0) surfaces (of 19% [25]). By contrast, the
calculated hf fields in the surface layer are reduced
by 31% for Fe(1 0 0) [24] and by 7.4% for Fe(1 1 0)
[25]. This discrepancy was explained [24] by
a change in sign of the hf field contribution of the
conduction electron polarization at the topmost
surface layer. From thin film magnetometry in
UHYV on free BCC-Fe(110) surfaces a ground-
state surface moment enhancement of 39% has
been measured recently [26], which is about twice
as large as theory predicts [25]. There is a remark-
ably good agreement between theoretically pre-
dicted and measured reduced surface/interface hf
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fields (measured by CEMS) for two systems:
(1) for the free BCC-Fe(1 1 0) surface, investigated
by Korecki and Gradmann [27], and (ii) for
the W(110)/Fe(110) interface, measured by
Przybylski et al. [28] and calculated by Hong et al.
[29]. Details are described in Gradmann’s review
[30]. An excellent extensive review of CEMS in-
vestigations, e.g., on epitaxial BCC-Fe(1 1 0) inter-
faces with different metallic overlayers (Cr, Gd, Y),
was given by Sauer and Zinn [31].

The concept of atomically flat interfaces used in
the theoretical work is realized only in very few
systems. The theoretically predicted effects will be
suppressed by interface roughness and interdiffu-
sion, which cannot be avoided in many multilayer
systems. An example is the Fe/Cu(00 1) system,
where intermixing (Fe-Cu atomic site exchange
processes) within the first Cu/Fe interface layer is
known to occur [32]. For ferromagnetic 2 ML Fe
on Cu(0 0 1), a ground-state surface and subsurface
hf field of 24.9 and 31.6 T, respectively, is predicted
[33]. Experimentally, a broad distribution of inter-
face hf fields extending from ~ 12-35T with an
average hf field of ~ 22 T was observed [34] by
CEMS in UHYV at 55 K (near magnetic saturation),
which is very different from the predicted behavior.
As described in Ref. [31], there is also a discrepancy
in the hf fields for the Fe/Ag interface, for which
a 4% enhancement (with respect to the bulk values)
has been observed at low temperature, while calcu-
lations predict a 7% reduction. Also in this case
interface roughness might play a role. Keavney
et al. have studied [Feqo(1 0 0)/Agso(1 0 0)],5 multi-
layers by using a 2-ML *’Fe probe layer [35]. Liu
and Gradmann [36] measured Mdssbauer spectral
parameters of W(0 0 1)/Fe/Ag structures using one
>"Fe atomic layer as a probe. Schurer et al. [10]
performed a careful and very detailed CEMS analy-
sis of the MBE growth of a 1 ML thick *’Fe probe
layer in BCC-Fe(1 00)/Ag(1 00) structures on
a single-crystal Ag(1 0 0) surface. Different Fe sites
with different nearest-neighbor (Fe, Ag) configura-
tions at and near the stepped Fe/Ag interface could
be observed (e.g., magnetic Fe positions in the cen-
tral region of terraces, at the edge of the Fe terraces
(top or bottom sites), in the first and second
subinterface layers, and paramagnetic Fe interface-
exchanged with Ag atoms). Mossbauer spectro-

scopy allowed the determination of the amount of
Fe coverage of the substrate and the relative
amount of Fe atoms that participate in the atomic
Fe-Ag exchange process at the buried Ag/Fe inter-
face [10]. In contrast to the bottom (Fe-on-Ag)
interface, the top (Ag-on-Fe) interface was found to
be very sharp with 90% of the 1-ML °’Fe-probe
atoms at the interface making direct contact with
the Ag overlayer. The magnitude of the hf field was
found to be 27.6 T at 300 K for Fe in flat terrace
sites [10], which is significantly smaller than the
BCC-Fe bulk value at 300 K. Unfortunately,
Schurer et al. [10,11] could not measure the hf field
at low temperature; therefore, a reliable compari-
son with the calculated ground-state hf field at the
Fe/Ag interface [23] is not yet possible.

2.2. Metastable ultrathin films: FCC-Fe and
FCC-Ni, _Fe, invar

A vast number of reports on the magnetic and
structural properties of the FCC-Fe/Cu(00 1) sys-
tem is found in the literature [37-39]. FCC-Fe does
not exist in bulk form at low temperatures. Epitaxy
offers the possibility to stabilize crystallographic
phases which do not exist as bulk materials under
normal conditions. As FCC-Fe is lattice matched
to a Cu substrate with a small misfit of ~ 0.7%
only, the structure and magnetic properties of
metastable epitaxial FCC-Fe ultrathin films on
Cu(00 1) have become the subject of numerous
investigations. The reason for the general interest in
this system is its delicate interplay between struc-
ture and magnetism [40], with magnetism being
sensitive to changes in the lattice parameter (or
Wigner-Seitz radius). So far the majority of invest-
igations was performed on MBE grown FCC-
Fe/Cu(0 0 1); recently, however, intriguing new
properties of the FCC-Fe/Cu system prepared by
pulsed laser-deposition (PLD) have been reported
[41,42]. Moreover, FCC-Fe ultrathin films have
been stabilized on diamond C(00 1) [43] and
CuggAl 4(00 1) substrates [44]. During the 30
years of research on MBE-grown FCC-
Fe/Cu(0 0 1) films after the discovery of epitaxy for
this system [45,46] many seemingly contradictory
experimental results have been reported in the
literature. However, in the past years a complex
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structural and magnetic “phase diagram” (with film
thickness ¢t and growth temperature T as para-
meters) has been suggested [47,48] for MBE grown
FCC-Fe/Cu(0 0 1) which (at least for room-temper-
ature growth, Ty =~ 300 K) is now widely accepted
and has been confirmed by various experimental
methods, including in situ CEMS in UHV [37]. It
is generally accepted that such Fe films on Cu(00 1)
prepared at T =~ 300 K in the 2-4 ML thickness
range are ferromagnetic (FM) with a high Fe
magnetic moment of ~ 2 up (and with a large satu-
ration hyperfine (hf) field of ~ 31-34 T [37], acci-
dentally similar to that of BCC-Fe), and posses the
fct structure, including some vertical and lateral
‘buckling’ of Fe atoms [49,50]. Moreover, for Fe
on Cu(001) prepared at T,~ 300K in the
~ 5-10 ML range, the interior of the films shows
the undistorted FCC structure, is paramagnetic at
RT and antiferromagnetic (AFM) with a low mag-
netic moment ( ~ 0.5-0.7 ug) and low hf field of
~ 1-2 T at low temperature, while ferromagnetism
is restricted to the film-vacuum surface region,
where surface-atom positions relax towards a local
FCT structure [49,50].

