Chapter 14
Mossbauer Analysis

Ko Mibu, Masaaki Tanaka and Kohei Hamaya

Abstract As a powerful experimental tool to examine local crystallographic and
magnetic environments of Heusler alloy films, Mossbauer spectroscopy is introduced
briefly in this section. This method, which is applicable easily when the alloy contains
Fe or Sn as a constituent element, can give us unique information on the local degree
of structural order, the magnetic stability at the interfaces, and so on.

Maossbauer spectroscopy is an experimental method where local electronic states in
solids can be studied through absorption spectra of y-rays by the constituent nuclei
in the solids [1-3]. The energy levels of nuclei are influenced by the surrounding
electrons through the hyperfine interactions so that the absorption spectra contain
information on local electronic states, including magnetism. The applicability of
this experimental method is highly dependent of the sort of nuclei or isotopes and
the most easily applicable nuclei in the level of university laboratories are 5'Fe
(the natural abundance 2.2 %) and ''°Sn (the natural abundance 8.6 %). Since some
Heusler alloys contain Fe or Sn as an ingredient, Mdssbauer spectroscopy can be a
powerful tool to elucidate local electronic states of Heusler alloys. Some pioneering
works on bulk Heusler alloys are introduced already in a review book on Mdssbauer
spectroscopy published in 1971 [1] and many papers have been published so far.
The number of papers including Mossbauer spectroscopic study on Heusler alloys
started increasing again in 2004, boosted by the progress in spintronics, and some of
these recent papers have been highly sited up to date [4, 5]. In this section, we focus
exclusively on Mossbauer spectroscopic studies about epitaxial Heusler alloy films,
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Fig. 14.1 Mossbauer-related energy levers for (a) >’Fe and (b) ''°Sn nuclei in nonmagnetic and
magnetic environments. Typical Mossbauer spectra with a magnetically-split six-line pattern are
also shown on the right

which started appearing in literature around 2007, mainly on the studies performed
by our research group.

Figure 14.1 shows typical Mossbauer-related energy levers of >’Fe and ''”Sn
nuclei and corresponding 3'Fe and ''”Sn Massbauer spectra in magnetic environ-
ments. Both nuclei have the ground state with the nuclear spin / = 1/2 and the
first exited state with I = 3/2. When the nuclei feel an effective magnetic field, the
energy revels are split into 2 and 4 sublevels, respectively. On the occasion of y-ray
absorption, 6 transitions are usually allowed between the sublevels, so that a six-line
pattern is observed in the absorption spectra. The effective magnetic field in magnetic
materials is called “magnetic hyperfine field” because it originates from the hyperfine
interaction between the nuclei and electrons. For usual experiments, a radioisotope
is used as the y-ray source and the energy of the highly monochromatic y-rays is
modulated through the Doppler effect by giving the velocity to the y-ray source. The
abscissa of the spectra is therefore expressed by the Doppler velocity, which is lin-
early correlated with the energy of the incident y -rays, instead of being expressed by
the units of energy. The center of the gravity of the spectra reflects the charge density
of electrons at the nuclear sites and the deviation from the standard position (usually
the deviation relative to the center of the spectrum of «-Fe or CaSnQO3) is called
“isomer shift”. The energy levels of the nuclei, hence the absorption spectra, are also
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affected by the electric field gradient at the nuclear sites, but this effect is negligibly
small in the case of Heusler alloys, where the crystallographic structures basically
have cubic symmetry. For epitaxial thin films grown on single crystal substrates,
absorption spectra are usually recorded by detecting internal conversion electrons
and other secondary electrons, which are resonantly emitted from the sample right
after the absorption of y-rays, in a scattering geometry. This method is called “con-
version electron Mossbauer spectroscopy (CEMS)” and the spectra appear as upward
peaks as in Fig. 14.1. For magnetic thin films with the magnetic moment in the film
plane, as is usual in ferromagnetic Heusler alloy films, the direction of the magnetic
hyperfine field is also along the film plane. In such cases the intensity ratio of the six
lines becomes 3:4:1:1:4:3, as shown in Fig. 14.1.

