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Anomalous band renormalization due to a high-energy Kink in K, ¢sRhO, with colossal
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We identify highly correlated hole pocket on the Fermi surface of colossal thermoelectric material K ¢sRhO,,
studied using high-resolution angle-resolved photoemission spectroscopy (ARPES) and density-functional
theory (DFT) calculations. Most importantly, two kinks at binding energies of 75 and 195 meV have been
observed below the Fermi level. While the low-energy kink at 75 meV can be understood as a result of the
electron-phonon interaction, the high-energy kink at 195 meV is a discovery of this system, leading to anomalous
band renormalization, possibly originated from the bosonic excitations at higher frequencies. We further notice
that the high-energy anomaly has important implications on the colossal thermoelectric power of K ¢sRhO,.

DOLI: 10.1103/PhysRevMaterials.5.055402

I. INTRODUCTION

Strong electronic correlations are vital in yielding var-
ious exotic systems such as high-7; superconductors [1],
heavy fermionic materials [2], quantum anomalous Hall in-
sulators (QAHIs) [3], half metals [4], Mott insulators [5],
itinerant magnets [6], and high-thermopower materials [7].
Electron-electron (e-e) correlations turn the materials to heavy
fermionic systems, QAHIs, half metals and Mott insulators,
while the electron-magnon interactions are expected to cause
the itinerant ferromagnetism [8,9]. On the other hand, the
electron-phonon (e-ph) interactions are thought to play a
major role in the high-7, superconductivity [10] and high
thermoelectricity [11]

For a quite some time, the compounds of the type A,BO;
(A =Li, Na, and K, B =Co and Rh) have been the sci-
entific topic of much interest due to their diverse physical
properties [12—15]. Interestingly, depending on the amount
of Na present in Na,CoQ,, it exhibits superconductivity in
the hydrated state for x ~ 0.35 [16], shows giant Seebeck
coefficient for 0.7 < x < 1 [17], possesses magnetic ordering
for x &~ 0.75 [18,19] and charge ordering for x ~ 0.5 [20].
Crystal-field splitting [21], strong spin-orbit interactions [22],
electron-electron [23], and electron-phonon interactions [24]
are suggested for the cause of unusual physical properties.
On the other hand, K,RhO, a similar layered compound does
not seem to be showing the physical properties as diverse
as Na,CoO,. It was reported to show a large thermoelectric
power [15,25,26], but still is half to that of Na,CoO, [13],
despite both showing e-ph interactions at a Debye frequency
of 70-75 meV [27-29]. Earlier ARPES report on K,RhO,
hinted at the importance of electron-boson scattering for the
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recorded high thermopowers [29]. In this contribution, we
study the effect of electronic correlation on the low-energy
electronic structure of the layered Ko 65(2)RhO; single crystal
using ultrahigh energy resolution ARPES technique and DFT
calculations [30].

II. EXPERIMENTAL DETAILS

Single-crystal growth. Single crystals of K,RhO, were
grown from the mixtures of K,CO3; and Rh,0;. The total
charge mixture of 4.5 grams was placed in an alumina cru-
cible and heated to the 1200°C in a box furnace, after a
dwelling time of 2 hours, the furnace is slowly cooled to
950 °C and later fast-cooled to room temperature. Plate-like
hexagonal-shaped single crystals were grown at the bottom
of the crucible. Crystals were grown in layered morphology
in hexagonal structure up to few mm? in size. Compositional
analysis from EDX gives the phase with the stoichiome-
try Ko 6502)RhO,. As-grown single crystals were crushed and
measured with powder x-ray diffraction (XRD).

ARPES measurements. ARPES measurements were per-
formed in Swiss Light Source (SLS) at the SIS beamline using
a VG-Scienta R4000 electron analyzer. The photon energy
was varied between 20 and 140 eV. Overall energy resolution
was set between 15 and 25 meV depending on the photon
energy. The angular resolution was fixed at 0.2°. Samples
were cleaved in situ at a sample temperature of 15 K and the
chamber vacuum was better than 5 x 10~!! mbar during the
measurements.

