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Electronic structure of YMn, and Y ¢6l.ug sMn, studied by x-ray emission spectroscopy
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Bulk electronic properties of Mn in the frustrated spin-fluctuation systems YMn, and Y ggluyosMn, have
been investigated using Mn K x-ray absorption spectroscopy in the partial fluorescence yield (PFY-XAS),
Mn KB x-ray emission (XES) and Mn 1s2p resonant x-ray emission spectroscopy (RXES). Based on both the
PFY-XAS and RXES data, we observe a weakening (increase) of the density of states near the Fermi level in
YMn, (Y o6lug0sMn,) at low temperature, reflecting the changes in hybridization accompanying the unit-cell
volume expansion (contraction). No valence mixing is observed in YMn,. From the KB emission spectra, Mn
is found to retain its high-spin state upon temperature variation (18-311 K) and Lu substitution.
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Laves phase compounds have the composition RMn, (R
=rare earth) and they crystallize either in the CI5 (cubic
laves MgCu, type) or the C14 (hexagonal laves) structure.
Among them, YMn, is well known as a three-dimensional
frustrated itinerant electron antiferromagnet with spin fluc-
tuations of large amplitude.! YMn, has the fcc-based C15

cubic structure with space group Fd3 (O]) (Ref. 2) and the
Néel temperature is Ty=100 K. Above Ty a large specific
heat coefficient (y) of 14 mJ/K? mol was reported.’> At T
=Ty the volume increases discontinuously by 5% accompa-
nying the antiferromagnetic (AF) order with a magnetic mo-
ment of 2.7up per Mn atom. A helical magnetic order was
found by Ballou er al.* while Nakamura et al. proposed a
model with double-axial spin structure.’ Spin fluctuation was
directly observed by neutron inelastic scattering.*%~10 The
Mn magnetic moment in RMn, compounds is known to be
very sensitive to the interatomic distance, below a critical
value of which it is suppressed."''> Shiga et al. suggested
the magnetovolume effect as the origin of the transition from
paramagnetic to AF phase.!

In YMn, a small substitution of Mn by Al,'3!4 Ni,!>16 or
Y by Sc,'*!7 Ce,'319 La,!” Gd,”® Tb,? and Lu,?!?? has a dras-
tic influence on the local magnetic moment through changes
in the unit-cell volume. For instance, a 3% substitution of Sc
to the Y site inhibits the magnetic order and results in an
enormous specific heat coefficient (80 mJ/K? mol).! A simi-
lar effect was reported to occur under external pressure.?32
In these nonmagnetic samples the lattice constant monotoni-
cally decreases with temperature. Like a lot of heavy fermion
compounds, the 77 coefficient in the temperature dependence
of the resistivity (A) and the T-linear specific heat coefficient
(y)  of  Yy97ScoosMn,,  with  the ratio A/y
~10° Q) cm (Kmol/mJ)?, fall on the Kadowaki-Woods
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plot.?%?7 Accordingly the Sc-substituted system, as well as
YMn, above Ty, are taken as quantum spin liquids due to the
geometrical frustration.

Theoretically, band calculations by Terao and Shimizu
showed that an increase in the kinetic energy of the d elec-
trons after the striction is compensated by the large value of
the spontaneous volume magnetostriction.”® A tight-binding
Hubbard model calculation by Yamada et al. showed that the
density of states (DOS) of YMn, near the Fermi edge (Ey)
mainly consist of Mn d electrons.?® Asano and Ishida argued
that antiferromagnetism occurs because the Fermi level co-
incides with a dip in the DOS.* Kiibler et al. performed
density functional calculation for the AF state of YMn,.3!
They showed that the total energy of the [000] AF state
modulated by a long-period spiral is lower than the [001]
state, at odds with neutron diffraction data that pointed to a
[001] AF order.3? Very recently, first principle calculations by
Iwasaki et al. led to converging results with Kiibler et al.3

Because the Fermi level of YMn, lies near a minimum in
the DOS,**3 small changes in the DOS near Ej can easily
induce modifications in the magnetic character. Despite the
high relevance of the electronic structure to understand both
magnetic and structural properties of this system, so far only
photoelectron spectroscopy (PES) was applied to YMn, and
Y 0.975¢0,03Mn,.>> The spectra in this study had a surface con-
tribution as high as 30%. A weak narrowing of the DOS near
Er of Y(975¢y03Mn, compared with YMn, was observed at
low temperature. We here focus on the bulk electronic prop-
erties of Mn in YMn, and Y ¢sLLug 04Mn, and their tempera-
ture dependence. We employ Mn K x-ray absorption spec-
troscopy in the partial fluorescence yield mode (PFY-XAS),
Mn KB x-ray emission spectroscopy (XES) and Mn 1s2p
resonant XES 340 Our results provide new insight into the
temperature dependence of the d DOS near E for these two
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FIG. 1. (Color online) (a) Magnetic susceptibility of YMn,
(closed circle: decreasing the temperature, open circle: increasing
the temperature) and Y ogLug g4Mn, (closed square: decreasing the
temperature, open square: increasing the temperature) as a function
of temperature. (b) Temperature dependence of the lattice constant.