In stoichiometric X>YZ Heusler alloys with an ideal L2;-ordered structure, the
atoms of each constituent element occupy a specific crystallographic site, i.e., the
8¢ site of the Fm3m space group for X, the 4b site for Y, the 4a site for Z, so that
each element has a single sort of local environments. The Mossbauer spectra for one
of the constituent element therefore consist of one six-line pattern when the alloy is
magnetically ordered or one single-line pattern when the alloy is nonmagnetic. In
off-stoichiometric cases or disordered cases, there appears distribution in the local
environments of each constituent element so that the spectra become multiple six-
line or single-line patterns or, instead, show line broadening. For such cases, each
spectrum component (subspectrum) is usually attributed to a nuclear site which
is classified by the sort and number of the atoms at the nearest-neighboring sites.
For example, in ferromagnetic Co,FeZ (Z = Si, Ge, Sn) alloys, each Fe atom is
surrounded by 8 nearest-neighboring Co atoms when the Fe is at the proper site (the
4bsite) inanideal L2 structure, whereas it is surrounded by 4 nearest-neighboring Fe
atoms and 4 nearest-neighboring Z atoms when it is at the Co site (the 8c site) due to
off-stoichiometry or structural disorder. The Fe nuclei at the latter site are expected to
feel smaller magnetic hyperfine field than those at the former site. The effects from
the 6 next-nearest-neighboring atoms are usually small in comparison with those
from the 8 nearest-neighboring atoms. In this way, Mdssbauer analyses can be used
to study the local or short-range environments of the constituent atoms in Heusler
alloys, as NMR analyses can be [6]. This situation has been well-demonstrated for
bulk L2; Heusler alloys, for example, in [7] and [8]. The first part of this section
is devoted to these kinds of analyses on structural order of epitaxial Heusler alloy
films. Another effective way to apply Mossbauer spectroscopy to Heusler alloy films
is to check the local electronic states, especially magnetism, at the interfaces, which
can be highly correlated with the magnetoresistance features of Heusler-alloy-based
multilayers or magnetic tunnel junctions. This point is discussed in the latter part of
this section.

The validity of the Mdssbauer analysis for the study of site occupation is well-
demonstrated for “pseudo-Heusler” or “binary Heusler” Fe3Si alloy films with D03
structure [9—12]. In this structure, the 8c site and the 4b site in the Fm3m space group
are occupied by the atoms of the same element, in the case of Fes3Si, by Fe. Here,
each Fe atom at the 8c site has 4 Fe atoms and 4 Si atoms at the nearest-neighboring
sites, and that at the 4b site has 8 Fe atoms at the nearest-neighboring sites. It is
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Fig. 14.2 STFe Mossbauer spectra of epitaxial (a) Fe3Si(111) (25nm) and (b) Fe3»Sipg(111)
(30nm) films on Ge(111) substrates prepared by low-temperature molecular beam epitaxy [10].
Each spectrum is fitted with 7 magnetically-split six-line patterns (7 subspectra), each of which is
attributed to the Fe site with a different number of nearest-neighboring Fe and Si atoms. The relative
area of each subspectrum is shown on the right

known from an experimental study for bulk Fe3Si [13] that the magnetic hyperfine
field for the Fe nuclei at the 8c site (~20 T) is about 2/3 of that for the Fe atoms at the
4b site (~31 T). The electron charge density at both sites is also different. Eventu-
ally Mdossbauer spectrum appears as superposition of two magnetically-split sex-line
patterns with different magnetic hyperfine fields and different isomer shifts, with the
integrated peak intensity ratio of 2:1. For thin films, where the samples are prepared
through non-equilibrium process, it is usually not easy to exclude off-stoichiometry
and structural disorder. Figure 14.2 shows the ’Fe Mossbauer spectra of epitaxial
Fe3Si(111) (25nm) and Fez 2Sipg(111) (30nm) films on Ge(111) substrates pre-
pared by low-temperature molecular beam epitaxy [10]. For the film growth, the Fe
source was enriched with the 3’Fe isotope up to 20 %, to obtain better S/N ratios in
shorter measurement time. The spectra can be fitted with superposition of 7 six-line
patters, i.e., 7 magnetic subspectra, as shown in the figure. The intensity ratios of the
subspectra are shown on the right, with each subspectrum numbered from 2 to 8in
the order of the magnitude of magnetic hyperfine fields (5.0, 13.9, 20.0, 24.7, 28.5,
31.3, and 32.8 T in the case of Fe3Si(111)). Each subspectrum can be attributed to the
Fe site with a different number of nearest-neighboring Fe and Si atoms, according
to the analyses on the spectra of bulk samples [13]. The Fe site which has more Fe
atoms at the nearest-neighboring sites has a larger magnetic hyperfine field and a
smaller (more negative) isomer shift. Subspectra 2, 3, 4, 5, 6, and 7 correspond to the
Fe sites in the D03 phase with the number of nearest-neighboring Fe atoms 0 ~ 2, 3,
4,5,6,7 ~ 8, respectively. Subspectrum 8 is from the Fe site in the A2 or bee phase.
A nonmagnetic single-line subspectrum, which is later assigned as Subspectrum 1
for other Heusler alloy systems, is not clearly separable in these spectra. Obviously,
for the stoichiometric Fe3Si(111) film, the Fe site with 4 Fe atoms (Subspectrum 4)
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Fig. 14.3 5TFe Mossbauer spectra of epitaxial (a) Fe,CoSi(111) (25nm), and (b) CoyFeSi(111)
(50nm) films prepared on Ge(111) substrates by low-temperature molecular beam epitaxy [14, 15].
Each spectrum is fitted with 5 or 2 subspectra. The relative area of each subspectrum is shown on
the right

