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Circular magnetic x-ray dichroism is studied at the L edges of the 3d transition metal series
(Cr, Mn, Fe, and Co) as impurities in a nickel host, using partial fluorescence yield to monitor the
absorption. While the latter 3d metals Mn, Fe, and Co couple ferromagnetically to the Ni host,
Cr is found to couple antiferromagnetically. Using a sum rule derived within an atomic description
we obtain values of the spin magnetic moment of the impurities, which are in good agreement with

calculations.

I. INTRODUCTION

Experimental evidence for the interaction between
light and magnetic fields has existed since the 19th cen-
tury. These phenomena include Faraday rotation and the
magneto-optical Kerr effect (MOKE). All these effects
were observed in the optical region of the electromag-
netic spectrum. Only recently, stimulated through the
advent of synchrotron light sources with the possibility
to obtain polarized light of high intensity over a broad
spectral range, experimentalists and theoreticians started
to study magneto-optical effects in magnetically ordered
substances in the x-ray energy regime. This photon en-
ergy range covers optically induced core to valence tran-
sitions in rare-earth and transition metals. The magneto-
optical effects studied include magnetic x-ray dichroism
(MXD),}™® x-ray Faraday rotation,® and magnetic x-ray
scattering.”

Dichroism in general may be defined as a polarization-
dependent absorption coeflicient. MXD is the magnetic
field induced polarization dependency of the absorption
coefficient in the x-ray energy regime. Depending on
the character of the polarization, one discriminates be-
tween linear (LMXD) and circular magnetic x-ray dichro-
ism (CMXD). The first theoretical study of CMXD was
undertaken by Erskine and Stern! in the M3, 3 absorp-
tion spectra of ferromagnetic nickel, showing the close
relationship between CMXD and MOKE. The most fun-
damental property of CMXD was predicted in this pa-
per, namely, its possibility to obtain the spin polariza-
tion of the unoccupied d electronic states. The first ex-
perimental evidence of MXD has been reported by van
der Laan et al.? for magnetically ordered Tb at the M
edge; the first experimental study of CMXD has been
performed by Schiitz et al.® at the Fe K edge. The tran-
sition metal L edges have been studied by Chen and co-
workers recently,>® where a strong CMXD is observed in
the prominent 2p — 3d core to valence transition.

It is frequently assumed that MXD can be used to de-
termine local partial magnetic moments of magnetically
ordered materials.3* The terms local and partial in this
context mean that due to the localized character of the
core hole and due to the dipole selection rules, one can
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obtain atom and shell specific values for the magnetiza-
tion. Calculations for rare-earth metals show indeed that
with CMXD it is possible to obtain magnitude and di-
rection of local partial magnetic moments, while LMXD
is sensitive to the magnitude of the magnetization but
not to the direction, making the former method useful
for ferro- and ferrimagnetic materials and the latter ad-
ditionally for antiferromagnetic materials.*

MXD for the transition metal L edges has successfully
been described within the Anderson impurity model tak-
ing configuration interaction into account.®!?® Within an
atomic approach, it is possible to calculate the orbital
as well as the spin contribution to the magnetic mo-
ment, whereas simple one particle band approaches in
an itinerant model only concentrate on the spin.}3 Al-
though the orbital moment for transition metals is very
small compared to the spin moment, it determines im-
portant macroscopic effects, like the magnetocrystalline
anisotropy and the easy axis of magnetization.!! In mul-
tilayer systems, in particular, orbital moments can be
enhanced strongly compared to pure metals, and it is a
matter of discussion whether or not local spin moments
can be obtained with CMXD for multilayers exhibiting
large orbital moments.!> The determination of orbital
magnetic moments using fully relativistic band structure
calculations has also been carried out.'3 These calcula-
tions have the appealing property to be fully parameter
free, and are applied to systems described by itinerant
magnetism.!*

