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We report the electronic structure of Balr,Ge; with two types of cage structure by means of angle-resolved
photoemission spectroscopy (ARPES) and hard x-ray photoemission spectroscopy. ARPES spectra reveal the
three-dimensional and multiband Fermi surfaces (FSs) originating from the hybridized Ir 5d and Ge 4p orbitals.
The observed FSs show C, symmetry, reflecting the orthorhombic Ammm crystal structure of Balr,Ge;. The
temperature dependence of the ARPES spectra exhibits the thermal spectral broadening, and the width of the
spectral peak shows a concave-downward behavior with temperature. Considering the effect of anharmonic

phonon modes, we have reproduced the temperature dependence of the electrical resistivity as well as the
thermal spectral broadening. The resultant renormalized phonon frequencies )’ = 146.9K and 0’ = 70.6 K
are comparable to the Einstein temperatures estimated from the previous specific heat measurement. Our results
suggest the existence of the weak anharmonic phonon modes in Balr,Ge;.

DOLI: 10.1103/PhysRevB.107.045116

I. INTRODUCTION

Electron-phonon coupling is one of the most fundamental
interactions and has been discussed as the key for the enhance-
ment of the superconducting temperature 7; in a wide variety
of materials such as A-15 compounds, high-T; cuprate, iron
pnictides/chalcogenides, and hydrogen sulfide [1-5]. Anhar-
monic lattice vibrations, so-called rattling phonons, couple to
the conduction electrons and are considered one of the sources
of the high thermoelectric property or the unusual high-T7;
superconductivity. Anharmonic phonons originate from the
guest atoms encapsulated in the polyhedral cages and have
been intensively discussed in relation to filled skutterudites
LT,X;, (L = lantanoid, T = transition metal, X = pnictogen)
[6], Ge/Si clathrates Ag(Ge, Si)ss [7], and B-pyrochlore ox-
ides AOs,Og (A = alkaline atom) [8].

Ba-Ir/Rh-Ge ternary compounds such as Balr,Gey,
BasIrsGejg, and Bas;RhsGeg exhibit superconductivity with
T. = 2.5,5.2, and 6.5 K, respectively [9—13]. Quite recently,
Pei et al. discovered the pressure-induced reemergence of
superconductivity with a maximum 7; of 4.4 K for Balr,Ge;
and of 4.0 K for BasIrysGe;¢ around 40 GPa [14]. These
compounds are formed by the stacking of the Ir/Rh-Ge poly-
hedral cages encapsulating the Ba atom. The crystal structure
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of Balr,Ge; has an orthorhombic space group of Ammm
with C; symmetry [13], as shown in Fig. 1. The electrical
resistivity p of Balr,Ge; decreases with decreasing temper-
ature and reveals the concave-downward behavior [10,13].
The temperature dependence of p is well reproduced by
the phonon-assisted Bloch-Griineisen (BG) formula using the
Debye temperature ®&p = 174K [13] or 240 K [10]. The
normal-state specific heat data for Balr,Ge; and BasIrsGeig
exhibit a broad peak around 20 K, suggesting the presence of
the Einstein phonon mode related to the rattling of the Ba
atom [10]. Furthermore, Guo et al. reproduced the normal-
state specific heat data using the sum of the Debye mode
and the two Einstein modes originating from two cages. The
Debye temperature and the Finstein temperature were esti-
mated to be ®p = 303K, ®@; = 118K, and @, = 60K for
Balr,Ge; [10]. Note that there is a difference between the De-
bye temperatures obtained from the electrical resistivity and
the specific heat capacity. Although the existence of Einstein
modes has been proposed, Ishida et al. suggested that the
atomic displacement parameters (ADPs) for both compounds
are relatively small and deviate from other rattling materials
such as B-pyrochlores, clathrates, and skutterudites due to the
smaller size of the cages [13]. This suggests the absence of the
rattling behavior in Balr,Ge; and BasIryGe ¢ [13]. Therefore,
the presence of the rattling phonon and the relationship be-
tween the rattling and the superconductivity are controversial.