III. RESULTS AND DISCUSSION

ARPES data of Ky 5RhO; are shown in Fig. 1. From the
Fermi-surface map shown in Fig. 1(a), we observe one nearly
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FIG. 1. ARPES measurements of K, ¢RhO,. The data are mea-
sured using p-polarized light with a photon energy of 140 eV.
(a) Fermi-surface map. (b) Constant energy map taken at a binding
energy of 0.25 eV below Er. (c) Energy distribution maps (EDMs)
showing the band dispersions along the I'-K, I'-M, and M-K high-
symmetry directions.

circular-shaped Fermi pocket centered at I with a Fermi vec-
tor of k = 0.51 £ 0.02 A~'. From the constant energy contour
taken at a binding energy of 0.25 eV, shown in Fig. 1(b), we
observe six tiny spectral sheets near six K points. Moreover,
at this binding energy, size of the Fermi pocket centered at I
has increased and the circular shape is turned into a hexag-
onal shape. Energy distribution maps (EDMs) taken along
the I'-M, I'-K, and K-M directions [see the top panels in
Fig. 1(c)] suggest that the Fermi sheet centered at I" has a
hole-like band dispersion. Further from the EDMs taken along
the I'-K and K-M directions, we realize that the tiny spectral
sheet near the K point originates from another hole-like band
dispersion with a band-top at 0.25 eV below Ep. This is
further confirmed from the second derivative intensity (I) of

the EDMs (j—;’z) as shown in the bottom panels of Fig. 1(c).
Arrow on the second derivative EDM in the I'-K direction
indicates an antiband crossing between the two hole-like band
dispersions at ~0.4 eV below Er. Above this binding energy,
the two hole-like bands are well separated in the momentum
space. Importantly, no antiband crossing is found from the
second derivative EDM in the I'-M direction, down to 0.8 eV
of the binding energy. Next, comparing our experimental band
structure with the available ARPES data on these type of
systems, analogous to Na,CoO, [27,28,31] and Li,CoO,; [32],
we could also observe only one circular-shaped hole pocket
from the Fermi surface map. Most importantly, in agreement
with the previous report on Ky 6RhO; [29], we identified an
antiband crossing at ~0.4 eV below Er in the I"-K direction.
Furthermore, the top of hole-like band at the K point is found
nearly at the same binding energy of 0.25 eV. Additional
comparison between our ARPES data and DFT calculations
can be found in the the Supplemental Material [30].
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FIG. 2. (a) Energy distribution map taken along the I'-M ori-
entation as shown in the inset. (b) Band dispersion extracted by
fitting the momentum distribution curves of the EDM shown in panel
(a) using a Lorentzian function. Black dashed line in panel (b) is a
linear fit to band dispersion at the higher binding energy within the
window of (—0.2 eV, —0.09 eV). The arrows in panel (b) show the
energy positions of the kinks. (c) Real part of the self-energy (X')
extracted from the EDM shown in panel (a). In panel (c), the black
line is linear fit to the data performed to extract the coupling constant
A =2.7+£0.3. (d) Imaginary part of the self-energy (X”) extracted
from the EDM shown in panel (a). In panel (d), the black curve
represents fitting with combined functions of Fermi-liquid theory
type and Eliashberg spectral functions (see text).

Having thoroughly established the low-energy electronic
structure of Ky ¢sRhO,, experimentally, we then move on to
the spectral function analysis of our experimental data. The
band dispersion shown in Fig. 2(b) is extracted from the
EDM of Fig. 2(a) by fitting the momentum distribution curves
(MDCs) with a Lorentzian function, analogous to the spectral
function

_1 E//
w (Ey — Ep — 2/)2 + (2//)2'