To obtain local partial magnetic moments, two sum
rules have been stated in the atomic model, which re-
late the dichroic signal over the spin-orbit split edges to
ground state expectation values for the orbital’® and the
spin momentum®® per hole. The importance of sum rules
has been established in spectroscopy, because important
information on ground state properties may be obtained
despite the rather restricted information on the distribu-
tion of the spectral intensity over the range in question.'”
Whereas the sum rule for the orbital momentum has been
verified experimentally,’?'15 we would like to demonstrate
in this article that applying the spin sum rule to the ex-
perimental CMXD spectra of 3d impurities in Ni yields
good results in accordance with theoretical calculations
on impurity spin moments.
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To do this, we used a thin Co film epitaxially grown
on a Cu single crystal to calibrate the degree of circu-
lar polarization. Using this value, we calculate the local
impurity spin moments with the help of the spin sum
rule. It is important to note, however, that we are able
to locate the transition from antiferromagnetic to ferro-
magnetic coupling of the impurity spin to the host in-
dependent of the application of sum rules, since CMXD
is sensitive to the direction of the magnetic moment, as
already recognized by Erskine and Stern.!

II. EXPERIMENT

The experiments were performed at the SX700-III
beam line of the BESSY synchrotron facility in Berlin.
This beam line has recently been equipped with two
moveable plane premirrors to provide elliptically polar-
ized synchrotron radiation above and below the plane of
the storage ring, extending the use from originally lin-
early polarized to circularly polarized light.!® Our mea-
surements were all taken with o+ radiation +0.3 mrad off
plane, and it is expected from calculations that the degree
of circular polarization should be nearly constant and ex-
ceeds 50% in the energy region of the 3d transition metal
L edges. The precise degree of circular polarization is not
known, but from Fe L core level photoemission—using
photons of about 850 eV—a polarization of 70410 % was
deduced.!® However, we must stress that the polarization
depends crucially on the exact beam position, the mirror
setting, and the aperture, which selects the radiation of
interest; therefore deviations from the above mentioned
value are not unexpected.

Our samples were thin nickel foils with an amount of
2% of the impurities Cr, Mn, Fe, and Co, which were pro-
duced by melting in a high purity argon atmosphere.?°
The concentrations of transition metal impurities and the
preparation procedure were chosen carefully in order to
obtain a homogeneous solution without forming precipi-
tates. The lattice distortion due to the impurities leads
to maximal 0.9% (in Ni-Mn) increased nearest Ni neigh-
bor distance around the impurity atom relative to pure
Ni, whereas the second neighbor distance is unchanged.?°
The coordination number for the impurity site turns out
to be 12.1 £+ 1.0, very close to the value for a fcc crystal.
We conclude, therefore, that the crystalline structure of
the examined 3d impurities in Ni is essentially fcc with
only very small deviation from the host structure.

The foils were magnetized in situ using a SmCos per-
manent magnet with a magnetic field strength of about
0.2 T at the sample position. The magnet could be ro-
tated to change the direction of the magnetization with-
out changing the sample position or switching to the
complementary polarization in selecting other mirror and
aperture settings, which could influence the degree of cir-
cular polarization and the resolution. Because of the di-
luted samples, high photon flux was required to obtain
reasonable data acquisition times. Therefore the spectra
were recorded with a 50-pm slit, the resulting resolution
is about 1.5 eV at the Mn L edges and 2.5 eV for the Co
L edges.

The absorption signal in our experiment was monitored

in partial fluorescence-yield (FY) mode. This detection
mode is not influenced by the presence of an external
magnetic field. It is ideally suited for diluted samples,
because the signal is directly proportional to the absorp-
tion coefficient in question and the signal-to-noise ratio
is higher than in electron-yield.?! The outgoing fluores-
cent radiation, which is produced after annihilation of a
core hole in the Lj 3 shell, is detected with a high purity
germanium crystal detector with a resolution of better
than 100 eV, sufficient to discriminate against nickel ra-
diation or radiation from contaminations on the surface,
like carbon or oxygen.

Recently, the polarization dependence of the L emis-
sion spectra of magnetized iron has been studied,?? show-
ing a dichroic effect in soft x-ray emission in the order of
1%. Such effects do not influence our spectra, because
they only change the absolute FY intensity, which scales
out due to the normalization procedure. Dynamic effects
in polarization-dependent L emission of pure 3d metal
ferromagnets using monochromatic synchrotron radia-
tion have been observed very recently.? In these experi-
ments it is important to discriminate between CMXD in
absorption and CMXD in emission, since absolute inten-
sity differences are—at least partially—due to different
absorption cross sections for ¢t and o~ radiation, which
is the topic of this article. A conclusive demonstration
that the observed intensity differences are solely due to
CMXD in the emission process is lacking up to now. One
must be aware, although, that energy-dependent CMXD
in emission in principle does influence the FY.

