PHYSICAL REVIEW MATERIALS 7, 064007 (2023)

Role of electron correlation and disorder on the electronic structure of layered nickelate
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We investigate the role of electron correlation and disorder on the electronic structure of layered nickelate
(Lag 5Sr05)2NiO4 using core level and valence band photoemission spectroscopy in conjunction with density
functional theory (DFT) and dynamical mean-field theory (DMFT) calculations. Sr 3d and La 4d core level
spectra exhibit multiple features associated with photoemission final-state effects. An increase of unscreened
features in the Sr 3d and La 4d core level spectra with lowering temperature suggests the reduction in density of
states (DOS) at the Fermi level, Er. Valence band spectra collected using different photon energies reveal finite
intensity at Er and overall spectra are well captured by DFT+DMFT. Strong renormalization of partially filled e,
bands in DFT+DMFT result indicates strong correlation in this system. Mass enhancement factor, m*/mpgr ~
3, agrees well with values obtained from specific heat measurements. High-resolution spectra in the vicinity
of Er show monotonically decreasing spectral intensity with lowering temperature, which evolves to exhibit
a Fermi cutoff at low temperatures indicating metallic character in contrast to insulating transport, suggesting
Anderson insulating state. |[E — Er|'/> dependence of the spectral DOS and square-root temperature dependence

of spectral DOS at Er evidences the role of disorder in the electronic structure of (Lag sSr¢s),NiOy.
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I. INTRODUCTION

High-T, superconductivity in strongly correlated layered
cuprates [1-3] have led to exploration of other layered
transition metal oxides (TMOs) [4]. Strong electron corre-
lation in 3d TMOs [4] has been regarded as key to the
intriguing properties such as superconductivity [1-3]; gi-
ant or colossal magnetoresistance [5,6]; spin, charge, or
orbital ordering [7-11], etc. The recent discovery of super-
conductivity in hole-doped infinite-layer nickelates [12—14]
has instigated the reinvestigation of physical properties and
electronic structure of other layered nickelates. Isostruc-
tural to superconducting cuprates (La;_,Sr,),CuQO4 [2,3],
layered nickelates (La;_,Sr,),NiO4 have been studied ex-
tensively in search of superconductivity [15—-18]. Both the
parent compounds are antiferromagnetic insulators, where
La,CuOy4 is Mott-Hubbard type as it remains insulating in
its paramagnetic state [19], while La;NiOy is Slater-type an-
tiferromagnetic as it becomes metallic above the transition
temperature [15-17,20]. A small amount of hole doping (by
Sr substitution at La site) leads to disappearance of antifer-
romagnetic order in both the systems and drives cuprates
towards superconducting state [2,3] while nickelates remain
insulating [15-17,21]. Metal-to-insulator transition (MIT)
temperature reduces monotonically with increasing Sr content
in (La;_,Sr,),NiOy4 and is found to be around 150 K for x =
0.5, while it completely disappears for x > 0.55 [15-17,21—
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24]. Charge ordering in hole-doped cuprates and nickelates
have also been studied in relation to disorder introduced by
dopant ions [11], for example, stripe or checkerboard type
charge ordering in (La;_,Sr,);NiO4 for low hole doping
[8-10]. Metallic character observed in optical conductivity
suggests that the insulating transport is associated with local-
ization of electrons rather than charge ordering for x = 0.45
and 0.5 [21]. Note that (La;_,Sr,),NiO4 exhibit different
oxygen stoichiometry depending on the amount of Sr content
and synthesis condition, leading to change in the physical
properties as seen in the bulk as well as pulsed laser deposited
films [15-17,21-29]. When prepared in ambient conditions,
(La;_,Sr,);NiO4 with low Sr content (x < 0.2) can accom-
modate excess oxygen, while systems with intermediate Sr
content are almost stoichiometric and systems with high Sr
content (x > 0.55) are found to be slightly oxygen deficient
[23-27]. Experimental techniques such as thermogravimet-
ric analysis and iodometric titration have confirmed that the
x = 0.5 system, i.e., (Lag 5Sr¢ 5),NiO4 prepared by solid-state
reaction route [16,23,27-29], is almost stoichiometric.
Electronic structure of La,NiO4 has been studied exten-
sively from the strong correlation, and/or superconductivity
point of view, mostly in the low hole-doped regime [30-33].
Apart from competitive intra (inter)-site Coulomb interaction,
U (Jg) and intersite hopping interaction, disorder also plays
a key role in deciding the ground-state properties of TMOs,
as seen in various systems [34—37]. The strength of disorder
in (La;_,Sr,),NiOy4 can be tuned by varying x [18,22,26,38]
where the maximum substitutional disorder is present in
the case of (LagsSrgs),NiO4. Sommerfeld coefficient of
9.15 mJ/mol/K? obtained from specific heat measurements
[38] and room-temperature resistivity of ~2—-10 mS2 cm for
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(Lag 5Srp5),NiO4 [[17,23,24,28] are very similar to those
obtained for LaNiOs [39]. Thus, both systems, having Ni
3d’ electronic configuration with one electron in e, band,
are expected to have similar order of electron correlation
and overall electronic structure [33]. While (Lag 5Srg 5),NiOy4
exhibits MIT at around 150 K [15-17,21-24, LaNiO; re-
mains metallic down to low temperatures [39]. Thus, MIT
in (LagsSrg5),NiO4 may be associated with intrinsic disor-
der present within the system. Structurally, (Lag sSrg5)2NiO4
consists of NiO, layer (ab plane) sandwiched between two
of the disordered (La/Sr)-O layers from both sides along the
¢ axis leading to local distortion in NiOg octahedral network
[29]. Thus, (Lag 5Sro.5)2NiO4 provides an opportunity for un-
derstanding the role of electron correlation and disorder on the
MIT in this system.

