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Abstract. Lu(AL,7)Bs (7= Cr, Mn, Fe, Mo) have the alternate stacking
structure of B-layer and Lu(Al,7)-layer along the c-axis. B-K emission
spectra of these materials are measured at two take-off angles of 20° and 70°
from the c-plane. The energy region corresponding to the top of valence
band (VB) shows a larger spectrum intensity at the smaller take-off angle,
responsible for p, character. The bottom region shows the opposite angle
dependence, responsible for py and p, character. The middle of the VB of a
large peak intensity shows almost no angle dependence, suggesting an
isotropic distribution of bonding charge. As a whole, the angle-dependence
of the B-K emission intensity is smaller than that of graphite. This rather
isotropic bonding-charge distribution of the boron-layer can make the inter-
layer bonding between B-layer and adjacent Lu(Al,7) layer and is
presumably related to the hardness of those bulk materials.

1 Introduction

Spectroscopic methods based on electron microscopy are indispensable to explore the
electronic structure of local specimen areas below the micrometer level. Among these
analytical methods, soft X-ray emission spectroscopy (SXES), which is known as a tool for
investigating the electronic structure of solids [1], combined with electron microscopy not
only enables elemental analysis but also provides the information of the energy state of
valence electrons of assigned specimen areas [2,3]. Furthermore, SXES coupled with
electron microscopy has succeeded in visualizing the spatial distribution of chemical bonding
states in heterogeneous materials [4-6].
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It has been known that the direction of X-ray emission is affected by the distribution of
the bonding electrons [7]. Anisotropic SXES measurements using a synchrotron radiation
facility and an SXES electron microscope have been reported for crystals with anisotropic
structures such as graphite and #-BN [2,8]. Recently, anisotropic SXES measurements for a
superconductor NaAlSi having Al-Si layers composed of sp® bonding [9] and a graphite
related material of MgB,C, with B-C honeycomb layers [10] were reported, in which the
bonding character was discussed by comparing the experimental emission profile with
calculated partial density of states of the valence band (VB).

Boron and boron-rich compounds forms not only boron-polyhedral-unit based clusters
(Be and By clusters) but also two-dimensional (2D) boron-sheet based structures [11]. Since
the finding of the superconducting nature of MgB, having 2D boron-honeycomb-layers [12],
the related structured materials of carbon-doped MgB, [13] and MgB,C, [14] were
investigated. These materials are based on 2D B-C honeycomb-layer structures related to
graphite. Boron forms another type of 2D sheet composed of 5, 6, and 7 membered-rings.
REAIB4 (RE: rare earth element) is one of the ternary RE-Al-B system. REAIB4 has a
metallic nature and two types of structures with different arrangements of 5 and 7-menbered
rings in 2D-boron-layer; YCrBs-type (a-type, space group: Pbam) and ThMoBs-type (b-type,
space group: Cmmm) [15]. YCrBs-type crystal of TmAIB4 has recently attracted much
attention because an antimagnetic transition was found with Tx=5.5 K [16]. Furthermore,
interesting electronic and physical properties, such as the possibility of controlling thermal
conductivity through structural defects and its use as a high-temperature thermoelectric
material, were reported [17,18]. In addition, the improvement of thermoelectric properties by
the introduction of magnetic ions and other elements has recently attracted attention [19].
Due to that, syntheses of YCrBs-type crystals introduced magnetic ions of Lu(Al, 7)B4 (7=Cer,
Fe, Mo, Mn) [20,21] and Yb(Al,7)Bs (T=Cr, Fe, Mo, W) [22,23] were conducted and
reported the dependence of lattice constants, micro-Vickers hardness, and magnetic
susceptibility on introduced magnetic ions. The reported dependence of physical properties
should be related to the chemical bonding nature of the material. However, the spectroscopic
evaluation of those materials has not been reported.

In this study, angle-resolved SXES measurements of B-K emission were conducted for
Lu(ALT)B4 (T= Cr, Fe, Mn, Mo) single crystals to investigate the anisotropy of the chemical
bonding state of the valence band and its dependence on the introduced 7 elements.