III. RESULTS AND DISCUSSION

This section contains the experimental results and
some theoretical background. In the first part, we
show CMXD measurements of a thin Co film, grown on
Cu(100). We take this system to calibrate the degree of
circular polarization using the spin sum rule explained
in the following. The second part is dedicated to the 3d
impurities in Ni.

Magnetic dichroism is dominated by angular momen-
tum selection rules, making an atomic description a rea-
sonable first step approach. This model can be ex-
tended to any crystal symmetry including ligand-field
interactions.?* In absorption at the L edges of transition
metals we are investigating the 2p®3d™ — 2p®3dn"t+!
excitation into the empty 3d states. The symmetry of
the initial and the final states can be described within
the LS-coupling approximation, which results in differ-
ent JLS levels, each (2J + 1)-fold degenerate. In the
presence of a magnetic field—due to, e.g., interatomic
exchange interaction—the J levels split into 2J + 1 sub-
levels with different M in the well known way. The pos-
sible transitions (JM) — (J'M’) are governed by the
dipole selection rules, which for circularly polarized light
are reading J'—J = 0,+1 and M'—M = +1 (for photons
with positive-negative helicity). The distribution of the
line strength of the transition (J, M) — (J'M’) from one
M to different M’ values is determined by the angular-
and spin symmetry of the wave functions.
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For the transition metal L edges, only excitations into
the spin-orbit split 2p: d™*! and 2ps d™ ! states can be
resolved, which are corresponding to the L, and L3 ab-
sorption edges respectively.? In rare-earth metals spec-
tral features due to different final state J' values can be
resolved,?* and the local magnetic moments can be ob-
tained by multiplet analysis. This is not the case for
the 3d metals, where multiplets of the initial 3d™ and
final 2p®3d™*! configuration can only partially be re-
solved. Dichroism is present here in different intensities
in the L absorption edges as a result of the interplay be-
tween different occupation numbers of the magnetically
split sublevels and the dipole selection rules for circu-
larly polarized light.?* A relation between the integrated
absorption intensity at the L3 and L, edges and the po-

1

fL3+L3 dE(I™ - 1I7)
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larization of the exciting light may reveal information on
local magnetic moments.

By symmetry arguments it is equivalent to either keep
the magnetization direction and switch between o* and
o~ light, or to fix the polarization of the light while
changing the magnetization direction. It has been shown
that the difference of the integrated absorption intensity
for circularly polarized light parallel (I*) and antiparal-
lel (I7) to the magnetization direction is proportional to
the ground state expectation value of the orbital momen-
tum (L) per hole.'® Recently a new CMXD sum rule has
been derived by Carra et al. ,'® which relates the integral
of the dichroic signal over a single partner of a spin-orbit
split edge to the ground state expectation value of (S,).

These sum rules state in detail®

Tooir, AE(IF +1- 11 ~ 2 (+ D)3 +2-n)
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+
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L+ 1){L(f+1)+2c(c+1) +4} —3(c—1)%(c + 2)?

(S:)

4{ + 2 — n is the number of 3d holes in the valence band,
and £ and c are denoting the angular momenta of the va-
lence electron and the core hole (in our case £ = 2 and ¢
=1). (T,) is the expectation value of the magnetic dipole
operator and is a measure of magnetic anisotropy due to
spin-orbit interaction or crystal field effects.?® Spin-spin
interaction vanishes in first order in cubic or higher sym-
metries, and a contribution to (T,) can be obtained in
higher order only with spin-orbit interaction. The en-
ergy integration extends over the L3 and/or over the L,
edges as indicated. I* denotes the absorption with the
magnetization parallel, I~ antiparallel, and I° perpen-
dicular to the photon angular momentum vector. The
isotropic absorption is given by I'* = It +I-+19.
In our analysis we assumed that I° = 2(IT +17).