AE, k) =

Here, X'(E) and X" (E) are the real and imaginary parts of the
complex self-energy function defined as S(E) = X' +iX".
Ej is the renormalized band dispersion which is generally
obtained from the ARPES measurements [see Fig. 2(b)] and
Ey is the bare band dispersion which is generally obtained by
fitting the tight-binding parameters to the experimental data.
Nevertheless, the bare band dispersion can also be obtained
reasonably by fitting experimental data at higher binding en-
ergies where the electronic correlations are negligible. The
black-dashed curve in Fig. 2(b) is one such fitting at higher
binding energies. Then, the difference between E; [orange
data in Fig. 2(b)] and Ey [solid black line in Fig. 2(b), mo-
mentum offset to the dashed black line] provides the real part
of the self-energy X'(E) = E; — Ey, as shown in Fig. 2(c).
On the other hand, the imaginary part of the self-energy
shown in Fig. 2(d) is calculated from the energy-dependent
spectral width [Ak(E)], derived from the MDC fitting, mul-
tiplied by the renormalized Fermi velocity (vy = 0.6 eV A),
Y = Ak(E)vF.
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Most interestingly, we observe two kinks from the band
dispersion shown in Fig. 2(b). These kinks have direct im-
plications on the real and imaginary parts of the self-energy
as shown in Figs. 2(c) and 2(d), respectively. The means
that X" possesses two humps corresponding to these two
kinks. To understand the origin of the hump, we performed
a fitting to X" using multiple Eliashberg spectral functions
[green dashed curves in Fig. 2(d)] following the Debye model
[33]. The fitting resulted in two Debye frequencies 75 £ 6 and
195 £ 10 meV, which are very much in agreement with the
energy positions of the kinks found from the band dispersion
[Fig. 2(b)]. In addition to multiple Eliashberg spectral func-
tions, we needed to add a Fermi liquid-type spectral function
[red dashed curve in Fig. 2(d)], ="(E) = o + BE?, to prop-
erly fit £” for the binding energies beyond 0.2 eV. Here, «
represents the spectral width due to impurity scattering and
B represents the strength of e-e correlations. The derived B
value of 0.17 +0.03 eV ' suggest weak e-e correlations in
Ko.6sRhO, compared with other high thermoelectric systems
having a 8 value of 1.7 eV~ [34]. We extracted a total
coupling constant A = 2.7 & 0.3 by fitting '(F) linearly with
the formula of A = _% near Ep, as shown in Fig. 2(c).
Interestingly, this value is quite high compared with the cou-
pling constant A = 0.4 reported earlier for K¢ ¢RhO, [29].
The differing coupling constants could have originated from
the additional band renormalization due to the high-energy
anomaly at 195 meV. It is worth to mention here that such
high value of coupling constants are also noticed from the high
T. superconductors [35]. In Ref. [35], a total coupling con-
stant of A = 3.9 has been reported for (Bi, Pb),;Sr,CaCu,0g. s
(Bi2212), with the e-ph interaction contribution of 2.3 and
band renormalization contribution of 1.6. Following the same
analogy, we subtracted the band renormalization contribution
(Ap = 3—’7 — 1 = 1.2 £0.1) from the total coupling constant to
obtain an e-ph coupling constant of A.p, = 1.5 0.4. This
value, within the error bars, is in good agreement with the
coupling constant independently obtained from the imagi-
nary part of self-energy [35], Acph = % =1.19+0.1.
Here X"(—00) =140 meV and Q¢ =75+6 meV. Fur-
ther in supporting our observation, a coupling constant of
Ae-pn = 1 has been estimated for the multiboson-electron scat-
tering in case of the misfit cobaltate, [Bi,Ba;04][C00;],
[34] which has the identical CoO, slabs to those in
Na,CoOs,.

In-plane electronic correlations are evaluated for the AHL
plane as shown in Fig. 3. Figure 3(b) depicts representative
band dispersions taken along the cuts AH, AL, and AH' by
rotating ® = —30° to 30°, as demonstrated in Fig. 3(a). From
Fig. 3(b), we can again observe multiple kinks from the all
band dispersions almost at the same binding energy of 75 and
195 meV. We also estimated Fermi velocity vp and group
velocities v,, and v, by fitting the band dispersions linearly
in the binding-energy windows (0, 0.07), (0.1, 0.2), and (0.21,
0.3) eV, respectively. The calculated Fermi and group veloc-
ities vary sinusoidally with & as shown in Fig. 3(c), having
maximum Fermi and group velocities, vp = 0.6 + 0.03 eV A,
U, =29+0.5eV A, v, =9.141 eVA along the AH direc-
tion and minimum Fermi and group velocities, vy = 0.52 +
0.02eVA, v, =214+03eVA, v, =35+0.5eVA along
the AL direction. These observations are consistent with the
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FIG. 3. (b) In-plane momentum-dependant band dispersions ex-
tracted from the EDMs taken along the cuts by varying & as
shown in panel (a). (c) In-plane momentum dependant Fermi and
group velocities extracted by fitting with linear function within
the binding-energy windows as defined in panel (b). (d) In-plane
momentum-dependent coupling constant A and carrier effective mass
m* /m,. In panels (c) and (d) the data are fit with cosine functions.

reported ®-dependent Fermi velocities of Na,CoO, [36]. The
total coupling constant A and the effective mass of the hole
pocket, m* = Zﬁ, as a function of ® are plotted in Fig. 3(d).
From Fig. S(d)f we can notice that the coupling constant is
maximum (A = 3.7) for the electrons dispersing along AH
and is minimum (A = 2.9) for the electrons dispersing along
AL. Furthermore, the effective mass is a minimum (m* =
6.5m,) along AH and is a maximum (m* = 7.4m,) along
AL.

