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The temperature dependences of the X-ray absorption spectra (XAS) and of the spectra of X-ray magnetic
circular dichroism (XMCD) are measured near the L;, absorption edges of Co and Fe in ludwigite
Co,FeBOjs single crystals. The antiparallel orientation of the magnetic moments of cobalt and iron is dem-
onstrated. The coercive fields related to cobalt and iron ions are determined. The orbital (m;) and (m,) spin
contributions to the total magnetic moments of cobalt and iron ions are identified. The ratios and relative

directions of m; and m, are found.
DOI: 10.1134/S0021364012220109

1. INTRODUCTION

Oxyborates described by a general chemical for-
mula M,M'BO; (where M = M** = Ni, Cu, Zn, Co,
Fe, Mn, Mg, ...; M' = M** =Ti, V, Cr, Fe, Co, Ga, ...)
have the orthorhombic structure (space group Pbam),
similar to that of ludwigite. The metal ions occupy
four nonequivalent crystallographic positions 1(2d)—
2(2a)—3(4h)—4(4g) and are surrounded by oxygen
octahedra [1]. Face-sharing octahedra form zigzag
chains directed along the [001] crystallographic axis.
There are only two kinds of ludwigite with the same
metal ions (M = M), namely, Fe;BO5 and Co;BOs,
with quite different magnetic properties.

Ludwigite Fe;BOs is the most well-studied com-
pound. It exhibits an extremely complicated magnetic
behavior. The studies of X-ray diffraction, magnetiza-
tion, specific heat, electrical resistance, and the Moss-
bauer effect reveal a series of phase transitions. Two of
them are magnetic phase transitions (with 7, = 115 K
and Ty, = 70 K). The structural transition at 283 K is
accompanied by charge ordering [2, 3]. According to
the neutron diffraction data [4], the magnetic
moments of iron ions at positions 4—2—4 and 3—1-3
become ordered in the orthogonal manner at Ty, and
Ty,, respectively.

Ludwigite Co;BOs behaves as a three-dimensional
ferrimagnet with T, = 42 K. Rather unexpected mag-
netic properties are found when iron ions are substi-
tuted for some cobalt ions. For example, the studies of

Co;_ Fe BOs single crystals (with x = 0.75 and 1)
demonstrated that their magnetic characteristics are
closer to those of Fe;BOs rather than to Co3;BOs [1, 5].
Both iron-containing materials have a clearly pro-
nounced uniaxial anisotropy and exhibit two magnetic
phase transitions at 110 and 70 K. The introduced iron
ions induce a drastic increase in the coercivity along
the [010] axis as compared to the initial composition
Co;BOs [1]. A complicated picture of magnetic inter-
actions resulting from the substitution of iron for
cobalt is currently far from being well understood. The
role of iron ions in the formation of the magnetic order
is still under discussion.

This work is aimed at the study of the contributions
to the total magnetization introduced separately by
cobalt and iron. As a main method, we used X-ray
absorption spectroscopy sensitive to the elemental
composition (X-ray beams were generated by a syn-
chrotron radiation source).

As far as we know, no experimental studies of tran-
sition metal oxyborates by X-ray absorption spectros-
copy (XAS) and through the use of X-ray magnetic
circular dichroism (XMCD) have been undertaken up
to now. There are also no theoretical and experimental
papers treating the local magnetic structure of these
materials and its evolution under the effect of applied
fields. Therefore, the studies of the local magnetism at
the L;, absorption edges of 3d elements in Co,FeBOs
ludwigite single crystals near the magnetic transition
temperatures are of apparent interest.
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Fig. 1. XAS and XMCD spectra for L, 3 edges of Fe,
T=5K.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

High-quality Co,FeBOjs single crystals were grown
by the spontaneous crystallization from the solution
melt (a=9.3818 A, b= 12.3445 A, and ¢ = 3.0578 A).
The detailed description of the growth technique is
given in [1]. The grown single crystals have the shape
of platelets with the typical sizes of 1.5 x 0.25 x 4 mm.
The long and short sides of such platelet coincide with
the [001] and [010] -crystallographic directions,
respectively.

The measurements of X-ray absorption spectra
(XAS) at the L;, absorption edges of cobalt and iron
were performed at the special-purpose UE46-PGM1
beamline at the BESSY II synchrotron (Helmholtz-
Zentrum, Berlin, Germany). The polarized radiation
was generated by a helical undulator. We used a PGM
plane grating monochromator. The measurements
were taken at an applied magnetic field up to 60 kOe
generated by the superconducting magnet within the
5—130 K temperature range. The spectra were
recorded using the total electron yield (TEY) mode by
measuring the electric current flowing from the sam-
ple. The XMCD was determined as the difference
Wxmep = My — U, where p, and p_ are the coefficients
characterizing the absorption of X-rays with the right
and left circular polarizations, respectively. According
to the dc magnetization measurements, the [010]
direction corresponds to the easy magnetization axis.
The ferromagnetic magnetization is assumed to be
directed along this axis [1]. Therefore, the geometry of
experiment was chosen in such a way that the direc-
tions of the applied magnetic field and the incident
radiation coincided with the [010] crystallographic
axis. The processing of experimental data was per-
formed taking into account the self-absorption effect.
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Fig. 2. XAS and XMCD spectra for L, 3 edges of Co,
T=5K.

