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Observation of flat bands due to band hybridization in the 3d-electron
heavy-fermion compound CaCu;Ru 0,
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We report angle-resolved photoemission spectroscopy and first-principles numerical calculations for the
band-structure evolution of the 3d heavy-fermion compound CaCu3;Ru,O;,. Below T ~ 200 K, we observed
an emergent hybridization gap between the Cu 3d-electron-like band and the Ru 4d-hole-like band and the
resulting flat band features near the Fermi level centered around the Brillouin-zone corner. Our results confirm
the non-Kondo nature of the CaCuzRu40,,, in which the Cu3dy, electrons are less correlated and not in the
Kondo limit. Comparison between theory and experiment also suggests that other mechanisms may be needed
to give a full quantitative explanation of the peculiar properties in this material.
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I. INTRODUCTION

Heavy-fermion materials are mostly intermetallics with
partially filled 4f or 5f orbitals [1], except for a few exam-
ples of 3d-electron systems that include LiV,0q4, FeGe;Te,,
CaCu;lr4Oy;, etc [2-7]. The mechanism underlying these
3d heavy-fermion materials remains unclear. Among them,
the A-site ordered perovskite ACu3B4O1, (A = Ca, La, Na;
B =Ru, Ir) provides a highly tunable platform for inves-
tigating the heavy-fermion properties and mechanism with
the perovskite-type structure. CaCuzRuyO;, (CCRO) is the
earliest member studied in this family. It has an electronic
specific-heat coefficient of about 84 mJ/(mol K?) [8], which
is much larger than that of a normal metal. The enhanced
Sommerfeld coefficient was initially attributed to the Kondo
physics of the Cu localized 3d moments due to a similar
magnetic susceptibility behavior with the classical 4 f electron
heavy-fermion material CeSns [8]. Indeed a broad maximum
feature was observed in the magnetic susceptibility around
T ~ 180-200 K, which was originally identified as the
Kondo temperature. Photoemission data [9] also suggested
that CCRO is a Kondo system due to the observation of a
resonancelike peak at Er albeit without momentum-resolved
data. However, a later nuclear magnetic resonance (NMR)
experiment up to 700 K observed no signatures of the local
moment [10], thus posing a severe challenge to the Kondo
scenario. A two-band model was later proposed to explain the
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NMR results. The broad maximum feature was then explained
as a consequence of a peak in the density of states (DOS)
just above the Fermi level [11]. In fact, the origins of this
broad maximum may also include low-dimensional spin cor-
relations, spin frustration, excitation from spin-singlet to spin-
triplet states, Kondo effect, pseudogap, and metamagnetic
nature of itinerant electrons in CCRO. So far, no decisive
conclusions have been reached on the mechanism of these
unusual properties, in particular, their correspondence with
the electronic band structures at the microscopic level.

In this paper, we performed a systematic electronic struc-
ture study on CCRO by using angle-resolved photoemission
spectroscopy (ARPES) and density functional theory (DFT)
calculations in combination with the dynamical mean-field
theory (DMFT) for local Coulomb interactions of the Cu 3d
orbitals. By tracking carefully the temperature evolution of
low-energy electronic structure, we are able to reveal two
nearly flat bands near the Fermi level emerging below T ~
200 K as a result of hybridization between the Cu 3d-electron-
like band and the Ru 4d-hole-like band. At temperatures above
T ~ 200 K, the hybridization diminished, but the Cu 3d,,
band still remains near the Fermi level, which is in strong
contrast to the usual Kondo picture and indicates the more
itinerant and non-Kondo nature of the Cu 3d electrons in this
compound. Our detailed DFT4+DMFT calculations confirm
the observed band structures but predict a crossover at much
higher temperature, implying the presence of other possible
mechanisms such as nonlocal interactions or spin fluctuations
beyond local correlation. Comparison between experiment
and theory suggests that a two-band correlated model, in
which the Cu 3dy, electrons are not in the Kondo limit, may
be needed. These results provide important information for
clarifying the origin of the heavy-fermion properties in CCRO
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and will also promote our understanding of other members of
this family.