Here we investigate the electronic structure of layered nick-
elate (LagsSrgs5)2NiO4 using photoemission spectroscopy
and density functional theory (DFT) + dynamical mean-field
theory (DMFT) calculations. Valence band spectra could be
well captured within DFT+DMFT framework, which also
suggests strong renormalization of partially filled e, band
(m*/mppr ~ 3) due to strong electron correlation. High-
resolution valence band spectra exhibit a Fermi cutoff at
low temperatures, indicating metallic character in contrast to
transport measurements suggesting Anderson insulating state.
Energy and temperature dependence of spectral DOS follow-
ing Altshuler-Aronov theory confirms the role of disorder
in the electronic structure of strongly correlated disordered
nickelate (Lag 5Sr(.5),NiOy.

II. EXPERIMENTAL AND CALCULATION DETAILS

Polycrystalline sample of (Lag 5Srg5),NiO4 was prepared
using high-purity La, 03, SrCOj3, and NiO by solid-state re-
action method. Hygroscopic La, 03 was preheated at 900 °C
for 10 h before weighing. The well-ground mixture was pel-
letized and sintered at 1300 °C for 36 h with two intermediate
grindings. The sample was furnace cooled at the end of each
heat treatment. The phase purity and absence of any impurity
were confirmed by room-temperature powder x-ray diffrac-
tion (XRD) pattern (Fig. S1 of the Supplemental Material
(SM) [40]). The Rietveld refinement of XRD pattern reveals
tetragonal crystal structure with space group /4/mmm and
lattice parameters a = 3.827 A and ¢ = 12.452 A, which are
in excellent agreement with the earlier reports [15,16,29].

Photoemission spectroscopic measurements were per-
formed using Scienta R4000 electron energy analyzer on in
situ (base pressure ~4 x 10~!! mbar) scraped samples. Total
instrumental resolutions were set to 300, 8, and 5 meV for
measurements with monochromatic Al K, (1486.6 eV), He
I (40.8 eV), and He I (21.2 eV) radiations (energy), respec-
tively. Ar™ ion sputter cleaned polycrystalline silver was used
to determine Er and the energy resolutions for different radi-
ations at 30 K. The reproducibility of data and cleanliness of
the sample surface were ensured after each trial of scraping by
minimizing C 1s feature and the higher binding energy feature
in O 1s spectra.