2 Experiment ;
For SXES measurements, an Electron Probe

Micro Analyzer (EPMA, JXA-8230, JEOL) e
with an SXES system (SS-94000SXES,
JEOL) was used [24]. Measurements were
carried out at an acceleration voltage of 5 kV
and a beam current of 1.0x107 A. The A
acquisition time for each spectrum was 30 . \»303\ :

Lo

secx30 times = 15 min. In this experiment, a ~~; ffffff
. . +30

varied line-spacing grating (JS200N) with an Tilt angle

average groove density of 1200 lines'mm  Fjg, 1. Specimen tilt-stage for EPMA-SXES.
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was used having the measurement range of 52-213 eV. The energy resolution of the
spectrograph is 0.1 eV for the Al L-emission spectrum. To realize angle-resolved SXES
measurements in the EPMA, an original specimen tilting stage was designed and
manufactured [9]. The tilting stage can tilt the sample within +30° from horizontal setting, as
shown in Fig. 1. A stepping motor can control the tilt angle by 0.2° steps. The acceptance
angle of the spectrometer is +0.3°. The c-facets of Lu(Al, 7)B4 single crystalline specimens
were set parallel to the specimen stage. In this case, the X-ray emission spectrometer
measures X-rays emitted in the 40°£0.3° directon from the c-plane, horizontal direction.
Therefore, measurements in the X-ray emission angle range of q= 10°~70° from the c-plane
were able to be performed.

Single crystal specimens of Lu(Al;x7x)B4 (7= Cr, Fe, Mn, Mo) were prepared using the
Al-self flux method [20,21]. The produced materials were examined by XRD to confirm the
presence of Lu(Ali«x7x)B4 crystals and evaluate the lattice constants. The composition was
evaluated by EPMA. Figure 2(a) shows SEM images of Lu(Al.«7x)B4 (7= Cr, Fe, Mn, Mo)
specimens with a (001) facet. EDS analyses of the specimens in Fig. 2(a) showed Al:T were
1:1-0.6, which roughly agreese with the result of EPMA analysis [20]. B K-emission spectra
were obtained from the dotted areas of about 1 mm in diameter in the images. Figure 2(b)
shows a schematic figure of the crystal structure of non-doped LuAlB4 [25]. Doped T
elements presumably occupy Al-sites randomly. However, the structure refinement analysis
of the produced materials has not been done.

Since B K-emission is
related to electron transitions
from the VB to 1s core-state
under the dipole transition
condition, the obtained
spectrum intensity  profile
could be compared with
density of states (DOS) of p-
symmetry of the VB.
Unfortunetely, since the
crystal structure refinement
analysis has not been
performed for the present
crystals, the B-K spectrum
intensity profile could be
compared only with (b) [ool]T
theoretically calculated results
for the non-doped LuAlB4. For Lu, Al layer o 8 & o
the calculation, WIEN2k code
was employed using the full- B layer
potential  linear  extended
plane-wave method [26]. The Lu, Allayer O & & o
exchange-correlation function
was applied wusing the  Fig. 2. (a) SEM images of crystalline specimens with (001)
generalized gradient facet. Dots positions ware examined by SXES. (b) Crystal
approximation formulated by  structure of LuAIB4 [25].
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[27]. The end conditions for the self-consistent cycle calculation were set to a convergence-
energy of 0.0001 Ry, a force of 0.001 Ry/au and a charge of 0.001e.

3 Results and discussion (a) B-K emission |
5 T=Mn
Figure 3(a) shows a B-K emission % I
spectrum of Lu(AL,LMn)B4 in an energy § |
range of 176~188 ¢eV. Since this =
emission is due to the dipole electric l

transitions, the intensity distribution
corresponds to the B-2p DOS of the
VB. A vertical arrow positioned at the
high energy end of the spectrum (b) Calculated B-2p DOS of LUAIB,
intensity distribution, corresponds to

176 178 180 182 184 186 188
Energy (eV)

the upper end of the VB. The spectrum s| —px+py

shows three structures as indicated by ‘E —Ppz

vertical lines. Figure 3(b) shows the B- E —e

2p DOS of LuAlB4 obtained from ab

initio calculations. Since the present

materials have two-dimensional B- -10 8 6 4 2 0 2
layers, the B-K emission intensity I(0) Energy (6V)

at a take-off angle 0 from c-plane could ~ Fig. 3. (a) B-K emission spectrum (1st order) of 7=
be written as 1(0) = cos20 x I, + 1/2(1 Mn specimen. (b) Calculated B-2p DOS of non-
+ 8in20) X Ipyipy as in the case of /-BN  doped LuAIB..