systems, which we discuss based on the temperature depen-
dence of the magnetic susceptibility and of the lattice con-
stant. The Mn spin state is found to be independent of either
temperature changes or Lu substitution. The Mn 3d states in
YMn, are found relatively more delocalized at low tempera-
ture compared with 300 K. Strong 3d-4p hybridization is
observed in both the paramagnetic and AF states of YMn,.

Polycrystalline samples of YMn, and Yg¢cLugo;Mn,
were prepared by argon arc melting of pure metals and an-
nealing in evacuated silica tubes. The Lu-substituted system
has a large specific heat coefficient y=120 mJ/K? mol (Ref.
22) and agrees well with the Kadowaki-Woods relation.?%2”
The results of the magnetic susceptibility (y) measurement
as a function of temperature are shown in Fig. 1(a). The
temperature dependence of y of YMn, shows a discontinu-
ous change around 100 K, while for Y ggL.ug osMn, the tran-
sition temperature is shifted down to 40 K and the hysteresis
is much smaller compared with YMn,. Figure 1(b) shows the
temperature dependence of the lattice constant as estimated
by x-ray diffraction, which roughly follows the change in the
magnetic susceptibility. We observe that both paramagnetic
and AF states coexist at low temperature in Y gglug osMn,,
suggesting that 4% is close to a critical value for the Lu
substitution. This is consistent with the temperature depen-
dence of the lattice parameter measured by Gaidukova et al.,
according to which the critical value of Lu substitution is
between 3% and 5%.%!

X-ray spectroscopy measurements were carried out at the
BL15XU undulator beamline in SPring-8.*! The beam was
monochromatized by a water-cooled double crystal mono-
chromator with the resolution of about E/SE=~ 10* around 8
keV, where E is the photon energy. The signal emitted from
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FIG. 2. (Color online) PFY-XAS spectra obtained for (a) YMn,
at 300 K (solid line) and (b) YMn, (dotted line) and Yy g¢Lug 04Mn,
at 18 K (long-dashed-dotted line) and 300 K (dashed line).

the sample was measured by a Ge 111 double crystal spec-
trometer with (+,+) geometry.*? The total energy resolution
of the spectrometer was about E/SE~3350 at 8 keV. The
reproducibility of the emission energy remained within
+0.03 eV. Owing to the setup stability the energy position
of the peaks could be determined within an order of magni-
tude better accuracy than the energy step.* An Iwatani CRT-
M310-OP cryostat was used to cool the samples down to
18 K.

Figure 2 shows the Mn K PFY-XAS spectra obtained for
both YMn, and Y g¢Lug sMn, at 18 and 300 K. The spectra
are normalized to their intensity at 6552.5 eV. We made self-
absorption correction for the PFY-XAS spectra by using the
computing code, Athena. The strong pre-edge feature cen-
tered around 6540 eV arises from transitions of ls electrons
promoted into the hybridized 3d-4p conduction states just
above E;.'®!° The spectrum in the pre-edge region therefore
reflects the presence of the empty Mn 3d DOS to the creation
of a ls core hole. The intensity of the pre-edge peak is
clearly stronger than in Mn oxide compounds,® thus point-
ing to a strong p-d hybridization in YMn, and
Y06l Ug 04Mn,. We fitted the PFY-XAS spectra using a sym-
metric peak (Voigt) function for the pre-edge structure and
two arctanlike functions (asymmetric double sigmoidal func-
tion) for the dipolar main edge. Actually the shape of the
main-edge component is similar to the fluorescence compo-
nent as will be shown in Fig. 6. The residual spectra after
subtraction of the main-edge component are shown in Fig.
3(b), and the spectra normalized to the intensity of the peak
are shown in Fig. 3(c) with an inset of enlarged figure.