Electronic structure calculations were performed using
DFT as implemented in WIEN2k [41] and fully charge self-
consistent DFT+DMFT as implemented in eDMFT code

[42]. The crystal structure consists of two formula units with
arock-salt arrangement of La and Sr atoms. Experimental lat-
tice parameters were used and atomic positions were relaxed
with DFT (forces on each atom <5 meV/A). We used the
generalized gradient approximation for exchange correlation
functional [43]. All five Ni 3d orbitals were considered cor-
related and the local axis was chosen such that x and y axes
are aligned towards planar oxygens and the z axis is along
apical oxygen. Fully rotational invariant form of Coulomb
interaction was used with U and Jy interaction parameters
set to 10 and 0.7 eV, respectively. Similar values of U and
Jyu have also been used in case of other nickelates [14,44].
The temperature was fixed at 116 K (8 = 100 1/eV). To
subtract double counting (DC), “exact” DC method was used
which provides a better description for correlated materials
[45]. Continuous time quantum Monte Carlo impurity solver
[46] was used with 108 Monte Carlo steps in each run. Max-
imum entropy method [42] for analytical continuation was
used to obtain the self-energy on the real frequency axis. Mass
enhancement factor, m* /mpgr, were obtained from slopes of
both Im[X(iw)] (imaginary part of the self-energy on imag-
inary frequency axis) as well as Re[X(w)] (real part of the
self-energy on real frequency axis) and were consistent [47].

III. RESULTS AND DISCUSSION

The results of electronic structure calculation within DFT
and DFT+DMFT for (Lag 5Sr(5),NiO4 are shown in Fig. 1.
Total DOS and Ni 3d partial DOS obtained from DFT are
shown in Fig. 1(a). The valence band of this system is mainly
formed by the hybridization between Ni 3d and O 2p states as
the contributions from La 4 f, La 5d, and Sr 4d states appear
mainly above 3 eV energy in the unoccupied region. Total
DOS exhibits three sets of features appearing in the energy
range, —7 to —3.5 eV corresponding to bonding states, —3.5
to —1.5 eV corresponding to nonbonding O 2p states, and
—1.5to 2.5 eV corresponding to antibonding states primarily
having Ni 3d character. The finite DOS at Er [DOS(EF)]
suggests a metallic ground state. Figure 1(b) shows the orbital-
resolved Ni 3d band close to Er where completely filled
localized t,, band centers around —1 eV while partially filled
delocalized e, band spans from about —1.5 to 2.5 eV and has
finite contribution at Er. Slight elongation of bond along api-
cal oxygens in NiOg octahedra lifts the degeneracy of #,, band
to almost degenerate d,,/d,. and d,, orbitals and of e, band to
d; and d>_ orbitals. With reported Sommerfeld coefficient
(9.15 mJ/mol/K?) obtained from specific heat measurement,
the estimated DOS(Er) ~ 3.88 states/eV /f.u. [38] which is
about three times larger than that of the DFT results (1.32
states/eV /f.u.). This observation indicates a large quasipar-
ticle mass enhancement due to strong electron correlation in
this system. The DFT4+DMFT results shown in Figs. 1(c) and
1(d) follow very similar behavior as observed in DFT. The
feature corresponding to t,, band has almost no influence by
electronic correlation and remains at very similar position. On
the other hand, e, states are strongly renormalized leading
to reduced width of the band and quasiparticle peak moves
towards Ep (within £ 0.2 eV). Mass enhancement factor
(m* /mppr) is weighted sum of contributions arising from
all the orbitals weighted by their local Green’s function (o
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FIG. 1. (a) Total DOS and Ni 3d partial DOS and (b) orbital-
resolved partial DOS of Ni 3d, for (LaysSrys),NiO4 calculated
within DFT. (c) Total and Ni 3d spectral functions and (d) orbital-
resolved spectral functions of Ni 3d, for (Lag 5Sr 5),NiO, calculated
within DFT+DMFT. The inset of (d) shows the real and imaginary
part of the average self-energy of d.> and d,>_» orbitals. Blue dotted
line shows the linear fit to the real part of the self-energy in the close
vicinity of Ef.

partial DOS) at Er [47]. Since f,, band does not contribute
at Er and d. and d,._,» orbitals (forming e, band) have
almost similar partial DOS at Er; thus we show the real and
imaginary part of the average self-energy of these orbitals in
the inset of Fig. 1(d). Mass enhancement factor is estimated
by 1 — dRe[X(w)]/dw | »—0, Which is found to be about 3,
in excellent agreement with the experimental results [38].
Im[X(iw)] and Re[ X(w)] for various values of U and Jy have
been shown in Fig. S2 of SM [40].