The CaCuszRu4Oy; single crystals used in this paper were
grown by the flux method at the Paul Scherrer Institut of
Switzerland. The starting materials were CuO (99.995%, Alfa
Aesar), RuO, (99.9%, chemPUR), and CaCO;3 (99.997%,
Alfa Aesar). RuO, was dried in air at 900 °C for 12 h, and
then cooled to 150 °C. CaCO3, CuO, and freshly dried RuO,
were mixed together in the molar ratio of 1:33:4, respectively,
and placed into a platinum crucible. Here, the excess of CuO
acts as a flux. The crucible with the starting reagents was
heated in air to 1000 °C at 400 °C/h for 3 h, further heated to
1175 °C at 60 °C/h for 12 h, and then cooled to 1075 °C at
1 °C/h, after which they were furnace cooled to the room
temperature. The excess of CuO flux was removed by washing
the resulted specimen with 1M HCI.

The magnetic susceptibility was measured by using a vi-
brating sample magnetometer from 7' = 5 to 300 K with an
external magnetic field of H = 1 T. Electrical resistivity and
heat capacity were measured by a standard Physical Property
Measurement System from Quantum Design. The specific
heat was measured using a standard relaxation method from
T =2 to 80 K. The resistivity was measured using the four
probe method from 7' = 2 to 300 K. Contacts for resistivity
were made by silver paste. For heat-capacity measurement,
several pieces of single crystals were selected and put together
to have enough mass.

II. RESULTS AND DISCUSSIONS

In order to confirm the expected structure, laboratory pow-
der x-ray-diffraction patterns were collected at room temper-
ature in the Bragg-Brentano (£-26) geometry in the angle
range 5° < 26 < 120° with steps of 0.02° and averaging time
of 1 s/step using a Bruker AXS D8 Advance diffractometer
(Bruker AXS GmbH) equipped with a Ni-filtered Cu Ko
radiation and a one-dimensional LynxEye PSD detector. The
samples (12 powdered crystals) were spread with Vaseline on
a silicon (low background) sample holder, which were rotating
during the measurement (with a rotational speed of 15 rpm).
All the reflections were indexed with a perovskite-related cu-
bic cell in the space group Im-3 (no. 204). The Rietveld refine-
ment analysis [12] of the diffraction patterns was performed
with the package FULLPROF SUITE [13,14] (version November
2019) using a previously determined instrument resolution
function (based on the small linewidth polycrystalline sample
Na,CazAl,Fi4 measurements [15,16]). The structural model
was taken from the published data based on single-crystal
x-ray-diffraction data analysis [17]. Refined parameters were
scale factor; zero shift; lattice parameters; isotropic thermal
displacement of Ca, Cu, and Ru atoms; and peak shapes with
the Thompson-Cox-Hastings pseudo-Voigt function. Due to
the habit of powdered crystals, a preferred orientation as
a March-Dollase multiaxial phenomenological model was
implemented in the analysis. Determined lattice parameters
area =b=c="7.42018(1) A. Ryp, Rp, Rexp Bragg R factor,
Rf factor, x2, and GoF (not corrected for background) were,
respectively, 4.55, 2.55, 1.93, 3.40, 3.04, 5.57, and 2.3 in the
final Rietveld refinement.