In this context, we have performed angle-resolved photoe-
mission spectroscopy (ARPES) and hard x-ray photoemission
spectroscopy (HAXPES) for Balr,Ge; in order to clarify
the electronic structure and the effect of the rattling nature.

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of Balr,Ge; with space group
Ammm visualized by VESTA [15]. (b) Ba-centered Ir,Ge;s and
IrgGe e cages. The green, yellow, and blue circles indicate Ba, Ir,
and Ge atoms, respectively. Here, the half-filled circle indicates
0.5 occupancy. The green (orange) shaded polyhedrons indicate the
Ir,Ge¢ (IrsGe ) cages which encapsulated the Ba atom. (b) Crystal
structure of the Ir(4)-Ge(7) plane. (c) Brillouin zone of Balr,Ge;.

The Fermi surfaces (FSs) were observed and exhibit twofold
symmetry, reflecting the C, symmetry of the Ammm crystal
structure. From the HAXPES spectra, the valence band near
Er consists of the strongly hybridized Ir 5d and Ge 4p orbitals.
The ARPES spectra reveal the thermal spectral broadening,
and the full width at half maximum (FWHM) of the spectral
peak shows a 7' (T%4%) behavior for the low- (high-) tem-
perature region. Assuming the existence of the anharmonic
phonon modes, we discuss the relationship between the tem-
perature dependence of the thermal broadening of the ARPES
spectrum, the electrical resistivity, and the anharmonic behav-
ior of the specific heat capacity.

II. EXPERIMENTAL SETUPS

Single-crystal Balr,Ge; was prepared by the self-flux
method and the arc-melting method as reported in Ref. [13].
ARPES measurements were performed at BL-28A at the Pho-
ton Factory with Scienta SES2002 and DA30 analyzers [16].
The total energy resolution was 30—40 meV for circularly po-
larized light hv = 40-120 eV. The measurement chamber was
maintained in ultrahigh vacuum higher than 3.0 x 10~'° Torr.
For the temperature-dependent measurement, the temperature
was tuned from 7 = 10 to 190 K, and the incident photon
energy was set to iv = 55 eV. HAXPES measurements were
carried out at BLO9XU of SPring-8 with a Scienta R4000
electron analyzer. The incident photon energy was set to hv =
7940 eV with linear polarized light. The total energy resolu-
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FIG. 2. ARPES intensity plots of the constant energy contours
at the Fermi level Eg of (a) the k-ky and (b) k,-k, planes integrated
within £30 meV relative to Er. Band dispersions corresponding to
cuts (¢) 1 and (d) 2 in (a). The ARPES data were taken at 7 = 20K
and hv = 55 eV.

tion was 280 meV for hv = 7940 eV. The HAXPES data were
collected at T = 150K. The base pressure of the chamber
was 1.0 x 1071° Torr. To obtain clean surfaces for the pho-
toemission measurements, the samples were cleaved in situ.
The binding energy was calibrated by using the Fermi edge
of the gold reference. The electronic structure was calculated
using the code WIEN2K [17] based on the full-potential lin-
earized augmented plane-wave method. The calculated results
were obtained in the generalized gradient approximation for
electron correlations, where we used the exchange-correlation
potential [18]. The spin-orbit interaction is taken into ac-
count, but the van der Waals correction is not considered.
We used the crystal structure at room temperature as re-
ported in Ref. [13]. Because the occupancy rate of the Ge(6)
and Ge(7) atoms is 0.5, the electronic structure was cal-
culated with half the number of Ge(6) and Ge(7) atoms,
taking into account the interatomic distance. We set muffin-
tin radii Ryt of 2.50 bohrs (Ba), 2.46 bohrs (Ir), and
2.18 bohrs (Ge) and a plane-wave cutoff of K ,x = 7.0/Ryr-
The calculation was carried out without the consideration of
the structural relaxation.