and that with 8 Fe atoms (Subspectrum 7) at the nearest neighbors are dominant,
suggesting that the epitaxial films basically have a highly ordered D03 structure. The
existence of the component with other Fe coordination numbers indicates that a cer-
tain degree of disorder exists in these films, and the degree of disorder is found larger
for the off-stoichiometric Fe3 2Sigg(111) film. With a simple assumption, the local
degree of structural order is estimated to be 67 % for the stoichiometric FezSi(111)
film grown at 130 °C [10]. This value is sufficiently high for the film grown at
such a low temperature. The degree of order tends to increase as the thickness of
the films increases, which suggests that the structural disorder gets smaller as the
position becomes away from the interface [12]. In this way, it is possible to exam-
ine which growth conditions are optimal to grow crystallographically well-ordered
Heusler alloy films from Mossbauer spectroscopic measurements. Similar analyses
are reported also for epitaxial Fe3Si(001) films grown on MgO(001) or GaAs(001)
substrates [9, 11].

When the Fe atoms in Fe3Si are replaced by Co atoms to be Fe;CoSi and Co, FeSi,
the >’Fe Mossbauer spectra change as in Fig. 14.3 [14, 15]. The spectrum of the
Fe,CoSi (111) (25nm) film on Ge(111) can be fitted with 5 magnetic subspectra
as in Fig. 14.3a [14]. Each subspectrum corresponds to the Fe site with a different
number of nearest-neighboring Fe atoms. The subspectrum with the largest magnetic
hyperfine field of 32.8 T is named as Subspectrum 8, as in the case of Fe3Si. This
subspectrum is from the Fe site with 8§ magnetic atoms (Fe or Co) at the nearest-
neighboring sites, the crystallographically equivalent component to Subspectrum 7
in Fe3Si. The magnetic hyperfine field at this Fe site of Fe,CoSi is enhanced by
the existence of Co. Subspectrum 4 with the magnetic hyperfine field of 19.4 T,
which can be attributed to the Fe site with 4 magnetic atoms and 4 Si atoms at
the nearest neighbors, is also dominant. If the 8c site is occupied by Fe and Co
atoms ideally with the ratio of 1:1, the ratio between Subspectrum 4 and 8 should be
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Fig. 14.4 STRe  Mossbauer spectra of epitaxial (a) CoFe,Si(111) (50nm) [17], (b)
CoyFeSipsAlp5(111) (25nm) and (¢) CoyFeAl(111) (25nm) films prepared on Si(111) substrates
by low-temperature molecular beam epitaxy. Each spectrum is fitted with a distribution of magnetic
hyperfine fields with a small amount of nonmagnetic singlet. The distribution is shown on the right,
with the total area of the magnetic component indicated in percentage