Site-selective (°’Fe-probe layer) CEMS provided
the first direct observation of surface-restricted
magnetic order and paramagnetism in the interior
of 300 K grown 7 ML Fe films on Cu(00 1) [37].
This is demonstrated in Fig. 3 where site-selective
CEMS spectra of 2 ML thick *"Fe-probe layers in
otherwise natural Fe/Cu(0 0 1) films (of 7 ML total
thickness) are shown: The >’Fe-probe layer was
deposited either on top of the film (upper spec-
trum), in the film center (center spectrum) or at the
Fe/Cu(00 1) interface (bottom spectrum). At the
surface the dominant spectral contribution involves
a broad distribution of magnetic hyperfine fields,
P(Byy), with an average field (B> of ~ 18 T. Ob-
viously, the large majority of the *’Fe nuclei at the
film surface experiences high By, values ranging
from ~ 10 to ~ 35T at 300 K; hence these Fe
atoms are in a probably ferromagnetic high-
moment (or high-spin, HS) state. The distribution
P(Byy) of the surface does not appear in the center or
at the Fe/Cu interface (Fig. 3), i.e. the spectrum of
the film center and of the Fe/Cu interface do not
exhibit a magnetic component at 300 K. Instead,
a dominant sharp central single line due to para-
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Fig. 3. Site-selective CEMS spectra at 300 K of room-temper-
ature grown °’Fe probe layers in natural FCC-Fe/Cu(00 1):
S7Fe(2 ML)/"'Fe(5 ML)/Cu(0 0 1) (top); "*Fe(2 ML)/*"Fe(3 ML)/
ntFe(2 ML)/Cu(0 0 1) (center); and "*Fe(5 ML)/*"Fe(2 ML)/
Cu(0 0 1) (bottom). [ The sharp sextet subspectrum (top) and the
two lines at — 0.9 and + 0.7 mmy/s (center and bottom) are an
artifact due to the a-Fe coated sample-holder frame in this case].
Notice the different velocity scale (top). (From ref. [37]).

magnetic (undistorted) FCC-Fe appears at 300 K,
superimposed to a (less intense) asymmetrical
quadrupole-split doublet of splitting AEg =
0.63 mm/s. The relative spectral intensity of the
doublet is clearly enhanced when the >’Fe-probe
layer is placed at the Fe/Cu interface as compared
to the film center (Fig. 3). Therefore, the quadrupole
doublet was assigned to the Fe/Cu(0 0 1) interface
(which is paramagnetic at 300 K), where the elec-
tronic charge distribution is anisotropic and gives
rise to an electric field gradient at the 3"Fe nucleus.
It is observed that the relative doublet intensity
amounts to 43% of the total spectral intensity at
the interface; this means that effectively 0.86 ML of
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the (in total) 2 ML thick >"Fe-probe layer at the
Fe/Cu interface sense the influence of Cu atoms,
implying that the chemical roughness of the Fe/Cu
interface is limited to ~ 1 ML Fe only [37].

Since the development of a magnetic hyperfine
field upon cooling below the magnetic ordering
temperature is independent of the type of magnetic
ordering (regardless whether ferromagnetic or
antiferromagnetic), Mo0ssbauer spectroscopy is
presently the only technique with monatomic layer
sensitivity for determining the Néel temperature,
Ty, of AFM FCC-Fe films in the ~ 5-10 ML
range [37,51]. The FCC-Fe single line broadens
considerably in the AFM state at low temperatures
due to the unresolved magnetic hyperfine splitting
in the AFM phase [37,51-53]. The average satura-
tion hyperfine field observed in the AFM FCC-Fe
state is ~ 1-2T as compared to the natural
linewidth of ~ 0.8 T for *’Fe. This low hyperfine
field indicates that AFM FCC-Fe films are in a low
moment (low-spin, LS) state. The onset of line
broadening upon cooling determines the Néel tem-
perature, as demonstrated in Fig. 4 fora ~ 5 ML
thick FCC-Fe film on an atomically flat well-or-
dered Cu(0 0 1) surface with Ty ~ 70 K. For com-
parison, the single line of a ~ 5 ML FCC-Fe film
grown at 300 K on a CuggAl;4(0 0 1) single-crystal
surface with an expanded lattice parameter (1.6%
relative to that of Cu) does not show significant line
broadening upon cooling down to 35K (Fig. 4)
[34]. Therefore, Ty of FCC-Fe/CuggAl 400 1) is
considerably reduced (T < 35 K), as compared to
FCC-Fe/Cu(00 1). The reason might be the ex-
panded CuggAl, 4 lattice, although the effect of pos-
sible Al impurities in the FCC-Fe film cannot be
excluded [34].