Chaboy et al. interpreted the variations of near-edge line
shape in terms of changes in the width and intensity of the
DOS near Ej and shift of the Fermi edge.'® Accordingly, the
shoulderlike feature appearing at the threshold is due to the
overlapping of the Mn empty p states with the outer s- and
d-symmetry orbitals.** Therefore, the modification of the
width and the intensity of the double-step near-edge structure
is a fingerprint of hybridization changes of the outermost
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FIG. 3. (Color online) (a) Example of fit of the onset of the
dipolar transitions (solid line) of the PFY-XAS spectrum (dotted
line) of YMn, at 18 K. (b) Pre-edge features obtained from the data
in Fig. 2(b) by subtracting the dipolar background. (c) Normalized
pre-edge features to the maximum. The inset in (c) shows an ex-
panded view of the maxima.

orbitals between the absorbing atom and the nearest
neighbors. ¥4 We discuss our data along the same lines,
starting with YMn,. The onset of the AF order at low tem-
perature in YMn, is accompanied by a volume increase.*’
Our results show a decrease in intensity of the pre-edge peak
of YMn, at 18 K as seen in Fig. 3(b), pointing to a decrease
of the Mn 3d DOS. This agrees well with the PES measure-
ment in Ref. 35 which showed a small decrease of the DOS
of YMn, in the vicinity of Ey at low temperature. We note
that there is consistency as well with band calculations of
YMn, and its hydrides,*® where a decrease in the Mn d DOS
near Er was reported for the hydrides which have an ex-
panded crystal lattice compared to YMn,. This trend, though,
is at odds with Ref. 1 where an increase of the interatomic
distance was suggested to result in band narrowing and ac-
cordingly in an increase of the d DOS near Ep. Although
correct, this reasoning does not account for the d-d hybrid-
ization decrease which is expected to accompany a unit-cell
expansion, thus contributing to a reduction of the DOS at the
Fermi level. It should be noted that as both Y and Lu are
characterized by a large density of empty 5d and 4d states,
respectively, the d-d hybridization refers to that of the ab-
sorbing Mn atom and its next neighbors, both Mn and Y(Lu)
atoms, all of them contributing to the d states of the conduc-
tion band. We understand therefore that the volume depen-
dence of the DOS is governed by two coexisting effects, and
based on our data, we can conclude that the effect related to
hybridization is dominant for YMn,.
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We now compare the YMn, and Y q¢lug0sMn, spectra.
Lu substitution to the Y site is expected to induce a contrac-
tion of the unit-cell volume because of the smaller atomic
radius of Lu. Nonetheless, the difference between the lattice
constant of YMn, and Y ggLug 04Mn, at room temperature is
very small as seen in Fig. 1(b). This explains the absence of
dependence of the pre-edge region of the PFY-XAS spec-
trum on Lu substitution at 300 K as seen in Figs. 2(b) and
3(b). Turning now to the temperature dependence, the pre-
edge peak of the Lu-substituted system is found to increase
against the nonsubstituted one at 18 K [cf. Fig. 3(b)]. This is
reminiscent of the slight increase reported in the PES
spectrum near Ep for the Sc-substituted compound
Y .975¢0,03Mn, compared with YMn, at 16 K.33 An increase
of the pre-edge peak of the Lu-substituted system at low
temperature seems contradictory with the onset of the AF
order and the associated volume expansion. But as seen in
Fig. 1(b), in the low-temperature phase of Y ¢sl.ug0sMn,,
the paramagnetic phase, which follows a continuous thermal-
contraction behavior, coexists with the AF phase. As dis-
cussed for YMn, above, contraction implies growth of d-d
hybridization, resulting in an increase of the Mn d DOS near
Er. Therefore, the opposite temperature dependence of the
pre-edge intensity of YMn, and Y ¢sLugsMn, is well ac-
counted for in terms of volume-induced changes in the hy-
bridization; the expansion-induced DOS narrowing is not
here the dominant effect.

We examine now the substitution dependence of the
Fermi level. A shift in the Fermi level usually goes hand in
hand with a change in the electron count. For instance, in the
Ni-substituted case, a strong electronic perturbation of the
Mn atoms resulting in an electron count variation is regarded
as the origin of the Fermi level shift toward higher
energies.16 On the other hand, in the Ce-substituted material,
a shift of +0.2 eV in the Fermi level was observed without
any change in the electron count.'® In this particular case, the
shift was attributed to a strong localization-delocalization
process inherent to the peculiar nature of the Ce electronic
state. Neither such process, nor an electron count change, is
to be expected for the Lu-substituted system. This likely ex-
plains the lack of clear substitution or temperature depen-
dence of the Fermi level in our case as seen in Fig. 3(c).