1:1. The observed spectrum and its analysis in Fig. 14.3a are close to this situation,
although there also exist other Fe environments. The spectrum of the CoyFeSi (111)
(50nm) film (made of non-enriched natural Fe) on Ge(111), on the other hand,
can be fitted with one magnetic subspectrum with 32.3 T (Subspectrum 8) and one
nonmagnetic subspectrum with O T (Subspectrum 1), as shown in Fig. 14.3b [15].
The disappearance of Subspectrum 4 shows that the Fe atoms in the 8c site are
perfectly repelled by the Co atoms. Therefore, it can be concluded that this film has
a highly L2 or B2 ordered structure without having an A2-type disorder. Note that
3TFe Mossbauer spectra are not so sensitive to the difference between the L2 and
B2 structures because the Fe site has 8 Co atoms at the nearest-neighboring sites in
both structures. The effect from the next-nearest-neighboring atoms possibly causes
slight peak broadening, which is discussed in the next paragraph. The appearance
of Subspectrum 1 means that there is a small amount of nonmagnetic component,
probably at the interface region [15]. Note that the effect of interfacial diffusion
by annealing is examined for epitaxial CoyCrg ¢Feg4Al films grown on MgO(001)
substrates with and without an Fe buffer layer [16].

Figure 14.4 shows the >TFe Mossbauer spectra of CopFeSi(111) (50nm) (made
of non-enriched natural Fe) [17], CoyFeSig5Aly5(111) (25nm), and CopFeAl(111)
(25nm) films on Si(111) substrates prepared by low-temperature molecular beam
epitaxy. The spectra appear as magnetically-split six-line patterns with different line
widths. Although each spectrum may be composed of some subspectra, the separa-
tion among the subspectra is not so clear, unlike the spectra in Figs. 14.2 and 14.3.
Each spectrum is therefore fitted with a distribution of magnetic hyperfine fields.
Coexistence of a small amount of nonmagnetic singlet, as observed in the spec-
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trum in Fig. 14.3b, is taken into consideration. The obtained distribution of magnetic
hyperfine fields is also shown in the figure. The component around 20 T (equivalent
position to Subspectrum 4) is negligible, which indicates that the amount of Fe atoms
at the 8c site is negligibly small. The distribution becomes wider, hence the parks in
the spectrum become broader, as Si atoms are replaced by Al atoms. If the degree of
B2 disorder (the disorder between Fe and Z in the 4b and 4a sites) is the same for
all the three samples, the local environments of Fe, when considered up to the next-
nearest-neighboring atoms, should be the most diverse in the CosFeSip 5sAlg 5 film.
The observed result, however, shows that the Co,FeAl film has larger peak broaden-
ing. This fact implies that the degree of the B2 disorder is larger in the Co,FeAl film
than in the CoyFeSi film, and that the Co,FeSi film has a highly L2 ordered struc-
ture. Actually, electron diffraction patterns support the existence of the L.2ordered
phase in the CoyFeSi film [17].

For the application of magnetic Heusler alloy films to the multilayered giant-
magnetoresistance structures or magnetic tunnel junctions, it is important to know
whether the magnetic order is maintained at the interfaces on nonmagnetic layers.
Maossbauer spectroscopy is a powerful tool to study local crystallographic structure
and magnetism at buried interfaces in layered structures (Chap. 5 in [3]). As already
shown in this section, the coexistence of a small amount of nonmagnetic phase
among the major magnetic phases can be detected as a single line in Mdssbauer
spectra. In magnetic tunnel junctions with (001)-oriented X, YZ Heusler alloy layers
and a MgO(001) barrier, the tunnel magnetoresistance ratio is yet not satisfactorily
large as expected from the half metallicity of Heusler alloys and the ratio decreases
largely when the measurement temperature increases from low temperatures to room
temperature. To find a key to solve this problem, it is quite informative if the sort of
the terminating atoms at the interface (whether X or YZ) and the stability of magne-
tization at the interface at room temperature are clarified experimentally. Mossbauer
analysis can give some information on these points. In our group, X, YZ Heusler
alloy films with the (001) orientation have been prepared on MgO(001) substrates
by depositing an atomic layer of X, a half an atomic layer of Z and Y alternately in
a controlled manner [18, 19]. By this preparation method, the degree of order may
be improved and also it might be possible to control the interfacial atomic species.