III. RESULTS AND DISCUSSION

A. Valence band electronic structure

Figure 2(a) shows the FSs for the ' XAY plane of Fig. 1(d)
taken at 7 = 20K and hv =55 eV with circularly polar-
ized light. Crossed-rectangular-shaped FSs are observed in
Fig. 2(a) and are highly anisotropic, corresponding to the
C, symmetry derived from the Ir(2)-Ge(6) and Ir(4)-Ge(7)
planes [Fig. 1(c)]. The ARPES intensity along the I'-X di-
rection (cut 1) and the I'-Y direction (cut 2) are shown in
Figs. 2(c) and 2(d), respectively. The hole band at the I" point
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FIG. 3. HAXPES spectra of Balr,Ge; for (a) Ba 4d, (b) Ir 4f,
and (c) Ge 3p core levels. (d) Valence band spectrum compared with
the calculated total and partial densities of states. The data were
collected at T = 150K for hv = 7940 eV.

is clearly observed in the I"-X direction, and the electronlike
band can be seen in the I'-Y direction. These results corre-
spond to the anisotropic electronic structure of Balr,Ge; and
indicate the saddle point structure around the I' point. Fur-
ther, several band dispersions are identified from the I" to X
point [Fig. 2(c)], suggesting a multiband nature of Balr,Ge;.
Figure 2(b) shows the ARPES intensity as a function of the
incident photon energy along the I'-X direction taken at Ef.
The ARPES intensity strongly depends on the incident photon
energy and exhibits periodic modulation, suggesting a three-
dimensional bulk electronic structure.

B. Core-level electronic structure

Figures 3(a), 3(b) and 3(c) show the Ba 4d, Ir 4f, and Ge
3p core-level spectra. The Ba 4ds;, and 4d3,, core levels are
located at 88.7 and 91.3 eV, respectively. The spectral shape
of the Ba 4d core levels of Balr,Ge; is composed of the
single components, which is different from the results for the
other rattling materials with the Ba guest atom [19,20]. The
single component of the Ba 4d core levels implies that there
is no appreciable difference of the Ba valence state between
the Ir,Geg and IrgGe,g cages. The binding energy of the Ba
4ds/; core level is close to that of BaO (88.8 V), indicating
that the valence state of Ba is divalent (Ba>"). Actually, the
spectral shape of the Ba 4d core levels is symmetric, which
suggests the absence of the screening Ba 6s electrons at Ef.
In Fig. 3(b), the Ir 4f7/, and Ir 4f5,, core levels are located
at 60.3 and 63.3 eV, respectively. The binding energy of the
Ir 4 f7/» core level for Balr,Gey is located lower than that for
IrO; (61.9 eV) and even that for pure Ir (60.8 eV). The lower
binding energy of Balr,Ge; suggests that the Ir 5d orbital is
strongly hybridized with the Ge 4p orbital and a signature
of covalent bonding character. The Ge 3p3/, and 3p;,, core
levels are located at 121.3 and 125.6 eV, as shown in Fig. 3(c).
In contrast to the Ba 3d core levels, the Ir 4f and Ge 3p

core-level line shapes are asymmetric, indicating the screen-
ing effect of the conduction electrons: the density of states
(DOS) near Ep consists of the Ir 5d-Ge 4p covalent bonding
state. Figure 3(d) shows the valence band spectra taken at
hv = 7940 eV. The valence band spectra show the structures
at ~0.68, ~2.1, ~2.9, and ~4.5 eV. The observed structures
can be seen in the calculated DOS and are basically consis-
tent with the calculated DOS. The calculated DOS exhibits
strong hybridization between the Ir 5d and Ge 4p orbitals.
The hybridized band of the Ir 5d and Ge 4p orbitals forms the
DOS close to Er and dominates the electronic conductivity of
BalrzGe7.

C. Temperature dependence of quasiparticle lifetime

The observed FSs and the band dispersions near Ep origi-
nate from the Ir 5d and Ge 4p orbitals in the cage structures.
The expected anharmonic rattling phonon of the guest Ba
atom would couple to the electrons and be observed through
the electronic structure of the cage structures. Figures 4(a) and
4(b) show the band dispersion and its second derivative plot
along the I'-A direction of cut 3 in Fig. 2(a) takenat 7 = 10K
for hv =55 eV. Several bands are identified in Figs. 4(a)
and 4(b). Figure 4(c) shows the energy distribution curves
(EDCs) as a function of temperature from 7 = 10 to 190 K
taken at the I point (normal emission spectra). The distinct
structures, including the saddle point structure close to Er and
the broad hump around —0.7 eV at T = 10K, become broad
with increasing temperature. The spectral broadening is more
prominent from 7" = 10 to 75 K, whereas the spectral shape
does not change significantly above T = 75 K. These thermal
broadening behaviors suggest a decrease of the lifetime due to
the phonon scattering.