High-quality single crystals of CCRO were cleaved in situ
along the (001) plane at 7 = 15K with the vacuum below
5 x 107! mbar. Three-dimensional visualization of CCRO
crystal structure was generated by the VESTA software [18]
as shown in the inset of Fig. 1(a). CCRO adopts the ABO;
perovskite-type crystal structure. The Ca and Cu ions are
located at the A site surrounded by 12 nearest oxygen ions
(small red ball). The Ru ions occupy the B site surrounded
by six nearest oxygen ions forming an octahedron. The first
Brillouin zone is shown in the inset of Fig. 1(c) with the length
of I'-H of 0.85A~!. The Fermi surface in the (001) plane
is the same as that of the (100) and (010) planes due to the
high symmetry of the lattice structure. ARPES measurements
were carried out at the SIS beamline of Swiss Light Source
using a SCIENTA R4000 analyzer and at the 105 beamline at
the Diamond light source using a SCIENTA R4000 analyzer.
Figure 1(b) displays the wide range valence-band spectrum
obtained with photon energy 7v = 122 eV. Three main fea-
tures can be observed around —5, —2.6, and —0.1 eV, and
are attributed to the O 2p, Cu 3d, and Ru 4d states, as they
are consistent with a previous bulk PES experiment [19] and
numerical calculations [20].

Apart from the powder XRD and PES characterization,
transport data are more sensitive to small off-stoichiometry,
which might have influence on the absence of Kondo behavior
of CCRO. Figure 1(d) shows the magnetic susceptibility of the
CCRO single crystal from T =5 to 300 K. A characteristic
broad maximum around 7" ~ 200K is observed which is in
agreement with previous measurements [8,21]. The heat ca-
pacity C(T)/T vs T of CCRO is shown in Fig. 1(e), exhibiting a
conventional behavior of metallic Fermi liquids for 7 > 2 K.
As shown in the inset of Fig. 1(e), C(T)/T of CCRO is plotted
as a function of T2, which shows the relation C(T)/T =
y + BT?, as is expected for the Fermi liquid below T <
25 K. We obtained a similar electron specific-heat coefficient
y =26.2 4+ 0.9mJ/mol CuK?, which is in agreement with
previous reports [8,21,22]. Figure 1(f) shows the electrical
resistivity of CCRO single crystal from 7 =2 to 300 K.
Metallic behavior is observed in the entire temperature range
with a quadratic temperature dependence p = py +AT? for
T < 30K, characteristic of a Fermi liquid, as illustrated in the
inset of Fig. 1(f). The residual resistivity is pp = 18.98 u2 cm
and the coefficient is A = 4.97 x 10~° Q cm/K>.

To reveal the highly three-dimensional band structure of
CCRO, we performed a photon energy dependent measure-
ment with photon energies from 25 to 161 eV in steps of
2 eV with the circular polarization along a single cut along the
I'-H direction at T = 15K, as shown in Fig. 2(a). From the
obvious periodicity of the Fermi surface and the cut along the
k, direction, we estimated the inner potential of Vy = 13eV.
From comparison with the calculations, we assign the intense
point in Fig. 2(a) to the H point and the faint point to the '
point. Correspondingly, the photon energies crossing the I" or
H point are 61, 95, and 122 eV, as shown in Fig. 2(a). The
three cuts cross the high-symmetry I' or H point along the
I'-H path measured at corresponding photon energies, and as
shown in Figs. 2(b)-2(d), clearly reveal a flat band feature
near the Fermi level with high intensity centered at the H
point, which could be the origin of heavy electrons in this ma-
terial. In order to show the clear Fermi surface in the I'-H-N
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FIG. 1. Characterization of CaCu3Ru40,,. (a) Laboratory x-ray powder diffraction (Cu K« radiation, room temperature) pattern (red
crosses) of CaCu;Ru 0, powdered crystals. The black line corresponds to the best fit from the Rietveld refinement. Lower vertical marks
denote the Bragg peak positions. The bottom line represents the difference between experimental and calculated points. (b) Valence-band
spectrum of CaCuzRusOj;. (c) Integrated density of states of (b) and the first Brillouin zone of body centered cubic (bcc). (d) Magnetic
susceptibility measured with a magnetic field H = 1 T. (e) Specific heat of CCRO. (f) Electrical resistivity of CCRO.

plane, we display the Fermi surface measured with the photon
energy hv = 122eV at T = 6 K with the circular polarization
in Fig. 2(e). The Fermi-surface map shows obvious strong
intensity centered at the H point.