Next, electronic correlations have been evaluated for the
out-of-plane momentum k, direction, as shown in Fig. 4. Fig-
ure 4(a) depicts the Fermi surface (FS) map taken in the k,-k
plane by varying the photon energy hv between 40 and 100 eV
in steps of 4 eV. As can be seen from the k, FS map, no change
in the Fermi vector is noticed along the k, direction, suggest-
ing a nearly two-dimensional hole pocket without electron
hopping in the k, direction. In Fig. 4(b) we show represen-
tative imaginary part of the self-energy extracted from the
EDMs measured with varying photon energies (k, dependent).
From each photon energy data, we consistently observe two
humps in X”(E), within the error-bars almost at the same
binding energies of 75 and 195 meV. This is in very good
agreement with kinks observed from the band dispersions ex-
tracted from corresponding photon energies [see Fig. 4(c)]. As
discussed earlier, we could reasonably fit X" at every photon
energy using combined double-Eliashberg and Fermi-liquid-
type spectral functions as shown in Fig. 4(b). We estimated
B from the fittings and is plotted as a function of k, (hv) as
shown in Fig. 4(d). From Fig. 4(d), we notice that the e-e cor-
relations hardly change along k, (within the error bars). The
estimated Fermi and group velocities are plotted in Fig. 4(e)
as a function of k.. From Fig. 4(e), we notice that all the veloc-
ities vary sinusoidally with &, having minima at 60 and 92 eV
and maxima at 43 and 75 eV photon energies. By considering
the inner potential Vo = 12 £2 eV and using the formula
k, = [%(Vg + E;)]'/2, we identify that the photon energies
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FIG. 4. (a) Out-of-plane Fermi-surface map taken in the k,-k; plane. (b) Representative k. (hv) dependent imaginary part of the self-energy
3”. (c) Representative k,-dependent band dispersions. (d) k,-dependent strength of electron-electron correlation extracted by fitting with
Fermi-liquid-type spectral function (see text). (e) k,-dependent Fermi and group velocities extracted by fitting with linear function within the
binding energy window as shown in panel (c). (f) k,-dependent coupling constant and carrier effective mass. In panels (d) and (e) the data are

fit with cosine functions.

60 and 92 eV extract the bands from the AHL plane and the
photon energies 45 and 75 eV extract the bands from the T'M K
plane. Thus, from Fig. 4(e), we can find that the Fermi velocity
is minimum at the A point (vp = 0.6 =0.04 eV A) and is
maximum at the I" point (vy = 0.76 £ 0.06 eV A). Similarly,
the group velocities v, and v, are minimum at A(2.3 £ 0.3,
4.76 £ 0.5) eV A and are maximum at [’ (3.53 £0.5, 6.06 &+
0.8) eV A. With the help of Fermi velocity and Fermi mo-
mentum, we estimated the effective mass of the hole pocket
and plotted them as a function of k, as shown in Fig. 4(f).
A maximum effective mass is realized (m* = 6.51m,) at A,
while a minimum effective mass is realized (m* = 5.06m,) at
I'. Furthermore, the k,-dependent total coupling constants are
plotted in Fig. 4(f). Note here that the maximum (A = 3.37)
and minimum (A = 2.38) coupling constants are shifted by
hv =5 eV from the photon energy positions of the high-
symmetry points, while still the photon energy difference
between the two extrema is invariant (15 eV).