The advantage of the sum rules is clearly at hand: To
derive the expressions above, only angular and spin sym-
metries have to be considered. The details of the dis-
tribution of the spectral intensity across different tran-
sitions within one multiplet do not enter. Further, one
only has to know the occupation number of the valence
band in question. One has to keep in mind although
that, whereas Eq. (1) is correct for arbitrary symmetry,
Eq. (2) gives spin moments in fairly good approximation
only for systems with cubic or higher symmetries.!® In
our context, concerning impurities in a fcc lattice, the
sum rules are nevertheless a great advantage to previous
models, where one has to know the total density of un-
occupied states as a function of energy to obtain local
magnetic moments.2%

With (S,) we calculate the local spin magnetic moment
according to

6c(l+1)(4¢+2—n) () ()

Bs = %gsﬂB (S2), (3)
(o4

where gs is the gyromagnetic factor for the electronic
spin moment, which is & —2.0. The factor P, takes in-
complete circular polarization into account. In deriving
this expression, we neglected the magnetic dipole inter-
action. Similarly, the local orbital magnetic moment can
be calculated to be

1
pL = 5 9rk5 (L), (4)
(o4
with g = —1. It is important to note that these sum

rules are shell selective, which is induced via dipole tran-
sitions into final states involving core holes of definite
symmetry LS. The moments obtained with these sum
rules are the local moments for electrons with d character,
in so far as the dipole approximation for the electronic
transition holds.

A. Thin Co film

A 40-A Co film was grown on the (100) surface of
a clean and well ordered Cu single crystal under UHV
conditions by evaporating high purity Co. Cleanliness
and crystalline structure were checked by standard meth-
ods. Details of the preparation procedure can be found
elsewhere.?” After the evaporation, a capping layer of 150
A Cu was put in situ on top to avoid surface contamina-
tion of the Co layer. Co grows epitaxially in a layer-by-
layer mode on Cu(100); the film is ferromagnetic at room
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temperature with in-plane (110) magnetization axis. The
thickness of the Co layer was chosen to match the follow-
ing two requirements: First, the Co film should exhibit
bulk electronic properties, and second, the film should
not be too thick to cause distortions due to so-called self
absorption effects in the spectra.?!

The measurements were performed under identical
conditions as for the impurities, save for a better reso-
lution of 1.5 eV due to a 20-um slit. In the center panel
of Fig. 1 we show the absorption of body-centered tetrag-
onal (bet) Co for o™ circularly polarized light with mag-
netization parallel and antiparallel to the photon angular
momentum. The spectra were normalized to the incident

Normalized Absorption

Absorption

CMXD Intensity

I | | 1 | 1 |

770 780 790 800 810
Photon Energy (eV)

FIG. 1. Fluorescence-yield x-ray appearance near-edge
structure (XANES) spectra of the L2 3 edges of bct Co on Cu
(100) with o circularly polarized light. Center panel: ab-
sorption spectra for magnetization parallel (I dotted line)
and antiparallel (I~ plain line) to the photon angular mo-
mentum. Also shown is the step function. Top panel shows
the resulting isotropic white line intensity (I**) obtained from
the spectra after subtracting the step function. Bottom panel
shows the difference spectrum between absorption with par-
allel and antiparallel magnetization (I7 — I7).
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photon flux, determined with a gold mesh, and rescaled
to a constant height far above the L edges. We sub-
tracted the steplike function shown in the center panel
to account for the continuum background for each edge.
The height of the steps was kept to the statistical ratio
of 2 : 1 for the L3 : L, step; the step position and width
were determined approximately from the inflection point
at the rising edge of the spectra. The resulting isotropic
intensity (I'*) and the difference spectra (It — I~) are
shown in the upper and lower panel of Fig. 1.

The crystalline structure of Co on Cu(100) is not ex-
actly cubic, due to the lattice mismatch between Cu and
Co. This leads to a bct Co lattice with ¢/a = 0.95, which
means only a small deviation from cubic symmetry.2® By
applying Eq. (3) we neglected the magnetic dipole inter-
action, and as we have discussed above, this is a good
approximation only for systems with at least cubic sym-
metry. We argue that the deviation of the bct from a fec
lattice results in a small contribution to the expectation
value of the magnetic dipole operator (T3), and we esti-
mate it to be less than 5% of (S,), by taking values for
the calculated dipole-dipole interaction as a function of
c/a for Co.2° We obtain a degree of circular polarization
P, of 48%, taking the local partial magnetic moment of d
character of bct Co to be 1.64up and the 3d occupation
number n to be 7.13.28 Uncertainties in the determina-
tion of the step function and the normalization of the
spectra relative to each other can affect the degree of po-
larization seriously, and we estimate the errors to be in
order of 20% of the above obtained value for P.. We will
take this value for the circular polarization to calculate
the local magnetic spin moments of the impurities in the
following section.