To better understand the cause of this flat band, we car-
ried out temperature-dependent measurements along the I'-H
direction. We chose the photon energy hv = 122eV which
has a high contrast at the H point. As mentioned above,
previous magnetic susceptibility measurements show a broad
maximum feature around 7 ~ 200 K, which is the crossover

E - Er (eV)

temperature. Figures 3(a)-3(f) plot the symmetric spectra
from 7 =270 to 52 K covering the crossover regime. At
T = 270K, one can see a holelike band and an electronlike
band centered at the H point. Comparison with first-principles
calculations suggests that the holelike band is composed of
the Ru 4d orbital, while the electronlike band comes mainly
from the Cu 3d orbital. With decreasing temperature across
T ~ 200 K, the spectral intensity at the bottom of the Cu
3d-electron band becomes stronger and starts to hybridize
with the Ru 4d-hole band, forming an M-shape hybridized
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FIG. 2. k, map, several high-symmetry cuts, and in-plane Fermi surface measured with /v = 122 eV. (a) k, map obtained from hv = 25 to
161 eV in steps of 2 eV at a low temperature of 15 K with circular polarization. Red dashed grids are the Brillouin-zone boundary of the ac
plane. I'-H cuts with photon energies at (b) 61 eV, (c) 95 eV, and (d) 122 eV. Inner potential V, = 13 eV was estimated from k, dispersions.
(e) Fermi surface measured with photon energy hv = 122eV at T = 6 K with circular polarization.
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FIG. 3. Temperature dependence of band structure around the H point. (a—f) Spectra around the H point at corresponding temperatures. (g)
EDCs at the H point. (h) MDCs at the Fermi level. The parabolic dashed line in (a) indicates the hole band across the Fermi level at 7 = 270 K.
Two short vertical bars in (g) indicate two quasiparticle peaks near the Fermi level at T = 52 K. Two short vertical bars in (h) indicate the kgs

of the hole band at T = 270 K.

band below the Fermi level. In Fig. 3(g), the energy dis-
tribution curve (EDC) at the H point at 7 =52 K shows
two peaks derived from the upper and lower hybridization
bands. From the temperature-dependent momentum distri-
bution curves (MDCs) in Fig. 3(h), the peaks residing at
around +0.15 A~" at high temperature shrink, indicating the
momenta change due to the hybridization between Ru 4d and
Cu 3d electrons.

More information on the band hybridization can be ob-
tained by dividing the measured spectra with the resolution-
convoluted Fermi-Dirac function. The Fermi level and the
overall experiment energy resolution were fitted in a low-
temperature spectrum, and the overall energy resolution is
about 22 meV. This resolution is reasonably good at this
photon energy to achieve a good signal-noise ratio. As shown
in Fig. 4, the Ru 4d-hole pocket and Cu 3d-electron pocket
seem to cross the Fermi level without hybridization at high
temperatures above 7' ~ 200 K. When the sample is cooled
down, the two bands start to hybridize, forming an M-shape
feature around the H point. At T = 52 K, both of the hy-
bridized bands are intensive with little dispersion around the
H point. The EDCs in Fig. 4(g) are chosen at k = 0, where
we can clearly identify two peaks at 7 = 52 K around —68
and 22 meV, showing a gap of about 90 meV. The EDCs at
k ~ 0.15 A~ in Fig. 4(h) show similar features. We think our
conclusion is convincing and reliable due to the fact that the
noise level is much lower than the value itself below Er +
34 meV as shown in Figs. 4(g) and 4(h).