A plot of the saturation hyperfine field B, versus
the Wigner-Seitz radius ry (in atomic units) for
different FCC-like Fe system is shown in Fig. 5
[34] (Note that ry, = 2.67 a.u. for Cu). As By, is
roughly proportional to the local Fe magnetic mo-
ment, Fig. 5 reflects also the behavior of the local
moment versus ry,. Thus Fig. 5 demonstrates that
there is a transition from an AFM low-spin Fe state
to a FM high-spin Fe state around r,, ~ 2.69 a.u.,
which is in agreement with theoretical predictions
for bulk FCC-Fe [40]. In Fig. 5 also data for
ultrathin FCC-Fe-like films on Cu3Au(0 0 1) [54],
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Fig. 4. The FCC-Fe linewidth (FWHM) vs temperature for
~ 5 ML *"Fe grown at 300 K on Cu(0 0 1) (full circles) and on
CugeAl;4(0 0 1) (open circles). (From ref. [34]).

40 T r T T T T T T
fcc Fe . .
30} FM High—Spin |
g
a
heo) 20 _ A
©
i
)
£
t 10 E
2 .
I I AFM Low—Spin
T
O i 1 1 1 1 ] L 1 ! 1
2.61 2.65 2.69 2.73 2.77

Wigner—Seitz Radius rws (a.u.)

Fig. 5. Hyperfine field near magnetic saturation vs Wigner-Seitz
radius, ry, for FCC-Fe-like systems [34]: Full square: 300 K
grown 5-10 ML FCC-Fe/Cu(00 1) measured at 35K. Full
circle: 300 K or 100 K grown 3 ML thick Fe/Cu(00 1) and
100 K grown 7 ML thick Fe/Cu(0 0 1), measured at 40-55 K.
Full triangle: 300 K grown 5 ML thick Fe/CuzAu(00 1),
measured at 30K [54]. Open circles: 275K grown
Fe/Cu, _,Au,(0 0 1) multilayers, measured at 15 K [55]. Open
triangles: Fe precipitates in bulk Cu, oo ,Al, matrices, measured
at 4.2 K [54]). Open square: Fe precipitates in bulk CuggAl;4
matrix at 58 kbar pressure, measured at 4.2 K (cited in ref. [ 54]).
Full diamond: 475 K grown hcp Fe/Ru(000 1) superlattice,
measured at 4.2 K [56].



T. Shinjo, W. Keune | Journal of Magnetism and Magnetic Materials 200 (1999) 598-615 605

FCC-like Fe/Cuy_.Au (00 1) multilayers [55],
and for FM HCP-Fe/Ru(0 0 0 1) superlattices [56]
are included; furthermore, data from AFM FCC-Fe
precipitates in Cuygq-Al, matrices have been ad-
ded in Fig. 5 [54]. These results represent quite well
the trends found in theoretical hf fields for bulk
FCC-Fe by Herper et al. [57], calculated by the
method of Bliigel et al. [58]. The hf fields calculated
by the embedded cluster method for FCC-Fe with
a simple AFM spin structure [59] deviate consider-
ably from those in Ref. [57].

The magnetic and structural properties of
FCC-Fe are related to the Invar effect [60], i.e.,
anomalies in thermal expansion and other physical
properties of Fe-based FCC alloys, for instance,
FCC-Ni, - Fe, alloys near x = 0.65. According to
Weiss’ phenomenological model [61], the Invar
effect originates from thermal transitions between
a ferromagnetic (FM) high-spin Fe state with
a large atomic volume and an energetically higher
lying antiferromagnetic (AFM) low-spin Fe state
with a small atomic volume. Indeed, modern elec-
tronic band-structure calculations of the magnetic
ground state in bulk Ni-Fe Invar alloys predicted
the existence of these two Fe states [ 62-64]. Experi-
mentally, in bulk FCC-Ni, _ Fe, alloys, the study
of the region of high Fe concentration is hampered
by the onset of a structural phase transition to the
BCC-Ni-Fe phase (martensitic transformation). In
epitaxial FCC-Ni, _Fe, films, however, the mar-
tensitic transformation can be suppressed by
pseudomorphic growth on Cu substrates over the
entire Fe concentration range [65,66]. Walker
and his group [67] investigated epitaxial FCC-
Ni, _ Fe, alloy thin films on Cu(0 0 1) and Cu(111)
utilizing a combination of Mdssbauer spectroscopy
and magnetometry; their results presented clear
evidence for the emergence of a low-spin AFM
phase in the region of high Fe content (Invar re-
gion), which coexists with a high-spin FM phase
[67]. The emergence of the AFM phase was ob-
served by magnetometry as a drop in the average
saturation moment, while low-temperature Mos-
sbauer spectroscopy revealed the emergence of this
phase by the appearance of a drastically broadened
central single-line superimposed to the sextet of the
high-spin FM phase. The high-spin FM phase may
exist as superparamagnetic clusters in a matrix of

the low-spin AFM phase that was found to have
a Néel temperature around 35 K. Apparently, the
AFM phase is invisible for SQUID magnetometry,
and the average magnetization drops, as more of
the AFM phase emerges with increasing Fe concen-
tration [67].