Mossbauer spectroscopic experiments were performed for epitaxial CooMnSn
(001) films, where '1°Sn is the Mossbauer isotope, prepared on MgO(001) sub-
strates by the atomically controlled alternate deposition. For the film growth, the Sn
source was occasionally enriched with the ''°Sn isotope, to 97 % at the maximum.
Figure 14.5 shows the ''°Sn Mossbauer spectrum for a Co,MnSn(40.2nm) film,
together with that of a reference bulk Co,MnSn sample prepared by arc melting.
Since the peaks from individual subspectra are not well separated unlike the >’Fe
Madssbauer spectra in Figs. 14.2 and 14.3, each spectrum is fitted with a distribu-
tion of magnetic hyperfine fields as shown in the figure. (Note that the natural line
width is larger for 1°Sn Mossbauer spectra than that for >’Fe Mossbauer spectra,
as shown in Fig. 14.1.) Although Sn is basically a nonmagnetic element, large mag-
netic hyperfine fields are induced at the Sn nuclear sites of the ferromagnetic alloys
through the Fermi contact interaction between the spin polarized conduction electrons
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Fig. 14.5 '"9Sn Mossbauer spectra and distribution of magnetic hyperfine fields for (a) bulk
Co,MnSn Heusler alloy prepared by arc melting (measured with a transmission geometry), and
(b) an epitaxial CooMnSn(001) (40.2nm) film prepared on a MgO(001) substrate by atomically
controlled alternate deposition at 500 °C [19]

and the nuclei. In the arc-melted sample, there are two peaks in the hyperfine-field
distribution (at ~4.5 and 10 T), suggesting that there are two Sn environments with
different numbers of nearest-neighboring magnetic atoms. Similar spectra are his-
torically reported by other groups [20-22]. Although the origin of the component
with the smaller hyperfine field is not clearly assigned, there seems to be Sn atoms
at the 8c site. In the film sample made by the atomically controlled alternate deposi-
tion, the peak with the smaller magnetic hyperfine field in the distribution histogram
becomes much smaller. This means that the Sn atoms in this film sample are with
more uniform environments than those in the arc-melted sample. This uniformness
in the Sn environments makes it possible to examine the interface magnetism of
the CooMnSn layers through Mdossbauer analyses. Figures 14.6 and 14.7 show the
11980 Mossbauer spectra and corresponding distribution of magnetic hyperfine fields
for CooMnSn(001) (2.2 nm)/Ag(001) (3nm) and Co,MnSn(001) (2.2nm)/Cr(001)
(3nm) multilayers. Since the Heusler alloy layers are thinner than those in the sam-
ple in Figs. 14.2, 14.3, 14.4, the Mossbauer spectra become more interface-sensitive
in these multilayered samples. The deposition order of the Heusler alloy layer is
different among the 4 samples, i.e., (a) Co, Mn, Sn, ... , Co, (b) Co, Sn, Mn, ...,
Co, (c) Mn, Sn, Co, ..., Mn, Sn, and (d) Sn, Mn, Co, ... Sn, Mn. The interfacial
atomic layer is “nominally” designed to be Co for the former two samples, and to be
MnSn for the latter two samples. The spectra show a couple of experimental facts.
First, the spectra look the same independent of the order of atomic deposition and
there is no firm evidence that the interface atomic species are controlled as designed.
Second, the spectra and the corresponding distribution of magnetic hyperfine fields
for the CooMnSn/Ag multilayer are similar to those of the thicker Co,MnSn(001)
film in Fig. 14.5b, whereas those for the Co,MnSn/Cr multilayers are quite differ-
ent and the reduction of magnetic hyperfine fields is more dominant probably due
to the stronger interface effect. The fact that the CooMnSn/Ag multilayers have no
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Fig. 14.6 ''°Sn Mossbauer spectra and distribution of magnetic hyperfine fields for epitaxial
Co,MnSn(001) (2.2nm)/Ag(001) (3nm) multilayers on MgO(001) substrates. a, b, ¢ and d are
for the samples with the Co,MnSn layers prepared with different deposition sequences (see the
text)
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Fig. 14.7 ''9Sn Mossbauer spectra and distribution of magnetic hyperfine fields for epitaxial
Co,MnSn(001) (2.2nm)/Cr(001) (3nm) multilayers on MgO(001) substrates. a, b, ¢ and d are
for the samples with the CooMnSn layers prepared with different deposition sequences (see the
text)