III. THEORETICAL CALCULATIONS

To understand the origin of the band hybridization, we
carried out first-principles calculations combining DFT and
DMFT [23-26]. The DFT part was computed using the
full-potential linearized augmented plane-wave method im-

plemented in the WIEN2K package [27,28]. We considered
non-spin-polarized calculations for CCRO with the lattice
parameter a = 7.4082 A. The O atomic position was set to
be (0, 0.1782, 0.3053) with the muffin-tin radii (Rmr) of
1.70 a.u. for O, 1.99 a.u. for Ru, 1.97 a.u. for Cu, and
2.46 a.u. for Ca. We took 2000 k points in the Brillouin zone
and RyrKmax = 8.0. In the DMFT part, the Cu3dy, bands
were considered as correlated orbitals. The double-counting
term of the self-energy function was estimated by the nominal
scheme. The electron correlation of the Cu 3dy, orbitals was
treated within the one-shot scheme using the hybridization
expansion continuous-time quantum Monte Carlo (CT-HYB)
as the impurity solver [29]. The DMFT calculation was per-
formed with more than 5 x 107 CT-HYB steps per proces-
sor and more than 20 processors were used for adequately
high accuracy. To obtain spectral functions, the maximum
entropy method was used for analytic continuation of the
self-energy [30].

Figure 5 summarizes our major results from the
DFT+DMFT calculations with a very large Coulomb interac-
tion U = 12eV. For clarity, we first compare in Fig. 5(a) the
derived Cu 3dyy bands at 50 K with the DFT bands. We see an
overall renormalization factor of about 0.5 on the bandwidth
due to electronic correlations, as indicated by the arrow.
Figure 5(b) plots the partial DOS of the Cu 3d orbitals at 50
and 1000 K in a larger energy window. We see that all other
Cu 34 orbitals are fully occupied and located at 2-3 eV below
the Fermi level, while only the 3d,, orbitals are partially
occupied and play a role near the Fermi level. Interestingly,
we observe two Hubbard peaks and the quasiparticle peak at
both temperatures. But as the temperature increases, all peaks
change only slightly, implying that the quasiparticle peak
cannot originate from the Kondo hybridization. This indicates
that the Cu 3dy, electrons are not fully localized even at high
temperatures and the compound is not in the Kondo limit.
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The degree of renormalization increases with increasing U.
However, we find that a very large U beyond 12 eV is needed
in order to make comparison with experiment, suggesting the
possibility of nonlocal correlations or strong spin fluctuations
that may help to enhance the band renormalization in real
materials [11]. One may also include the Coulomb interac-

tion on the dispersive and partially occupied Ru 4d bands.
Our preliminary results reveal no qualitative change in the
conclusion but suggest that a fine tuning of the parameters
might lead to a somewhat better comparison with experiment
by renormalizing slightly the Ru 4d bands. We leave this for
future elaboration and focus here on the qualitative picture.
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FIG. 5. (a) DFT+DMEFT spectral functions along the I'-H-N-I"-P path at 50 K. The DFT bands (green lines) are also plotted for
comparison. The white arrow indicates the renormalization effect due to electronic correlation. (b) The partial DOS of Cu 3d (green and
black) and Cu 3dy, (red and blue) at 50 K (solid lines) and 1000 K (dashed lines). (c) The partial DOS of Cu 3d,y (red and blue) and Ru 4d
divided by 3 (yellow and cyan) at 50 and 1000 K showing the quasiparticle peak between —1.5 and 0.5 eV. (d, e) Comparison of DFT+DMFT
spectral functions at 1000 and 50 K in a smaller energy window. Green circles mark the hybridization effect around the H point. (f) The
imaginary part of self-energy at 50 and 1000 K for the Cu 3d,, orbital.
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To clarify the nature of the quasiparticle peak, we plot
and compare it with the Ru 4d DOS in a smaller energy
window in Fig. 5(c), where it splits into several small peaks.
The two peaks above the Fermi level and the one at about
—0.8 eV exist at all temperatures for both Ru 4d and Cu 3d,,
orbitals. This indicates that the Cu3d,, bands also exist at
high temperature and these peaks probably originate from
the usual band hybridization between the two itinerant bands.
There is an additional peak below the Fermi level at around
—0.08 eV. At high temperature, it seems to be present only for
the Ru 4d DOS. Thus, it cannot come from the hybridization
but should be from the Ru 4d bands themselves. However, at
T = 50K, a tiny peak appears at roughly the same location in
the Cu 3d,y DOS, suggesting the presence of hybridization at
low temperature.