It is tempting to investigate FCC-Fe films grown
pseudomorphically on substrates with different ex-
panded lattice parameters in order to scan the
in-plane lattice parameter around its value for the
magneto-volume instability (low-spin/high-spin
transition) described above (Fig. 5). This may be
performed e.g., by choosing Cu,; _ Au, substrates
which show an increasing lattice parameter with
rising Au concentration [55,68,69]. A Mossbauer-
effect study by Keavney et al. [55] of FCC-
Fe(1 0 0)/Cu; - Au,(1 00) multilayers with lattice
parameters in the range between 3.606 and 3.704 A
demonstrated the coexistence of the low-spin AFM
and the high-spin FM Fe phase. Most interestingly,
the hyperfine fields (and the local Fe atomic mo-
ments) themselves of these two Fe sites do not
change, respectively, with the substrate lattice para-
meter, but it is the population of the high-spin FM
phase that was found to increase relative to that of
the low-spin phase, as the lattice parameter of the
substrate is increased [55]. This effect causes the
continuous increase in the average moment per Fe
atom [55,68,697], as measured by macroscopic mag-
netometry. Remarkably, hyperfine fields (or Fe
atomic moments) in FCC-Fe intermediate between
those of the low-spin AFM and high-spin FM
FCC-Fe phases (see Fig. 5) have never been ob-
served convincingly, which probably indicates
a first-order transition between these two phases, as
predicted by theory [40].

2.3. Perpendicular spin structures

For the studies of magnetism in thin films, the
direction of spontaneous magnetization is a valu-
able information. If the shape anisotropy is domi-
nant, the magnetization is preferably oriented in
the film plane. However, it is not uncommon to
observe an off-plane component of magnetization.
Films having perpendicular magnetizations are of
interest from viewpoints of basic magnetism and
also of technical applications. The average spin
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Fig. 6. °"Fe Mossbauer absorption spectra at 4.2 K for [Fe(40 /OX)/RE(30 A)] multilayers (RE = rare earth). The average direction (®)
of the Fe magnetic moments relative to the film normal is shown for each spectrum.

direction is easily estimated from the Mdssbauer
hyperfine spectra. The intensity ratio of six lines in
a magnetically split >’Fe spectrum is expressed as
3:x:1:1:x:3 and cos® @ = (4 —x)/(4 + x),
where @ is the polar angle between the direction of
the Fe magnetic moment and the y-ray beam (i.e.
the film normal). The measured values of cos® @
are spatial averages of {cos>@) over the Fe layers.
Usually, a half-cone angle {(® is defined by arccos
({cos?’@>)'?. In a powder pattern with random
spin orientation, the ratiois 3:2:1:1:2:3, butin
the case of perfect perpendicular (in-plane) mag-
netization, the ratio becomes 3:0:1:1:0:3
(3:4:1:1:4:3). As examples, spectra for Fe/
rare-earth multilayers are shown in Fig. 6 [70]. It is
observed that the ratio for the most cases is
3:4:1:1:4:3,indicating the magnetization being
in the plane. However, the intensity ratios in the
spectra for Pr, Nd and Tb are different, suggesting
the magnetization is oriented close to the film nor-
mal. Although all the samples with the same nom-
inal structure were prepared in the same procedure,
and have similar crystallographic qualities, the
effective anisotropies of Fe layers are different,
depending on the counterpart rare-earth ele-
ments. The reason is attributed to the orbital

angular momentum of interface rare-earth
atoms.

Nanoscale chemically modulated Tb/Fe and
other RE/Fe multilayers with rather thin individual
layer thickness ( < ~ 20 A) have been extensively
investigated, mainly because they may exhibit per-
pendicular magnetic anisotropy at room temper-
ature [71]. RE/Fe multilayers (in particular Tb/Fe,
Dy/Fe) with thicker individual layer thicknesses
(> ~ 26 A) have crystalline HCP/BCC structure
and may show a reversible temperature-driven Fe-
spin reorientation transition (@ )(T) from parallel
to perpendicular spin orientation upon cooling.
This phenomenon has been discovered by *>’Fe
Maossbauer spectroscopy in  HCP-Dy/BCC-Fe
multilayers for the first time [72], and was later
studied in other HCP-RE/BCC-Fe systems [ 70,73],
and also by '°'Dy Madssbauer spectroscopy [74].
Spin-reorientation transitions are of fundamental
interest because of the competing magnetic inter-
actions involved [75,76]. Since the interface rough-
ness plays an important role in the origin of
perpendicular magnetic anisotropy, Tb/BCC-Fe
multilayers have been ion-beam irradiated with
heavy ions in order to modify the interface and
BCC-Fe structure by demixing, mixing and
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amorphization [77-79]. Depending on the type of
ions and the irradiation dose employed enhance-
ment or reduction of the perpendicular Fe-spin
orientation was observed by CEMS.