3. EXPERIMENTAL RESULTS
AND THEIR DISCUSSION

In Figs. 1 and 2, we demonstrate the normalized
XAS and XMCD spectra measured for the Co,FeBOjs
single crystal at 5 K in the applied magnetic field H =
60 kOe. The spectra exhibit a complicated multiplet
structure. Analyzing the absorption spectra in the soft
X-ray range, we can estimate the electron configura-
tion of the transition metal ions. In [7], the results of
ab initio calculations are reported for X-ray absorption
spectra at the L, ; absorption edges of transition metals
in the crystal field of different symmetries. It is dem-
onstrated that the spectral shape depends drastically
on the valence state, crystal field magnitude, and spin
state of the ion. Taking into account the octahedral
surrounding of the metal ions in Co,FeBO;, we com-
pared the measured XAS spectra with the theoretical
predictions. The best fit occurs if we assume that the
Co and Fe ions correspond mainly to the valence
states 2+ and 3+, respectively.

The measured spectra for both Co and Fe exhibit a
pronounced XMCD signal at the L; edge. It is a signa-
ture of the spin—orbit interaction in the final states and
at the same time of a nonzero orbital magnetic
moment (different final 3d states manifest themselves
atthe L, and L, edges according to the dipole selection
rules).

Within the whole temperature range, the value of
the XMCD signal for Co is larger than that for Fe. For
these two metals, the signs of the effect are opposite,
which is an indication of the antiparallel orientation of
the magnetic moments of the corresponding ions.
With the growth of temperature, the shape of the
XMCD spectra for both ions varies only slightly and
the signs of the effects remain unchanged.

If the absorbing atom has a spin magnetic moment,
the final states undergo exchange splitting and the
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Fig. 3. Temperature dependence of the absolute values of
the XMCD signal at the L3 edge of Co and Fe. The tem-

perature dependence of the magnetization of Co,FeBO5 at

the applied magnetic field H# = 50 kOe [1] is shown in the
inset.

XMCD signal turns out to be proportional to the local
spin density [8]:

Hxvep ~ | M(E)[p(E) - p_(E)], (1)

where M(E) is the matrix element of the dipole transi-
tion and p . (E) and p_(E) are the densities of the unoc-
cupied states for spin up and spin down, respectively.
In Fig. 3, we show the temperature dependence of the
XMCD signal at the L, edge of Co and Fe. We see that
the curves have different forms. For Co, the XMCD
signal exhibits a broad peak in the 20—60 K tempera-
ture range, whereas the XM CD signal for Fe decreases
gradually with an increase in the temperature.

The changes in the intensity of the XMCD signal
coming from the given absorbing atom are the indica-
tions of the changes in the local magnetization related
to Co and Fe. The comparison of the temperature
dependence of the XMCD signal and that of dc magne-
tization (see inset of Fig. 3) shows that the shape of the
XMCD signal related to Co qualitatively reproduces the
shape of the macroscopic magnetization M(T).

In Fig. 4, we demonstrate the isotherms of the ele-
ment-selective magnetization measured at the L,
edges of Co and Fe. The curves have the shape of
oppositely directed hysteresis loops. At =5 K, the Fe
sublattice is in the magnetically saturated state. The
magnetization related to Co exhibits a clearly pro-
nounced paraprocess suggesting the rotation of the
uncompensated magnetic moment toward the applied
field direction.

The values of the coercive field H, turn out to be
quite unexpected. The earlier magnetostatic measure-
ments for the bulk samples revealed an unusual growth
of the coercivity of Co,FeBOs in comparison to the
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Fig. 4. Element-selective magnetization curves recorded at
the L3 edge of Co and Fe, T=5 K.

parent compound Co;BO; [1]. For the applied mag-
netic field along the [010] crystallographic axis, the
coercivity at 7= 15 K exceeds 90 kOe. Below this tem-
perature, the maximum available applied magnetic
field turns out to be insufficient for the remagnetiza-
tion of the sample. The values of the coercive field
determined on the basis of the XMCD studies are
much lower. At 5K, they are 12.4 and 13.3 kOe for
cobalt and iron, respectively.