Since we completely extracted the in-plane and the out-of-
plane Fermi sheets using ARPES, with the help of Luttinger’s
theorem [37], we are able to estimate the hole carrier den-
sity n, = 0.33 £ 0.03 per unit cell. This value is in very
good agreement with the K deficiency percentage of the mea-
sured sample Ko e52)RhO; (1 —x =0.35+£0.02) from the
stoichiometric KRhO,. Thus, the ARPES data confirm EDAX
estimate of the chemical composition. As clearly demon-
strated from our ARPES data, K¢ ¢sRhO, possess two kinks.
While the kink at 75 meV is consistent with the previous stud-
ies of Raman spectroscopy showing active Ej, + Ep, + Ay,
Raman modes at around 500 cm™' from K ¢3;RhO, [38], the
high-energy kink at 195 meV is a finding of this study. Al-
though the origin of low energy kink is reasonably understood,
the origin of the HE kink is yet to be established. So far
existing ARPES studies on these systems did not concentrate
on the electronic correlations beyond 0.2 eV binding energy.
Therefore, we are unable to compare the HE kink directly with
previous ARPES studies of these systems. Nevertheless, as
can be seen from Figs. 2 and 4, we can reasonably fit " (E)
with multiple Debye frequencies at 75 and 195 meV. This
suggests a plausible phononic origin for the HE kink. In fact,
such an observation of bosonic scattering at higher energies
has been noticed from Fe (100) at ~160 meV [39], graphene

at ~200 meV [40], and cuprates at ~350—400 meV below Ef
[41,42]. The other existing mechanisms for the HE anomaly
are the matrix element effects [43,44] and spin-fluctuations
[45]. As observed in this study and reported in the literature,
near the Fermi level only one band disperses from Er down
to a binding energy of 0.4 eV [29,46]. The same has been
confirmed from the DFT calculations as well, especially in
AHL plane [47]. Since the observed HE kink is at around
195 meV and only one band dispersion present within this
energy range, it is highly unlikely that the HE kink originates
from the matrix elements. Furthermore, the spin-fluctuations
origin can be negated as the transport properties of K¢ 6sRhO,
are nearly insensitive to the applied magnetic fields down to
the lowest possible temperature [48]. Finally, as demonstrated
in Fig. 1, the antiband crossing occur at ~0.4 eV below Ep
which shows no effect on the kink at 195 meV, ruling out
the band-structure origin as well. Hence, the only convinc-
ing mechanism for the HE kink must be the electron-boson
scattering at higher frequencies. But the present available
literature on these systems is insufficient to confirm the
same.

Our estimate of average Fermi velocity over the entire
Brillouin zone vy = 0.62 +0.04 eV A is far less than the
Fermi velocity (vp = 0.96 £ 0.02 eV A) reported earlier on
Ko.62RhO; [29]. On the other hand, the average carrier effec-
tive mass estimated from this study, m* = 6.44m, is a factor
of 4.7 less than the effective mass reported for Na,CoO, [27].
From this, we can conclude that K¢ ¢sRhO; is relatively less
correlated compared with Na,CoO,, but more correlated than
what was thought earlier [29]. With the help of the average
Fermi vector (kp = 0.51 £ 0.02 10\’1) and Fermi velocity, we
estimated the Seebeck coefficient using the Boltzmann the-

ory [7.471, § = 2% of 46 £5 uV/K at T = 300 K. This
value is in excellent agrement with the Seebeck coefficient
S300x = 46.3 'V /K derived from the transport measurements
on K 63RhO, [25]. We further verified the validity of Boltz-
mann theory in the present context by evaluating the Seebeck
coefficient for Nag¢5C00,. Considering kr = 0.6 A~! and
averaged vy = 2.75 eV A from Ref. [31], we estimated the
coefficient S3p0x = 89 'V /K which is in very good agrement
with the value of ~90 uV/K obtained from the transport
measurements on Nagg;CoO, [49] and with the value of
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~85 uV/K obtained from DFT calculations on Nag ¢7C00O,
[50]. Thus, the Boltzmann theory is sufficient to understand
the enhanced thermoelectric power in these systems.

IV. CONCLUSIONS

In conclusion, we systematically studied the low-energy
electronic structure of Kg¢sRhO, using ARPES technique
and DFT calculations. Two kinks at the binding energies of
75 and 195 meV have been observed below Er. As demon-
strated above the strength of e-ph scattering, represented by
the coupling constant A, strongly depends on the in-plane and
out-of-plane momenta. Most importantly, from this study we
discover that the high-energy kink at 195 meV, leading to
anomalous band renormalization near the Fermi level, plays
a crucial role in obtaining the colossal thermoelectric power
in these systems.
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