[8]. Thus, the DOS is broken down

into px+py and pz componets. It can be seen that the pz component is larger than the px+py
component at the top region of the VB, suggesting a p-character orbital. For comparison,
those spectra were aligned so that the structures at 181 eV and 183 eV of the measured B-K
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Fig. 4. B-K emission spectra of Lu(Al,7)B4 (7= Cr, Mn, Fe, Mo) obatained at g=20° and 70°. Each
sepctrum was normalized by each integrated intensity. Arrows indicate the intensity change when
q changed from 20° and 70°.
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emission spectrum match with the calculated DOS peaks. Since the calculated result is for
the non-doped LuAlB4, a rigorous comparison cannot be made. However, a correspondence
between the structures around 181 and 183 eV in the observed and calculated structures is
noticeable.

Figure 4 shows the B K-emission spectra of Lu(Al,7)B4 (7= Cr, Fe, Mn, Mo) obtained
at take-off angles of g= 20° and 70°. The spectral intensity distributions were normalised by
their integrated intensities from 174 eV to 188 eV. It can be seen that the presense of the three
structures indicated by vertical lines in Fig. 3(a) are similar for the four spectra. Thus, the
difference of electronic structure due to
doping atoms is not apparent for the B-2p CK(2) -
DOS of the VB. The angle dependence of 0=20° )
the structures at the top of the VB (185- N =
187 eV) and at the bottom of the VB (179-
181 eV) can be explained by referring to
the angle dependence of the graphite C-K
emission spectra (2" order) shown in Fig. e
5. The top of the B-K of Lu(Al,7)B4 shows i%0 58 ; s
a larger intensity for the smaller take-off Sl
angle of g= 20°. This means the bonding Fig. 5 C-K emission spectra (2™ order)vof
charge at the top of the VB distributes out ~ &raphite taken at ¢= 20° and 80°. Top region

. corresponds to p-character. Middle (peak area)
of the 2D B-layer (parallel to c-axis), p- and bottom region correspond to s-character
character. On the other hand, the bottom '
region of the B-K shows a larger intensity for the larger take-off angle of q= 70°, suggests
the bonding charge distributes in the 2D B-layer, s-characrter. The tendency of p and s-
bonding character, respectively, in the top and the bottom of the VB seems common for 2D
layered materials. On the other hand, the middle of the VB (182-184 eV) of the dominant
peak intensity region shows less angle dependence, suggesting the bonding charge distributes
isotropically. Those characters of the angle dependence in the top and bottom regions of the
VB and the almost no angle dependence in the middle of the VB are common for the materials
examined. As a whole, the anisotropy of the bonding charge distribution of 2D B-layer in
Lu(Al,7)B4 exists but smaller than that of graphite and A-BN. This rather isotropic
distribution of the bonding charge can contribute to form inter-layer bonds and the hardness
of the bulk materials.

9=80> ‘ 'Y :::.n' 't;’“.

Intensity (a.u.)

The spectroscopic character dependence on element 7 was observed in the peak energy
of B-K emission spectra. The peak energy of the specimen of 7= Mo is a little larger than
those of 7= Cr, Fe, Mn specimens by 0.3 eV. This peak shift could be due to the chemical
shift of B K-shell energy level to the larger binding energy side by 0.3 eV, suggesting a
smaller amount of valence charge associated with B in the 7=Mo specimen than that in the
T=Cr, Fe, Mn specimens. This can be understood by the larger electronegativity of Mo atom
than that of Cr, Fe, Mn.

4 Conclusions

In this study, angle-resolved SXES measurements were performed for Lu(Al,7)B4 (7= Cr,
Mn, Fe, Mo) single crystals. The B-K emission spectra of the materials studied show angle
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dependences in the top (p-character) and bottom (s-character) regions, but almost no angle
dependence in the middle of the VB. Those trends were common for the four materials. As a
whole, the anisotropy in the bonding charge distribution of the 2D boron-layer in Lu(Al,7)Bs
is much smaller than that of graphite and #-BN. The almost no angle-dependence, isotropic
charge distribution, can contribute to form the inter-layer bonding between B-layer and
adjacent Lu(Al,7) layers. To confirm the relation between the bonding nature and the
physical properties of the bulk materials, crystal structure refinement and calculations based
on the structure data should be done in the next step.
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