In order to quantify the broadening behavior of the EDCs
as a function of temperature, we have fitted the symmetrized
spectra by using the Voigt functions and the Shirley back-
ground. The fitted result at 7 = 10K as an example is shown
in Fig. 4(d) and well reproduces the spectra. The peak posi-
tions of each peak were determined by the band bottom or
top of the second derivative plot [indicated by red arrows in
Fig. 4(b)], and the intensity rate from Er to —0.5 eV was
fixed at each temperature. Figure 4(e) shows the temperature
dependence of the FWHM AFE taken from the peak located
at E — Er = —11 meV. The temperature dependence of AE
reveals the increase from 7 = 10 to 75 K and the gentle
rise above T = 75 K. In general, the photoemission linewidth
AE is proportional to the inverse of the quasiparticle lifetime
R/t (AE o t~'). Here, it should be emphasized that AE
is not equal to t=! (AE # t~!) because AE includes the
contribution from the width of the degenerated multiband
structure. Although 7/t is related to the impurity scatter-
ing, the electron-electron scattering, and the electron-phonon
scattering, the main contribution of the thermal spectral broad-
ening is due to the electron-phonon scattering. The inverse
lifetime is given by

(e, T) ' =27 /wm ?F ()1 — f(e — Q)
0

+2n(Q) + f(e + Q)AL
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FIG. 4. (a) Band dispersion and (b) its second derivative plot along the I'-A direction [cut 3 in Fig. 2 (a)] at T = 10 K. (c) Temperature
dependence of the energy distribution curve (EDC) taken at the " point from 7" = 10 to 190 K. (d) Symmetrized EDC at T = 10K fitted
by Voigt functions. The red solid line represents the fitted curves. The gray solid lines represent the peaks of the decomposed fitting result.
The peak positions correspond to the band bottom/top of (a) and are indicated by the red arrows in (b). The pink dashed line indicates the
integrated background. (e) Photoemission linewidth FWHM AE as a function of temperature. AE is estimated from the peak located at

E — Egp = —11 meV.

where a>F (Q2) is the Eliashberg coupling function and n(£2)
and f(2) are the Bose-Einstein and Fermi-Dirac distribution
functions, respectively [21-24]. Furthermore, the Eliashberg
function can be expressed as a’F(Q) = A(S2/Op) for the De-
bye model and a?F (Q) = A@£8(Q2 — O)/2 for the Einstein
model. Following the Debye model or the simple Einstein
model, 7! increases with increasing temperature and exhibits
concave-upward behavior [25], which is in contrast to the
concave-downward behavior of the electrical resistivity as
well as that of the spectral broadening with temperature as
shown in Fig. 4(e) [10,13].

The concave-downward behavior in p for Balr,Ge; was
well described by using the parallel resistor model of the
BG term ppg and the Ioffe-Regel (IR) saturation resistivity
Pmax [10,13,26]. However, the temperature dependence of the
specific heat was reproduced by the Debye model and the
Einstein model [10]. The evaluated Debye temperature differs
between the estimation from the resistivity (®p = 171 K) and
that from the specific heat (©p = 303 K) [10]. The lower
Debye temperature estimated from p is mainly due to pp,x- In
a previous study [13], pmax Was estimated to be 351 u2 cm.
The IR criterion kgl is given by kgl = 2mhid /e*p, where kg
is the Fermi wave number, [ is the mean free path, and d is
the lattice constant. The value of kr/ is evaluated to be 4.71
(27.69) from pyax for the a (c) axis direction and might be
large since the carrier would be localized when kpl < 1.