Now we turn our focus on experimental results where Sr 3d
and La 4d core level spectra of (LagsSrg5),NiO4 have been
shown in top panels of Fig. 2(a) and 2(b), respectively. Both
the core level spectra were collected using Al K,, radiations at
300 K and 30 K, and the shown spectra have been normalized
at lower binding energy feature. The Sr 3d (La 4d) spectra
exhibit two peaks corresponding to Sr 3ds,, (La 4ds;,) and
Sr 3d3;, (La 4ds),) positioned at 131.60 eV (100.80 eV) and
133.25 eV (104.05 eV) binding energy, respectively, at 300 K.
The spin-orbit splitting of about 1.65 eV in case of Sr 3d
and about 3.25 eV in case of La 4d is apparent from the
figure. Intensity ratio of these two features in both, Sr 3d
and La 4d spectra, does not follow the expected multiplic-
ity ratio of 3:2 and the appearance of shoulder structure at

Intensity (arb. units)

138 136 134 132 130 108 105 102 99

Binding energy (eV) Binding energy (eV)

FIG.2. (a) Sr 3d and (b) La 4d core level spectra of
(Lag 5S10.5)2NiO4. Comparison of spectra collected at 300 K and
30 K has been shown in the top panels. Simulation of 300 K and
30 K spectra are shown in middle and bottom panels, respectively.
Background, main feature, and satellite feature are shown by purple
dashed, green dotted, and blue dotted lines, respectively.

higher binding energy suggests contribution of more than one
spin-orbit split doublets [48—51]. The core hole generated in
the photoemission process enhances the local positive charge
which can be effectively screened by the valence electrons
(in the photoemission final state), leading to a well-screened
feature which appears at lower binding energy, while the inef-
fective screening of core hole leads to an unscreened (satellite)
feature at higher binding energy [52].

For quantification, we simulate the Sr 3d spectra at 300 K
with two sets of Lorentzian (representing lifetime broadening
of the photoholes) convoluted with Gaussian to consider res-
olution broadening and other solid-state effects, where each
set represents two spin-orbit split features. A Shirley type
integral background [53] is shown with a purple dashed line,
while green and blue dotted lines represent main and satellite
features, respectively. Note that we require larger broadening
for the satellite feature than the main feature and spectra could
be well fitted as shown in the middle panel of Fig. 2(a). The
satellite appears at 1.7 eV higher binding energy having an
intensity ratio of ~70% with respect to the main feature.
Simulation of low-temperature spectra, shown in the bottom
panel of Fig. 2(a), reveals that the satellite position remains
same while the intensity ratio increases to 82%. A similar
analysis has been performed for La 4d spectra, as shown
in middle and bottom panels of Fig. 2(b), corresponding to
300 K and 30 K, respectively. Intensity ratio of the satellite
feature with respect to the main feature, appearing at 2.35 eV
higher binding energy, increases from 90% to 100% while
going from 300 K to 30 K. In the above analysis procedure,
the error in estimating the intensity ratio is smaller than 3%.
The estimated moderate increase in the satellite feature is also
evident from the raw spectra, where the higher binding energy
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FIG. 3. Valence band spectra of (LagsSrgs),NiOy4 collected at
30 K using AlK,, He II, and He I radiations. Distinct features are
marked by vertical dashed lines. Intensity of feature A appearing
close to Ef is rescaled by x10. Spectral function obtained from
DFT+DMEFT has also been shown for comparison. All the experi-
mental spectra are shifted vertically for clarity.

feature increases at low temperature. Note that the strength
of core hole screening is directly proportional to the number
of conduction electrons [occ DOS(EF)]. Thus, smaller satel-
lite feature would correspond to larger DOS(EF). Moderate
increase in the relative intensity of the satellite feature in Sr
3d as well as in La 4d spectra while going from 300 K to
30 K suggests finite reduction of DOS(Er) commensurate
with transport properties exhibiting MIT [15-17,21-24].
Figure 3 shows the valence band spectra collected at 30 K
using Al K,, He II, and He I radiations. Similar to the DFT
and DFT + DMFT results, three distinct sets of features D,
C, and A+B are observed in all three spectra. Considering a
larger photoionization cross-section [54] ratio of O 2p states
with Ni 3d states in the cases of He II and He I spectra than
that in the case of Al K, spectra, broad features D and C
centering around 5 and 2.5 eV binding energies, respectively,
can be attributed to O 2p states. Similarly, features A and B
appearing below 1.5 eV binding energy can be attributed to
Ni 3d states. Comparison of these spectra with the calculated
Ni 3d states suggests that the feature B can be ascribed to
localized ,, states while feature A represents delocalized e,
states exhibiting small but finite intensity at Er. The observa-
tion of finite intensity at Er in the low-temperature spectra,
where the transport exhibits insulating behavior [15-17,21—
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FIG. 4. (a) High-resolution He I spectra at different tempera-
tures. Inset shows intensity in the close vicinity of Er. (b) Spectral
DOS obtained by division of spectra with resolution broadened
Fermi-Dirac distribution function. |E — Er|"/? dependence is shown
by solid line. T'/> dependence of DOS(Er) has been shown in the
inset.