350 K. Mibu et al.

(a)
MgO —
Co—>Fe—>Ge
Cr (2 nm)
b 10 & S ggo - Co,*FeGe
[22]
2 : Mg 0—Ge —Fe (10 nm)
3 +2
8 (c) é 3(5 MgO (2.4 nm)
; ﬁ o MgO — Cr (5 nm)
i?f %0 ; m Fe — Ge — Co MgO (001)
@ % ; =
Mgo_) | Co,*"FeGe (1 layer) |
Ge »>Fe— Co
po ° L |. | I |
10 5 0 5 100 40
Velocity (mm/s) Hyperflne f 'e'd Cr (2 nm)
C
a (e) , S (e Co,FeGe
% ; : _a (40 nm)
S WJ z
=) - Cr (5 nm)
-10 100 10 20 30 40
MgO (001
VeI00|ty (mm/s) Hyperfine field (T) Ll

Fig. 14.8 (a)—(d)’Fe Mossbauer spectra and distribution of magnetic hyperfine fields for epitaxial
CoyFeGe(001) (10nm) films on MgO(001) with 5TFe enriched interfaces prepared by atomically
controlled alternate deposition [24]. a, b, ¢ and d are for the samples prepared with different
deposition sequences (see the text). (e) STFe Mossbauer spectrum and distribution of magnetic
hyperfine fields for epitaxial Co,FeGe(001) (40nm) film prepared by the same method

reduced magnetic hyperfine field at room temperature suggests that the interfacial
magnetization of the Heusler layers, at least in this sample, has no strong reduction
at room temperature. Actually there was no strong temperature dependence in the
Maossbauer spectra of these multilayers below room temperature.

Similar experiments can be performed for epitaxial Co,FeZ(001) films [23, 24],
where 37Fe is the Mossbauer isotope. Figure 14.8 shows the >’ Fe Mossbauer spectra
of epitaxial CopFeGe(001) films prepared on MgO(001) substrates by alternate depo-
sition of the constituent atoms [24]. Samples with an 5TFe enriched interface, where
the Fe at the interfacial atomic layer is composed of the Mssbauer isotope >’ Fe, and
the rest of the Fe is made of a non-Mossbauer isotope “°Fe, were prepared for more
interface-sensitive experiments. The results for the interface-sensitive Co, FeGe(001)
(10nm) layers are shown in Figs. 14.8a—d. The deposition order in the Heusler alloy
layer is different among the 4 samples, i.e., (a) Co, Fe, Ge, ..., Co, (b) Co, Ge, Fe,

, Co, (c) Fe, Ge, Co, ..., Fe, Ge, and (d) Ge, Fe, Co, ... Ge, Fe. Again, there is no
clear deposition-order dependence or designed-termination-atom dependence in the
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spectra. The spectra and distribution of magnetic hyperfine fields for the films with
37Fe-enriched interfaces are sharp enough, and the value of the magnetic hyperfine
field at the peak in distribution is comparable to that of the thicker Co,FeGe(001)
(40nm) film (non-interface-sensitive sample) in Fig. 14.8e. These results indicate
that there is no strong reduction in the magnetization at the Heusler alloy interface at
room temperature. On the other hand, the tunneling magnetoresistance effect of the
CoyFeGe/MgO/Fe tunnel junctions, which were prepared with the same procedure,
shows strong temperature dependence [24], as reported usually for Heusler-alloy-
based magnetic tunnel junctions. There are some suggestions that Heusler alloy
films have reduced magnetization at the interface at room temperature and that can
be the reason for the reduction of magnetoresistance at room temperature in Heusler-
alloy-based magnetoresistance structures [25, 26]. The Mossbauer results imply that
the reduction of magnetoresistance at room temperature is not simply due to the
temperature-dependent decrease in the interface magnetization [24].

In summary of this section, Mossbauer spectroscopy can be a powerful experi-
mental tool to examine the local environments of Fe or Sn in Heusler alloy films. It
can be a tool to judge the local degree of structural order, the magnetic stability at
the interfaces, and so on. Recent development of synchrotron-radiation-based Moss-
bauer spectroscopy would open up new possibility for the researches on electronic
states of Heusler alloy films in certain external conditions [27], and also lead to easier
accessibility to other Mossbauer elements than Fe and Sn.
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