2.4. Magnetization process and domain structure

Fe-site-selective detection of magnetic domains
and calculation of an Fe-specific magnetic hyster-
esis loop generally may be achieved by Mdssbauer
spectroscopy in an external field, B, in such cases
where the coercivity B, is larger than the experi-
mental linewidth I ~ 0.8 T, and the system shows
a strong uniaxial magnetic anisotropy. This applies
in particular to Fe-containing modern hard-
magnet systems either as thin-film/multilayer or
bulk materials. This is demonstrated for HCP-
Tb/BCC-Fe multilayers at 50 K, where they exhibit
strong perpendicular magnetic anisotropy and
B, ~ 1.2 T [80]. Similar results have been obtained
at 4.2 K [80]. Polycrystalline HCP-Tb/BCC-Fe
multilayers  of  composition  [*Fe(17.5 A)/
S7Fe(5 A)/"Fe(17.5 A)/Tb(26 A)] x 30 and capped
by Al(50A) were prepared by thermal evap-
oration of high-purity elements in UHV
(p < 3 x 10~ 2 mbar during deposition, rate 0.2 A/s)
onto liquid-nitrogen cooled polyimid (Kapton)
substrates for Maossbauer transmission experi-
ments. The Mossbauer signal from the natural Fe
layers ("*'Fe) is negligible, and the signal arises
essentially from the center of the BCC-Fe layers.
Thus we avoid possible spectral contributions from
intermixed interface regions [81,82]. Low-angle
XRD patterns of our multilayers typically exhibited
four or more superstructure Bragg peaks [83] in-
dicating good layer quality. Mossbauer transmis-
sion experiments were performed at 50K in
external fields of — 5T < B.,, < + 5 T parallel or
antiparallel to the y-ray direction and to the film
normal.

Typical Mossbauer spectra measured along
a hysteresis loop at different fields from B, = + 5
to — 4T and back to + 1.5 T are shown in Fig. 7.
As expected, at remanence (B, = 0) and at satura-
tion (B, = + 5 T) only one magnetically split sex-
tet with sharp lines typical for BCC-Fe is observed;
the sample is in a single-domain state in this case.
From the line-intensity ratio a half-cone angle {®)

+5T

RELATIVE TRANSMISSION

_I8 | _IL 1 é | +IL 1 +|8
VELOCITY ( mm/s)

Fig. 7. 57Fe(5 A)-probe layer Mdssbauer spectra of [Tb(26 A)/
Fe(40 /&)] x 30 measured at 50 K along the hysteresis loop in
various perpendicular fields, B.,, in the sequence indicated on
the right-hand side. The 37Fe-probe layers are in the center of
the 35 A thick natural Fe layers.

of 26° is obtained at remanence, i.c. the average
Fe-spin orientation is strongly (but not completely)
perpendicular to the plane in the center of the
BCC-Fe layers. Even at saturation ( + 5 T) a finite
angle (®) of 22° remains. At B, = + 15T,
a splitting into two sextets with sharp lines and
with different ‘effective’ field values, |BZ|, are ob-
served, representative of ‘up’ domains (+) and
“down” domains (—) respectively, of the perpen-
dicular multidomain state. The reason for the split-
ting is the vectorial relation By = Bpr + Bex
between the measured effective field at the °’Fe
nucleus, the intrinsic hyperfine field, By, and B.y,.
As By is related to ug. by By = App. (Where
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A = — 15T/ug for BCC Fe), two different ug,. ori-
entations (corresponding to ‘up’ or ‘down’ do-
mains) with respect to B, result in the two |BX|
values observed. The relative spectral area (relative
intensity) A*(A”) of the sextet corresponding to
“up” (“down”) domains is equal to the Fe-specific
volume fraction of these perpendicular domains,

14 i
Oooooooooooeoo—o—o—o—o*_
0. \ |

—o——o—o—o—ooB oooooooooo

.Hﬁéﬂ/

Magnetization [ ug / Fe-Atom ]

Bex: [T]

Fig. 8. Perpendicular magnetization loops at 50 K: (a) full
circles: Fe site-selective loop calculated from Mdssbauer data
obtained from Fig. 7. (b) open circles: SQUID magnetization
loop [80].

which changes with B.,,. This provides the basis for
calculating an Fe-specific magnetization hysteresis
loop [80] from measured values of A%, |BZ;| and
cos{@) ;. The result is shown in Fig. §, data (a),
together with the perpendicular magnetization
loop obtained at 50 K from the same sample by
SQUID magnetometry (data (b)). Comparison of
both curves provides important information: (i)
they have about the same coercivity, and (ii) at
saturation, the average magnetization in (b) is only
0.7 ug/Fe-atom, compared to 2.1 ug/Fe-atom in (a);
this demonstrates that 1.4 up/Fe-atom are compen-
sated at the Tb/Fe interfaces at 50 K by antifer-
romagnetic coupling with Tb moments.

If domain structures are formed in a magnetic
film in zero external field, the direction of magneti-
zation in a film is not uniform. For example, the
direction of magnetization in a closure-domain
structure will vary depending on the depth from the
surface. Depth-dependent analysis of the magnetiz-
ation direction using >’Fe probe layers was carried
out for a [Co(30 A)/Au(20 A)]xn system [84]. For
Mossbauer absorption spectroscopy, °'Fe probe
layers with a nominal thickness of 1.5 A were
located in the center of 30 A Co layers at different
depths in different samples. As shown in Fig. 9, the

Counts
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Fig. 9. Concept of magnetic structure in the multilayer system [Co(20 /e\)/Au(ZO A)] x 31. Examples of Mossbauer spectra from position-

selectively located *"Fe probes are also shown.
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line-intensity ratios in the Mossbauer spectra indi-
cate clearly the difference of magnetization direc-
tions between the interface and the middle of the
multilayer system. The magnetization is closer to
the film plane at interface layers and turns towards
the perpendicular direction at the inner layers. This
result provides evidence for closure domain forma-
tion. More details related to the dependence of
Maossbauer spectra on the depth from the interface,
the number of magnetic layers and on externally
applied magnetic fields will be presented in a forth-
coming paper.