241, suggests the localization of electrons in the vicinity of Ep
due to strong disorder present within the system. For clarity,
feature A has been shown by x 10 scaling in He II and He I
spectra. DFT+DMFT spectral function has also been shown
in the figure for a direct comparison with valence band spec-
tra. The peak positions of features B, C, and D are captured
in both DFT and DFT + DMFT calculations, while feature A
is represented well by the renormalized e, band obtained in
DFT + DMFT results, indicating strongly correlated system.

Since the electronic states in the vicinity of Er are mostly
responsible for transport, thermodynamic and other proper-
ties of the system, we further show the high-resolution He I
spectra in Fig. 4(a) to understand the temperature evolution
of spectral intensity close to Er. All spectra, normalized at
200 meV, exhibit finite intensity at Er. While the spectra
corresponding to different temperatures remain very similar
in larger energy range, the spectral intensity at Er gradually
decreases with decreasing temperature [shown in the inset of
Fig. 4(a)]. Interestingly, the spectra corresponding to 30 K
exhibits a clear Fermi cutoff in contrast to insulating trans-
port at low temperature 15-17,21,24], suggesting Anderson
insulating ground state [55].

In order to clearly visualize temperature induced change
close to Er, we show the spectral DOS obtained by dividing
photoemission spectra with resolution broadened Fermi-Dirac
distribution function at various temperatures. The photoe-
mission intensity can be expressed as I(E) = DOS(E) *
F(E,T)*L¢(E)* L"(E) x G(E), where L¢ (L") representing
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photoelectron (photohole) lifetime broadening which is
negligibly small close to Er. F and G represent Fermi-Dirac
distribution function and instrumental resolution broadening,
respectively. Thus, I(E)/[F(E, T) % G(E)] provides a good
representation of spectral DOS at temperature 7 as also done
in other systems [36,37,52]. Almost identical spectral DOS
obtained by symmetrization of the photoemission intensity
provides confidence in the analysis (Fig. S3 of SM [40]). For
all the temperatures, the spectral DOS follows |E — Ex|'/? be-
havior (>3kgT ), while DOS(EF) is found to be monotonically
decreasing. Observed values of DOS(EF) (0.49, 0.40, 0.35,
0.30, 0.23, and 0.19 at 300 K, 200 K, 150 K, 100 K, 50 K,
and 30 K, respectively) follow 7''/? behavior as shown in the
inset of Fig. 4(b). |E — Er|'/? dependence of the spectral DOS
and the square-root temperature dependence of the DOS(EF)
follows the Altshuler-Aronov theory for the disordered cor-
related systems [34], suggesting strong influence of intrinsic
disorder on the electronic structure of (Lag sSrg5),NiOy.

IV. CONCLUSION

The electronic structure of layered nickelate
(Lag.s5Srg.5)2NiO4 has been investigated using photoemission
spectroscopy and DFT 4 DMFT calculations. Unscreened
satellite features appearing at higher binding energies in

Sr 3d and La 4d core level spectra are enhanced with
lowering of temperature, suggesting a reduction of DOS(EF)
commensurate with transport measurements. Valence band
spectra could be well captured within DFT + DMFT
calculations, indicating strong electronic correlation.
These calculations also suggest strong renormalization
of partially filled e, band with m*/mpgr ~ 3, which are
in excellent agreement with specific heat measurements.
Room-temperature high-resolution valence band spectra
reveal small intensity at Ep, which evolves to exhibit
a sharp Fermi cutoff at 30 K. This indicates metallic
character of (LagsSrps);NiO4 in contrast to insulating
transport at low temperatures suggesting Anderson insulating
ground state. Spectral DOS follows |E — Er|'/? dependence,
suggesting disorder-induced localization of electrons. The
square-root temperature dependence of DOS(Efr) follows
the Altshuler-Aronov theory for the disordered correlated
systems.
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