D. Anharmonic phonon

In the present study, we point out the other possible sce-
nario causing the concave-downward behavior of p and AE.
Figures 5(a) and 5(b) show a logarithmic plot of p — py and

AE — AEy as a function of temperature. py is the residual
resistivity, and AE, is the value of AE at T = 10K. The
temperature dependence of p — py (AE — AEy) follows the
T228 (T') behavior at low temperature and the 7073 (7046)
behavior at high temperature with the inflection point around
T = 76 K. Dahm and Ueda proposed the T2 dependence at
low temperature and the 7% dependence at high temperature
in p by assuming anharmonic phonon modes [27]. Follow-
ing this model, the concave-downward behavior suggests the
existence of anharmonic phonon modes. Hence, we have an-
alyzed the temperature dependence of p and AE, considering
the contribution of the anharmonic phonon on the basis of
the Dahm-Ueda theory [27]. The phonon self-energy IT(w)
indicates the interaction of the phonon with the conduction
electrons. The resultant renormalized phonon frequency is de-
scribed as wf = a)% + 2woRell(w), where wy is the effective
phonon frequency. The temperature dependence of wy follows
the nonlinear equation [27]:

2
wo woQ 1 1 [on
200 - e - ;
(a)()()) + IB( wo )(eﬁwo/kBT +1 + 2 2(1)00)

where § is the magnitude of the anharmonicity and wyy =
wo(T = 0K) is the potential barrier of the double well. The
phonon spectral function is expressed as

4a)0 FO Q

1
AQ) = — ,
) T(Q2 — w?) +4T2Q2

where ['y is the temperature-independent phonon damping
rate [27]. The inverse of the quasiparticle (QP) lifetime 77!
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FIG. 5. Temperature dependence of (a) electrical resistivity p
[13] and (b) the relative variation of AE in Fig. 4(e) plotted on a
logarithmic scale. The residual resistivity py and the value AE at
T = 10K (AE)) have been subtracted. The dashed lines indicate the
T2 or T (T°7% or T°4°) dependence at low (high) temperature.
(c) p and (d) AE as a function of temperature and the fitted results
assuming the contributions for the two anharmonic phonons with
0§ =70.6K and 0’ = 146.9 K and the Debye phonon with @p, =
303 K, respectively. The dashed lines represent each contribution
from the anharmonic phonon modes (light blue and green) and the
Debye phonon (pink).

from the contribution of the anharmonic phonon is written as

ale) ! = ﬂgzN(O)/ A@H2n(Q) + f(Q +€)
0

+ (@ — e)]d

following previous work [27,28]. Here, g is the electron-
phonon coupling constant, and N(0) is the DOS at Eg. The
temperature dependence of to(7T) is described as 7o (T) =
ffooo derA(e)%, and the resistivity p(7T") is generally ex-
pressed as

00 -1
o) = T = E| [ aerof |
w; ;L de
where w), is the plasma frequency [28]. Since the anharmonic
phonon and the BG term [29,30] contribute to the electrical
resistivity of Balr,Gey, p(T) = ppg(T) + pa(T), we have
fitted the temperature dependence of p by using this model
including the two anharmonic phonon modes. As shown
in Fig. 5(c), p(T) is well fitted with the parameters py =
101 uQ2cm, Op = 303K, 0’ = 70.6K and 0y = 146.9K,
B =20, Ty =2K, and wyRell(w) = —(11K)?, where wy
represents the renormalized phonon frequency w; at 7 = 0 K.
Moreover, we have also fitted the temperature dependence of
AE(T) [o< T71(T)] in the same manner as p(T): 7(T)™! =
7, 4+ ta(T)™" + w6(T)~!. Here, we set the single anhar-
monic phonon mode w%) = 70.6 K for the best fit [red solid
line in Fig. 5(d)], and the other parameters are the same as the

fitting of p(7'). Although 7! obtained from ARPES is not
identical to that measured from the transport measurement and
their comparison must be done carefully [31], our data suggest
a proportional relationship of 7~! between the ARPES data
and the electrical resistivity.