The ratio (L,)/(S.) is independent of the degree of
circular polarization and the 3d occupation number n, as
can be seen from the sum rules [Eq. (1) and (2)], and it
can be obtained directly from the CMXD spectra. Using
the appropriate values for ¢ and £ this ratio is given by

<LZ> _ 4 fL;,+L2 dE (I+ - I_)
(S.) 3 [, dE(I* —1") -2, dE(I* —1I")

» (5)

again neglecting (7,).}® The total magnetic moment
is given by por = —pB({L.) + 2(S;)), and the ratio
Hspin/Htot 1s independent of the degree of circular po-
larization P. and of the number of unoccupied states in
the 3d band n too. In Table I we show the results for
(L;)/(S:) and pspin/ ot for the bet Co film, and calcu-
lations on pure fcc Co metal,!! demonstrating, that the
atomiclike picture used to derive the sum rules is appro-
priate to describe the CMXD spectra.

TABLE I. Ratio of orbital to spin ground state expectation
values and spin to total magnetic moments of the bct Co film,
compared to theoretical values for pure fcc Co.

<L;>/(S;) I‘spin/ﬂtoz
This work: bct Co film 0.16 = 0.03 0.925 + 0.06
fcc Co® 0.15 0.93
®From Ref. 11.
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B. 3d impurities in Ni

In a ferromagnetic host, the magnetic moment of an
impurity can couple either parallel or antiparallel to the
host moment. One direction is energetically favored, be-
cause of the the break of the symmetry of the exchange
field by the spontaneous magnetization of the host. The
magnitude of the impurity moment is influenced by the
hybridization with the host. Calculations of the local
spin moments of 3d impurities in nickel3%:3! show that
the spin of the early transition metals couples antiferro-
magnetically to the spin of the Ni host, whereas the late
transition metals couple ferromagnetically. Theory pre-
dicts a change of the sign of the coupling in the middle
of the 3d series, and favors the transition from antiparal-
lel to parallel coupling to be between Cr and Mn.3! This
is similar to the case of 5d impurities in Fe, where the
transition occurs later in the series, as has been studied
experimentally with CMXD.28

Experiments on 3d impurities in Ni were performed so
far with neutron scattering by several groups (see Ref. 30
for a collection of data). It is established that the later
3d metals (Mn, Fe, and Co) couple ferromagnetically; the
earlier couple antiferromagnetically. But for Cr the ex-
perimental data from neutron scattering are ambivalent:
One cannot definitely state whether Cr couples ferro- or
antiferromagnetically with respect to the nickel host. It
has to be pointed out, also, that for Cr the calculations
are very sensitive to the exact form of the chosen poten-
tials and that local lattice relaxations are not included,

Absorption

Cr

! 1 I 1 | I |

-10 0 10 20 30

Energy (eV)

FIG. 2. Fluorescence-yield XANES spectra of the L2 3
edges of Cr, Mn, Fe, and Co impurities in nickel with cir-
cularly polarized light of positive helicity (o%). Dotted line
(plain line) shows the absorption with the magnetization
(anti)parallel to the photon angular momentum It (I7).

so that the magnitude of the calculated spin moment is
subject to large uncertainties.

In Fig. 2 the Ly 3 absorption spectra at room temper-
ature of Cr, Mn, Fe, and Co impurities in Ni are shown,
taken with the sample magnetization parallel (I*) and
antiparallel (I7) to the photon angular momentum. Fig-
ure 3 shows the difference It — I—, which is the CMXD
signal. The spectra were normalized as mentioned above
in Sec. IIT A; the energy scale was set to the first inflec-
tion point of the L; edges. The following observations
can be made.

(1) The CMXD signal at the L3 edge is negative for
Mn, Fe, and Co in Ni; it is much smaller and positive for
Ni-Cr.

(2) The corresponding CMXD signal at the L, edge
has reversed sign and lower intensity.

The lower integrated intensity of the Ly in compar-
ison to the L3 edge in the CMXD spectra reflects the
fact that the contribution of orbital moments to the to-
tal magnetic moments has to be taken into account,®1? as
may be seen directly from the orbital sum rule in Eq. (1).
The CMXD signal of Cr is the smallest of the examined
3d metals, which is caused by a comparable small mag-
netic moment. The vanishingly small CMXD signal at
the L, edge reflects this—together with incomplete cir-
cular polarization—rather than a large orbital moment
for Cr.