2.5. Artificial layered structures:
FePt(0 0 O)L1, films

Thin films of the chemically ordered face-
centered tetragonal (FCT) phase of FePt, FePd
[85] or (metastable) FeAu [86] with the L1, struc-
ture (or CuAu(I) structure) have become a topical
subject. This structure consists of alternating mon-
atomic layers of the elements with the c-axis of the
FCT unit cell perpendicular to the layers. Epitaxial
growth of Ll,-ordered FePt thin films on
MgO(0 0 1) with the c-axis along the film-normal
direction by molecular-beam epitaxy (MBE) [87]
or magnetron sputtering [88,89] results in high
perpendicular magnetic anisotropy. Because of this
property and its large magneto-optical Kerr rota-
tion [87], FePt is considered to be a potentially
useful storage medium for high-density magneto-
optical perpendicular recording.

Maossbauer spectroscopy offers a convenient
way to detect the presence of the L1,-phase and
of other Fe-Pt phases in this system. For this
purpose we have studied 250 A thick chemically
ordered (L1,) °’FesoPts, alloy films and
[*7Fe(1.5 A)/Pt(2.0 A)]s, superlattices grown by
MBE at 500°C on MgO(001). Initially, the
MgO(0 0 1) surface was covered at 500°C by a 3 A
57Fe seed layer followed by a 150 A Pt(0 0 1) buffer
layer. All samples were capped with 10 A Pt at
500°C for protection. High-angle XRD patterns
exhibited clear FePt(0 0 1)- and (0 0 3) Bragg reflec-
tions from the L1, superstructure, in addition to
the basic FePt(002) and (004) Bragg peaks,
typical for epitaxial growth. Similar multilayers
prepared without Fe-seed layer, however, did not
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Fig. 10. CEMS spectra of L1,-ordered >’FesoPts, systems at
300 K: (a) 250 A epitaxial 37FesoPtso(0 0 1) alloy film. (b) Epi-
taxial (00 1)-oriented [37Fe(1.5 A)/Pt(2.0 A)] x 60 superlattice.
(©) (111)-textured (non-epitaxial) [*7Fe(1.5A)/Pt(2.0 A)]so
multilayer grown without 37Fe(3 A) seed layer.

grow epitaxially, but showed a clear FePt(11 1)
texture.

Fig. 10 shows the CEMS spectra of the Fe-Pt
samples measured at room temperature. The inci-
dent gamma radiation was perpendicular to the
film plane. All spectra in Fig. 10(a)-(c) could be
analyzed in terms of a dominant magnetically split
Zeeman sextet with slightly asymmetric line posi-
tions which is assigned to the epitaxial (FCT) FePt
phase with L1, structure, and a less-intense central
single line due to some cubic non-magnetic (minor-
ity) Fe-Pt phase. The relative spectral intensity of
this non-magnetic phase amounts to 3.2% of the
total spectral intensity in Fig. 10(a), 9.3% in
Fig. 10(b) and increases to 23.2% in Fig. 10(c). The
non-magnetic Fe-Pt phase was found to order
magnetically at low temperature with a hyperfine
field different from that of the L1, phase.
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Spectral analysis yields an average hyperfine field
of 27.5 T for the FCT (L1,-ordered) FePt phase at
RT. The outer sextet lines are slightly broader than
the inner lines, in particular in the case of the (1 1 1)
textured film (Fig. 10(c)). This is the result of a dis-
tribution of hyperfine fields (which is relatively
narrow and sharply peaked, though). The P(B.)
distribution reflects small deviations from the ideal
short-range-order parameter of the perfect L1,
phase. The latter has one unique Fe-lattice site
only, and thus should show a sharp By, value and
no distribution. From the relative line intensities of
the spectra in Fig. 10(a) and (b) a tilting angle <®)
of ~ 19°-21° i.e. nearly complete perpendicular
Fe-spin orientation, was obtained for the epitaxial
films. The angle {®) deduced from Fig. 10(c) is
60° for the (1 1 1)-textured multilayer. This is close
to the angle of 54.7° between the preferred cry-
stallographic <11 1) direction along the film
normal and the tilted c-axis directions in this tex-
tured system.

The non-cubic (FCT) L1, structure with its an-
isotropic electronic charge distribution manifests
itself in a strong electric quadrupole interaction
with the *’Fe nucleus. This is reflected by asymmet-
rical line positions in the Zeeman sextet [90]. Spec-
tral analysis combined with the assumption that
the main component of the electric field gradient,
V.., is parallel to the tetragonal c-axis, and the
asymmetry parameter # = 0, results in a positive
electric quadrupole-coupling constant eV,.Q/2 of
+ 0.36 mmy/s for our epitaxial FCT FePt systems.
Ordered (L1,) FCT FesoPds, thin-film alloys co-
deposited at 600°C show similar values of By; and
eV,.0/2 as our FCT FePt samples [91].

3. Studies of non-magnetic layers

The GMR effect is a transport phenomenon typi-
cally between magnetic layers separated by a non-
magnetic spacer layer. It is important to clarify the
role of the spacer layer from the viewpoint of mag-
netism. In order to observe directly the magnetic
properties of non-magnetic layers, Mdssbauer
probes of a non-magnetic element such as '°’Au, is
useful. Au is very commonly used as a spacer ele-
ment, as well as Cu, and actually the short-period
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Fig. 11. '°7Au Méossbauer spectra of [Au(10 A)/3d-metal]
multilayers at 16 K: (a) [Au(10 A)/Fe(8 A)]; (b) [Au(10A)/
Co(20 A)]: (¢) [Au(10 A)/Ni(20 A)].

oscillation of interlayer coupling was first observed
in Fe/Au/Fe sandwich films [92].