To understand this, we further plot in Figs. 5(d) and 5(e)
the DFT+DMFT band structures in an even smaller energy
window. At high temperature [Fig. 5(e)], the Cu3dy, band
becomes almost smeared out, and the Ru 4d bands cross
the Fermi level around the H point, as observed in ARPES,
while at low temperature, when the three Cu 3d,, bands are
less broadened, the Ru 4d bands are bent around the H
point by the hybridization from —0.08 eV up to the Fermi
level. The presence of the flat band at around —0.08 eV is
in qualitative agreement with experiment at low temperature.
However, we can only obtain the crossover at a much higher
temperature beyond 200 K. Our calculated DOS only yields
about half of the experimental Sommerfeld coefficient at zero
temperature. Both indicate the presence of other correlation
effects beyond the single site DMFT. We may therefore have
underestimated the hybridization effect near the Fermi level.
In our calculations, because the Ru 4d DOS per unit cell is
about four times that of the Cu3d,, electrons, the overall
DOS is still dominated by the Ru 4d contribution and the
hybridization at low temperature only causes a slight shift of
the dip and the peaks in the DOS.

Summing up, we may conclude that the temperature
change of the band structures around the Fermi level is differ-
ent from that of the usual Ce-based heavy-fermion compounds
and should be attributed to the change of the 3dy, band
broadening. As shown in Fig. 5(f), there is indeed a large
increase of the imaginary part of the Cu 3dy self-energy with
increasing temperature. The suppression of the flat band at
—0.08 eV is therefore a result of diminishing hybridization
as the 3d,y electrons become less coherent with increasing
temperature. To see this, we may write down the dispersions
of the hybridization bands as

1/2

Exx=1/2[ex1 +exr — il £ (651 —ex2 — 0> +4V3) 7],

where ey | and g > are the dispersions of the Cu3dy, and
Ru 4d bands, respectively; I" is the imaginary part of the
Cu 3dyy self-energy; and V is the effective hybridization. For
I' KV, these give rise to well-defined hybridization bands.
But for I' > V, we have approximately the expansion, Ex 4 =
g1 —i(IN— V2/T') and S iV2/T, such that the
two bands are effectively decoupled. Indeed, we see at high
temperatures a hole band from the Ru 4d orbital and a weak
electron band from the Cu 3d orbital around the H point.

Thus we have a good qualitative agreement between the
experiment and calculations, which confirms the presence of
a flat hybridization band around the H point. However, unlike
the usual Kondo lattice, the Cu 3d electrons remain itinerant at
high temperatures. This clearly rules out the Kondo scenario
and implies a different mechanism in this compound. Our
observation is consistent with the absence of local magnetic
moment revealed by NMR [10] and supports the two-band
scenario from the moderately correlated electrons (Cu 3dyy)
and itinerant holes (Ru 4d). Note that one should not intend
to explain all the details based on the current numerical
calculations, which may have ignored some other important
correlation effects. In fact, the relatively weak renormalization
effect might be responsible for the discrepancies in the Som-
merfeld coefficient, the crossover temperature, and the exact
location of the DOS peaks.

IV. CONCLUSIONS

To summarize, we performed ARPES measurements and
first-principles calculations on the 3d-electron perovskite-
type heavy-fermion CaCuzRusO;,. The itinerant Cu 3d-
electron band hybridizes with the Ru 4d-hole band, opens
a hybridization gap near the H point, and forms a flat band
below the Fermi level below T ~ 200 K. Our results exclude
the Kondo scenario in CaCu3Ru40,, and suggest that some
other mechanisms beyond the Kondo scenario such as a two-
band model may be needed to explain the mechanism of the
heavy-fermion CaCuzRusOy;.
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