Figure 4 shows Mn K 152p RXES spectra measured for
YMn, at (a) 300 K and (b) 18 K for several values of the
incident photon energy across the Mn K absorption edge,
along with the Mn K PFY-XAS spectrum. The transfer en-
ergy is defined as the difference between the incident and
emitted photon energies. We observe the Raman component
at constant transfer energy around the pre-edge peak, while
the growing fluorescence signal shifts toward high transfer
energies as the incident energy is increased above the pre-
edge peak [see Fig. 5(b)].*° These two components were
separated based on the fitting procedure detailed in Refs. 50
and 51. An example of fit is shown in Fig. 5(a) for an inci-
dent photon energy of 6539 eV. We used four symmetric
functions in the fitting due to the asymmetric profile of the
spectra, as performed in Cu metal.3>>? Fig. 5(b) shows the
relation of energy dispersion for the Raman and fluorescence
components. Figure 6 shows the respective intensities of the
Raman and fluorescence signals derived from the fitting, to-
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FIG. 4. (Color online) Mn K 15s2p RXES spectra obtained for
YMn, at (a) 300 K and (b) 18 K for several photon energies across
the Mn-K edge (right panel), along with the Mn K PFY-XAS spec-
trum (left panel). The vertical position of the RXES spectra is
scaled to the E;, axis of the corresponding PFY-XAS spectrum.

gether with the PFY-XAS spectrum. The Raman component
at 18 K seems to be slightly weaker and broader than at 300
K, concurring with the PFY-XAS results and seemingly re-
flecting the decrease of the DOS near the Fermi edge at low
temperature. Interestingly, the Raman component is limited
to the pre-edge region at both temperatures, 18 and 300 K,
pointing to relatively delocalized Mn 3d states®® indepen-
dently of the magnetic order. Only one Raman component
was sufficient for the curve fit, hence no valence mixing
should occur for Mn in YMn,.
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FIG. 5. (Color online) (a) Example of curve fit obtained for the
Mn K 1s2p RXES spectrum measured on YMn, at 300 K and E;,
=6539 eV (open circles). Solid (blue) and broken (green) lines cor-
respond to the Raman and fluorescence components, respectively.
(b) Example of energy-dispersion for Raman and fluorescence com-
ponents in the fitting for YMn, at 300 K.
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The temperature dependence of the Mn KB(3p— 1ls)
emission measured by XES for both nonsubstituted and Lu-
substituted samples is shown in Fig. 7. The intensities are
normalized by the area under the curve. The exchange inter-
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FIG. 7. (Color online) (a) Temperature dependence of the Kg
emission spectrum obtained for YMn,. (b) Kz emission spectra ob-
tained for YMn, and Y ¢cLug o4sMn, at 18 K and 300 K.
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action between the 3p core hole and the 3d open shell in the
final state splits the spectrum between the main line Kf 3
and a low-energy satellite peak KB3', mostly corresponding to
minority and majority of spins, respectively.>*-¢ As seen in
Fig. 7, no dependence on temperature or Lu substitution is
observed. The intensity differences between the spectra are
within experimental errors. Based on the value of the mag-
netic moment at low temperatures (2.7up) the Mn spin is
estimated to be nearly S=3/2, thus in the high-spin (HS)
state. From the absence of change in the line shape of the
XES spectrum, we can conclude that the Mn sites retain their
HS state despite the large volume expansion (5%) at the
onset of the AF ordering around 100 K in YMn,.

We studied the bulk electronic properties of Mn in YMn,
and Y ¢sLug 04Mn, using x-ray spectroscopies. Based on the
data, we discussed the temperature and substitution depen-
dence of the DOS near the Fermi edge and of the Mn spin
state. YMn, and Y 96lug0sMn, show an opposite tempera-

PHYSICAL REVIEW B 80, 115110 (2009)

ture dependence of their Mn-K pre-edge intensity, in line
with their respective temperature-induced volume changes
(low-temperature expansion for YMn, and contraction for
Y .96Lug 0sMn,) and the ensuing alteration of the hybridiza-
tion strength. Relative delocalization of the Mn 3d states in
YMn, is suggested by the 15s2p RXES data. No change in the
Mn K3 line shape was found throughout 18-311 K in both
compounds, indicating that the Mn spin remains in the high-
spin state irrespective of the large volume change accompa-
nying the onset of AF order.

The experiments were performed at BL15XU (under Pro-
posal No. 07B19) of SPring-8, Japan Synchrotron Radiation
Research Institute (JASRI). We thank H. Atsuta, D. Nomoto,
and Y. Katsuya for the help in the experiment. Y. Nakamura
and H. Akai are gratefully acknowledged for fruitful
discussion.
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