197 Ay Mossbauer measurements have been per-
formed by the group of Nasu, Osaka University.
Examples of spectra measured at 16 K for several
multilayers of Au and ferromagnetic 3D-metals are
shown in Fig. 11 [93]. The profiles of the spectra
are broad and asymmetric, but can be interpreted
as a superposition of two components, a bulk Au-
like (non-magnetic) part and a magnetically split
one. The relative amount of the latter (magnetic
fraction) increases with the reduction of the
Au layer thickness, and therefore the magnetic frac-
tion is attributed to the interface part. The hyper-
fine fields in each Au spectrum are fairly large:
115.0, 69.0 and 23.0 T for the interfaces with Fe,
Co and Ni, respectively, suggesting that the spin
polarization at the interface Au sites is rather high.
The magnitude of the hyperfine field at the inter-
faces varies corresponding to the magnitude of
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magnetization in Fe, Co and Ni. The Au isomer
shift is very sensitive to a change of the electronic
structure. The observed spectral profile is inter-
preted by assuming a large positive isomer shift for
the part with a large magnetic hyperfine field. The
amount of the interface fraction having appreciable
hyperfine field values corresponds to less than two
monolayers. Probably, the Au atoms exhibiting
large hyperfine fields have direct bondings with
ferromagnetically polarized 3D orbitals of Fe. It is
likely that spin polarization by conduction elec-
trons exists more extensively, but the hyperfine
fields at Au nuclei caused by conduction electron
polarization seem to be fairly small. In summary,
large magnetic polarization at interface Au sites
caused by direct coupling with ferromagnetic meta-
Is was observed, but more refined measurements
with a higher sensitivity are required to detect
a conduction electron spin polarization.

It is to be noted that a significant magnetic
hyperfine broadening is also observed at interface
Au sites in Au/Cr multilayers. This fact means
that the Cr interface has a ferromagnetic spin ar-
rangement, although bulk Cr is a compensated
antiferromagnet. Further experiments on Au/Cr
multilayer systems will be carried out in near
future.

Another candidate of nanoprobe for the studies
of non-magnetic layers is Sn, since ''°Sn is a very
convenient Mdssbauer isotope, like >"Fe. Magnetic
properties of Au layers in Au/3D multilayers
including **°Sn probes have been investigated sys-
tematically by applying transmission ''°Sn Mos-
sbauer spectroscopy. Probing-layers of ''°Sn with
a nominal thickness of 1.5 A were inserted in Au
layers in Au/3D multilayer samples, and transmis-
sion spectra were measured [94]. Fig. 12(b)—(d)
shows ''?Sn spectra, where the Sn probes were
located in the center of Au layers with 20 A thick-
ness in Au/3D (Fe, Co and Ni) multilayers. All
spectra show broadenings caused by magnetic hy-
perfine fields, suggesting that spin polarization
exists at a distance of 10 A from the interface. For
comparison, a spectrum where Sn is at the center of
30 A Au layers is also shown (Fig. 12(a)) which has
almost not broadening. The transferred spin polar-
ization seems to have almost decayed out in the
region from 10 to 15 A.
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Fig. 12. ''°Sn Mdssbauer spectra at 300K of [3d-
metal/Au(10 A)/Sn(1.5 A)/Au(10 A)] multilayers: 3d-metal is
(b) Co(20 A), (c) Fe(20 A), (d) Ni(20 A). [Au(15 A)/Sn(1.5 A)/
Au(15 /&)/CO(ZO 10\)] is shown for comparison in (a).

The Sn probe atoms in Au layers are not isolated
impurities, but have an ultrathin layered structure
with a nominal thickness of 1.5 A, corresponding
roughly to one Sn monolayer. Crystallographically,
the microscopic structure of such a thin Sn layer in
Au is not known and the mechanism for the trans-
ferred hyperfine field at the Sn nuclear site is not
clear. However, as far as the structure of the Sn
layers in Au is the same in all the samples, the **?Sn
layer is regarded as a probe to measure spin polar-
ization. The observed hyperfine fields at Sn should
be proportional to the local spin polarization in
Au. The Sn hyperfine field in Au/Ni at 42K is
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Fig. 13. ''°Sn CEMS spectra at 300 K of Cr/Sn multilayers
with various Cr thicknesses: (a) tc, = 30 A; (b) te, = 20 A; (c)
ter = 10 A; (d) te, = 6 A.

about 1.0 T, which is smaller than that in Au/Co or
Au/Fe, being consistent with the smaller magneti-
zation of Ni. The hyperfine fields in both Au/Fe
and Au/Co are fairly large, and the largest value of
the hyperfine field in Au/Co at 42K is about
12.0 T, which is larger than that in Au/Fe, about
8.0T, in contrast to the magnitude of the bulk
magnetization. In both cases, hyperfine fields are
widely distributed and a considerable fraction has
nearly zero hyperfine field. It is plausible that this
wide distribution of hyperfine fields originates from
an oscillatory spin polarization of conduction elec-
trons in Au layers.