Such a difference in the values of coercivity
obtained by the bulk measurements and by the sur-
face-sensitive XMCD method can be related to the
effect of grain boundaries, noncollinearity of the Co
and Fe magnetic subsystems, and characteristic fea-
tures of the properties of the near-surface Co and Fe
ions. Such a difference between the coercive fields
measured by XMCD and by the static methods is well
known [9, 10]. In our case, the penetration depth of
the soft X-ray radiation is of the order of 10 nm,
whereas the thickness of the sample under study is
about 250 um.

Important information on the behavior of mag-
netic subsystems can be deduced by separating out the
(m,) spin and orbital (m;) magnetic moments.

For transitions from the 2p; , and 2p, , levels to the
3d valence band, the ratio of orbital and spin magnetic
moments (m,/m,) can be determined from XAS and
XMCD spectra using the relations [11—13]

m _ (L)
mg  2(S)+7(T)
2 [ (we-po)dE )
— Li+L,
9 [ —n)dE~6 [ (w.—p)dE
L, Ly+L,
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Fig. 5. Temperature dependence of the m;/m ratio for Co
and Fe.

where (T,) is the expectation value for the magnetic

dipole operatorand (S,) and (L, are the average val-
ues of the projections of spin and orbital angular
momentum, respectively. Subscripts ; and L, denote
the integral energy range.

Actually, using the sum rules [11, 13], it is possible
to determine separately the projections of spin and
orbital angular momentum. We give here the data on
the m;/m, ratio, which can be determined with a higher
accuracy than the projections themselves. The calcu-
lation of the ratio of two contributions, m;/m, allows
avoiding some systematic errors (insufficient accuracy
in the number 75, of unoccupied 3d states; separating
out the contribution of photoelectron excitation to the
continuum states; taking into account the anisotropy
of the spin density (7,) and radial matrix element
independent of energy).

The temperature dependences of the m,/m, ratio
determined for cobalt and iron in the Co,FeBO; sam-
ple are shown in Fig. 5. The values of the m,/m, ratio
agree with the data obtained in the studies of the Co-
and Fe-based magnetic films and alloys [11, 13, 14].
The temperature dependence of m,/m, for both metals
is nonmonotonic, exhibiting a peak near 60 K. Such a
complicated behavior was observed earlier in the stud-
ies of Coy nanostructures [15]. The observed non-
monotonic temperature dependence of m,/m, corre-
lates well with the value Ty, = 70 K known from the
static measurements.

Within the framework of the modified crystal field
theory [16], we calculated the effective g factors and
reproduced the components of the g tensor for Co?*
ions in positions 2d, 2a, and 44 and for Fe** ion in
position 4g [1]. On the basis of these calculations, we
determined the orientations of magnetic moments for
Co?* and Fe* ions (Fig. 6). We can see that the mag-
netic moments of Fe3* lie in the direction close to
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Fig. 6. Directions of the magnetic moments of Co and Fe
for each position.

[010]. The magnetic subsystem of Co** is noncol-
linear. It is described by three sublattices with a pro-
nounced magnetic bias along the [010] bias due to the
Dzyaloshinskii—Moriya interaction. The characteris-
tic features of magnetic structure underlie the
observed behavior of the hysteresis loops (see Fig. 4):
in the applied field directed along the [010] axis, the
magnetization related to Fe* already achieves satura-
tion at H = 20 kOe, whereas the cobalt subsystem does
not achieve saturation even at H = 80 kOe. The results
of the symmetry analysis performed for the magnetic
structure of Co,FeBOj agree well with the above con-
clusions.

Thus, in this work, we have measured the tempera-
ture dependence of the XAS and XMCD spectra for
the Co,FeBOj; single crystal in the soft X-ray range.
The electron configuration of Co and Fe ions has been
determined. The ratio of the orbital and spin contribu-
tions to the total magnetic moment has been found.
Their variation with temperature has been studied. We
have found the antiparallel orientation of magnetic
moments of Co and Fe in the [010] direction. For iron,
we have the ferromagnetic ordering of the magnetic
moments. This is suggested by the shape of element-
sensitive hysteresis loops and by the temperature
dependence of the XMCD signal. The magnetic
moments of Co ions are antiferromagnetically coupled
and have an uncompensated magnetic moment in the
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[010] direction (ferrimagnetic coupling). Due to the
Dzyaloshinskii—Moriya interaction, the magnetic
sublattices become canted and the components of
magnetic moments along the [100] axis arise. The
XMCD signal at the L; edge of Co qualitatively repro-
duces the temperature dependence of the total magne-
tization. We have found the coercive fields in the mag-
netic systems of Co and Fe.

Probably, the magnetic structure of Co,FeBO; is
more complicated than was assumed earlier [1]. For
further advances in the understanding of this problem,
we need additional temperature-dependent studies
along different crystallographic axes using XMCD
spectroscopy, magnetic X-ray scattering, and neutron
diffraction.
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