CMXD yields the orientation of the impurity spin to
the quantization axis, which is just given by the magne-
tization direction of the nickel host. If It — I~ at the L;
edge is positive (negative), the local impurity moment
is oriented antiparallel (parallel) to the host moment.!

CMXD Intensity

-10 0 10 20 30

Energy (eV)
FIG. 3. Difference spectra (IT — I™) between parallel and
antiparallel magnetization of the CMXD spectra in Fig. 2.
The difference spectrum of Cr has been multiplied by 2.
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The reverse holds for the L, edge. Therefore we have
established that the transition from antiferromagnetic to
ferromagnetic coupling in the 3d series in Ni takes place
between Cr and Mn.

For a quantitative analysis of the spin moments we
should discuss some experimental aspects in detail.

(1) The measurements were done at room temperature;
therefore the saturation magnetization of the Ni foil is re-
duced, but it is still more than 90% of the ground state
value. Temperature effects for the impurities are more
important, as has been shown in neutron scattering mea-
surements (see Ref. 32 for Ni-Mn). While for Fe and Co
magnetic moments are nearly temperature independent,
the moments of Cr and Mn are strongly influenced.

(2) In a fecc crystal (like Ni) the coordination num-
ber is 12; therefore the probability to have two impurity
atoms as nearest neighbors in a homogeneous distribu-
tion of 2 at. % is about 25%. Consequently, effects due
to impurity-impurity interactions have to be taken into
account. Calculations of the impurity-impurity interac-
tion in Ni show that the impurity moments couple ferro-
magnetically to each other.3® The magnetic moments are
reduced due to impurity pairing by 0.1up, 0.06up, and
0.02pp for Mn, Fe, and Co respectively. From neutron
scattering experiments it can be deduced, that the mag-
netic moments of Cr and Mn decrease with increasing
concentration, while the Fe and Co moments are nearly
independent of the concentration.

This discussion shows that the magnetic moments of
Co impurities are nearly independent of temperature and
concentration, while the ones for Cr and Mn could be
considerably smaller than the ground state values of a
dilute system.

In Fig. 4 we show the local magnetic moment, ob-
tained with the spin sum rule [Eq. (2)] out of our CMXD
spectra using Eq. (3), compared to the calculated values
by Bliigel et al.3! We have taken calculated occupation
numbers n for the 3d valence band by Zeller,3° and used
the value for P, determined in Sec. III A. Thus the mag-
netic spin moments (in units of pp) we obtain from our
data are pcy = —0.16 & 0.10, up, = 2.25 + 0.35, upe =
2.58 + 0.28, uco = 1.74 £ 0.21. As can be seen in Fig.
4, the overall shape of the curve is in accordance with
the calculated one. The magnetic moments of Mn and
Cr differ from the calculations as can be expected from
our discussion above. For Mn this difference is in the
range of temperature and concentrational variations; for
Cr, on the other hand, the experimental value is much
smaller than the calculated one, giving reason to assume
that temperature variations and the concentration of the
Cr impurity have a large impact on the local magnetic
moment.
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FIG. 4. Local magnetic spin moments of 3d impurities in
Ni. Open squares: calculation by Bliigel et al. (Ref. 31).
The line is drawn to guide the eye only. Solid circles: this
work (see text for details).

IV. CONCLUSION

In conclusion we have demonstrated that fluorescence
detection of CMXD can be used efficiently to study lo-
cal magnetism of diluted systems—as in 3d impurities in
Ni—and buried layers—as in Cu/Co/Cu (100). We ap-
ply a recently derived sum rule to determine the degree
of circular polarization and to evaluate the local partial
spin moments of 3d impurities in Ni. We compare the
results with calculated magnetic moments and neutron
scattering data, and demonstrate that CMXD is under
certain conditions capable of separating spin and orbital
contributions to the total magnetic moment. One result
of this work, however, can be stated without the applica-
tion of sum rules and their approximations: Our exper-
iment shows that the transition from antiferromagnetic
to ferromagnetic coupling of the spin of 3d impurities
in Ni takes place between Cr and Mn, as predicted by
calculations.
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