Although there are a number of investigations on
the GMR effect in Fe/Cr multilayer systems, it was
not clear until recently whether ultrathin Cr layers
have a magnetic order or not. Ultrathin Cr layers
appeared to have no magnetization, and magnetic
order in a Cr spacer layer itself has been ignored in
the arguments on GMR. The present systematic
study on the transferred hyperfine field at Sn in Au
layers contacting with 3D metal layers (see Fig. 12)
have not yet been extended to Cr because initially

a penetration of spin polarization from Cr layers
into Au layer was not excepted. According to the
neutron diffraction studies by Sonntag et al. [95],
very thin Cr films have a commensurate antifer-
romagnetic order and the transition temperature is
much higher than that of bulk Cr. ''°Sn Mos-
sbauer results on Cr/Sn multilayer systems are con-
sistent with their conclusion.

Multilayers consisting of Cr and Sn layers have
been prepared, and remarkably large hyperfine
fields at ''° Sn sites were detected as shown in
Fig. 13 [96]. In the phase diagram of Cr-Sn, there
is no magnetic phase besides pure Cr layers. The
observation of magnetically split Sn spectra at
room temperature proves that the thin Cr layers
have a magnetic order with a fairly high transition
temperature. The large hyperfine field means a sig-
nificant penetration of spin polarization from Cr to
Sn layers, and the spin arrangement at Cr interfaces
should be ferromagnetic. However, it is not clarified
yet what is the role of the own magnetic order of Cr
in GMR properties.

4. Concluding remarks

Several Mossbauer spectroscopic studies on
magnetic multilayers systems and of interface mag-
netism are described. It is demonstrated that >’Fe is
a useful probe to study magnetic properties in Fe
layers, such as Fe/Cr interface roughness, meta-
stable FCC-Fe/Cu(00 1) and chemically ordered
FePt/MgO(00 1) films. Perpendicular Fe-spin
orientation in rare-earth/Fe multilayers, and Ms-
sbauer detection of perpendicular magnetic
domains in Tb/Fe multilayers and their magneti-
zation process in external fields are described.
Evidence for closure domains in Co/Au multilayers
is provided. For the study of non-magnetic layers,
197Au and ''°Sn are useful Mdssbauer probes.
Although Au is popular as spacer layer material,
197Au Mossbauer techniques have not yet been
utilized sufficiently. The main reason is the incon-
venience due to the short life-time of the y-ray
source. Because the y-ray energy is relatively high,
the measurements are limited to low temperatures.
Since '°7Au is the only stable isotope, the position-
selective enrichment technique cannot be applied,



T. Shinjo, W. Keune | Journal of Magnetism and Magnetic Materials 200 (1999) 598-615 613

i.e. Mossbauer spectra always show the situation of
the total Au layer. To deduce information on the
interface, it is necessary to compare spectra for
different Au thicknesses. In the case of ''°Sn spec-
troscopy, Mossbauer measurements are technically
very easy. Using samples with local enrichments in
1198, position-selective information is available.
However, the structure of the matrix layer is pos-
sibly disturbed by inserting **?Sn probe layers, and
a modification of the local electronic structure must
be taken into consideration. It is certain that nu-
clear methods furnish us with unique information
on magnetism in non-magnetic layers.

We did not discuss other important applications
of >"Fe Mossbauer spectroscopy, like thermal mag-
netic relaxation effects and spin-wave softening in
magnetic films and superlattices. Here, we refer to
the review by Walker [97]. Recently, magnetic re-
laxation effects and softening of the spin waves
were observed in Fe/Ir(1 0 0) superlattices, which
demonstrate the weak magnetic correlation from
layer to layer in these magnetic heterostructures
[98]. This is different from the behavior of epitaxial
Fe(110)/Ag(111) superlattices with interlayer
magnetic exchange coupling that oscillates as
a function of the Ag interlayer thickness: these
oscillations are reflected in a oscillatory slope of the
hf field with temperature or oscillatory spin-wave
stiffness parameter with Ag spacer thickness [99].
With the reduction of lateral dimensions of thin
films and multilayers and the advent of magnetic
nanowires and nanodots thermal spin fluctuations
and superparamagnetism become increasingly im-
portant. Mdssbauer spectroscopy is a suitable tech-
nique to study such phenomena on a time scale of
~10"7s [100-103]. Post-ion-implantation of
>7Co source atoms into nanodots might increase
the detection sensitivity to the submonolayer range
[104]. Furthermore, we anticipate exciting results
from grazing incidence nuclear-resonant synchro-
tron Mossbauer reflectometry on ultrathin films
and multilayers [105,106]. These experiments are
performed in the time-differential mode. Now-
adays, nuclear-resonant synchrotron experiments
are feasible for °"Fe, ''°Sn and '*'Eu isotopes.
Recently, the Fe-spin orientation of epitaxial ultra-
thin (5ML) anisotropic BCC-’"Fe islands on
a stepped W(110) single-crystal surface in zero

and non-zero external fields has been determined
by nuclear-resonant synchrotron scattering with
measurement times of only less than 30 min at the
ESRF, Grenoble [107]. This may open the field for
Maossbauer studies of large-area laterally-nano-
structured magnetic systems. Thicker films
( ~ 1000 A) can be investigated non-destructively
along the film normal direction by depth-selective
conversion electron Mossbauer spectroscopy
(DCEMS) [108]. Moreover, inelastic nuclear-res-
onant absorption of synchrotron radiation may
develop into an exciting technique for measuring
vibrational density of states in magnetic multilayer
systems [109].
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