The renormalized phonon frequencies a)ié) and wr(ol) agree
with the Einstein temperatures ®g; = 118 K and ®g, = 60K
obtained from the normal-state specific heat data [10]. The
estimated phonon frequencies a)r(é) and o, would be derived
from the different sizes of the Ir,Gejs and IrgGes cages
because the reduction of the phonon frequencies is induced by
the expansion of the cage. Actually, the model including the
single anharmonic phonon mode well reproduces the spectral
broadening. We speculated that the structure from which the
lifetime is estimated derives from the Ir 54 and Ge 4p hy-
bridized orbitals of the IrgGe ;¢ cage and the anharmonic mode
couples to the electrons of this cage.

The anharmonicity factor B dominates the strength of
the temperature dependence of p and the NMR relaxation
rate 1/T1T as well as the thermal spectral broadening [27].
The magnitude of anharmonicity, estimated to be g = 2.0
for Balr,Ge;, is comparable to that of the filled skutterudite
LaOs4Sby; with 8 = 2.0 [32] and is relatively small compared
with those of other rattling materials such as the 8-pyrochlore
KOs;,0¢ with 8 = 6.27 [27], the tetrahedrite Cu;,SbsS 3 with
B = 58 [33], and the type-I clathrate BagGasSnszo with 8 =
24-25 [34-36]. Since the magnitude of § is directly related
to the coefficient of the fourth-order term in the anharmonic
potential, the small 8 of Balr,Ge; suggests the weakness of
the anharmonicity and is in good agreement with the small
ADP parameter [13]. Therefore, our analysis suggests that the
temperature dependence of the electrical resistivity and the
photoemission spectra can be reproduced and explained in
a unified manner by assuming the contribution of the weak
anharmonic phonon modes.

The concave-downward behavior of the electrical resis-
tivity has been observed in various compounds such as the
rattling materials and A-15 compounds [26,37-39]. These
behaviors of the electrical resistivity can be explained by
the parallel resistor model considering the IR saturation re-
sistivity [26]. On the other hand, theoretical studies have
suggested that the anharmonic phonon mode gives the
concave-downward behavior of the resistivity [27,28]. How-
ever, it is difficult to distinguish the contributions from the
saturation resistivity and the anharmonic phonon mode. Pho-
toemission spectroscopy can observe the inverse of the QP
lifetime directly. In the present study, the temperature de-
pendence of the inverse of the lifetime deduced from the
photoemission spectra exhibits the concave-downward be-
havior, which is in contrast to the temperature-independent
lifetime due to the IR scattering. Thus, we have revealed that
the spectroscopic analysis can distinguish the contributions
from the anharmonic mode and the impurity scattering. This
analytical method using the temperature dependence of the
photoemission spectra is a pilot case and can be applied to
other systems.

The temperature dependence of the photoemission spec-
tra, the electrical resistivity, and the specific heat suggests
the existence of anharmonic phonon modes. Whether the
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anharmonic phonon mode originating from the rattling motion
works as the glue of the Cooper pair or not is still an open
question. Our results indicate that the coupling between elec-
trons and the weak anharmonic phonons mainly contributes
to the formation of the quasiparticle. We speculate that the
electron-anharmonic phonon coupling may be responsible for
the mechanism of superconductivity in Balr,Ges.

IV. CONCLUSION

We have investigated the electronic structure of Balr,Ge;
by means of ARPES and HAXPES measurements. Multiband
FSs with the twofold symmetry due to the C, crystal struc-
ture were observed. From the core-level and valence band
photoemission spectra, the near-Ep spectra consist of strongly
hybridized Ir 5d and Ge 4p orbitals and show a covalent
bonding character. The temperature dependence of the va-
lence band spectra reveals the thermal spectral broadening,
suggesting an electron-phonon interaction. On the basis of
the anharmonic phonon mode, we have reproduced the tem-
perature dependence of the spectral width and the electrical

resistivity. The deduced phonon frequencies are consistent
with the Einstein temperatures estimated from the specific-
heat measurement. Moreover, the anharmonicity factor is
relatively small compared with those of other rattling mate-
rials. Our results suggest that the anharmonic phonon modes
exist but the electron-rattler interaction is weak.
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