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Electronic properties of hydrogen-doped square-planar nickelates
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The layered square-planar nickelates R, 1Ni,O,,42 (R: rare-earth element) hold great promise in realizing
cupratelike superconductors. While the appearance of zero resistivity is extremely sensitive to the concentration
of hydrogen(x) in infinite-layer Srq,Nd,sNiO,H,, the configurations of many other Nd,Ni,O,,,H, and the
general roles of H in these systems are still unknown. Using first-principles calculations, we find that H atoms
prefer to form staggered one-dimensional chains along the ¢ axis, which are obstructed by the fluorite layer of
Nd,.+1Ni,,0,,4,. Importantly, the charge-transfer energy between O 2p and Ni 3d, one of the key factors deter-
mining the superconducting temperature in cuprates, is largely and continuously tunable by n and x in nickelates.
Further, from the perspective of orbital hybridization and orbital polarization, the quasi-two-dimensional elec-
tronic properties are more pronounced for nickelates with smaller n, potentially facilitating superconductivity.
These findings shed light on the general roles of H in controlling electronic properties in nickelates and provide
valuable guidance for the experimental preparation of superconducting R, ;Ni,O,,,, materials.
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I. INTRODUCTION

Square-planar nickelates (SPNs) R,11Ni,05,42 (R: rare-
earth element), where n represents the number of NiO,
planes separated by the fluorite layer (FL) [1-5], are pro-
posed to realize cupratelike superconductors. In 2019, the
superconductivity with 7; ~ 10 K was realized in Sr-doped
NdNiO, (n = o0), and the hole-doping-dependent supercon-
ducting dome is centered near 3d%® orbital filling of Ni
[6-10]. Subsequently, due to the natural 34%?% orbital filling
of Ni, Nd¢Ni;O1, (n = 5) was discovered to be an intrinsic
superconductor without Sr doping [11,12]. The more two-
dimensional (2D)-like fermiology and the lower density of
Nd 5d orbitals of NdgNisO;, compared to (Nd,Sr)NiO, in-
dicate a stronger resemblance to cuprates [13—15]. Although
controversies still exist regarding the superconducting pairing
mechanism in these nickelates [16-24], it is generally be-
lieved that the NiO, planes, analogous to the CuO; planes in
cuprates, play decisive roles in the observed superconductivity
in nickelates [4,25-36]. Importantly, the discoveries of super-
conductivity inn = 5 and n = oo indicate that many SPNs can
potentially exhibit superconductivity under certain conditions
which have not been explored yet.

The superconducting nickelates are prepared by removing
the apical oxygen in the parent Ruddlesden-Popper phase
Nd,+1Ni,03,4; through metal hydride reduction [6-11,37—
43], which inevitably introduces a significant amount of H
dopants [44-49]. Recently, it has been found that the hidden
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H atoms play another important role in the emergence of
superconductivity in nickelates. The presence of unintentional
H dopants in infinite-layer (Nd,Sr)NiO, has been predicted
theoretically [44—46] and subsequently confirmed experimen-
tally [47]. These H dopants are located at the apical oxygen
vacancy sites (AOVs). While it has been found that hydrogen
is not an effective donor or acceptor, its presence induces
two critical factors. (i) H can effectively modify the orbital
hybridization (L) between the anisotropic Ni 3d,,_,» orbital
and isotropic itinerant interstitial s (IIS) orbital [17,50,51]
(Lzg—ns ~ Ba—ns/Azq—us [17,47,52-54], where t34_ys is the
hopping strength and Asq_ys is the energy difference be-
tween Ni 3dy_,» and IIS orbitals). (ii)) H can tune the
orbital polarization (Iop) between Ni 3d,,_,» and 3d,,. Here,
Iop = (N34:0—134x2—y2)/ (M3az2 + N34x2—y2), in Which n3,.» and
N34x2—y2 are the orbital occupation of 3d,; and 3dy,_,», re-
spectively. (i) and (ii) are observed in the experiments via
resonant inelastic x-ray scattering (RIXS) and x-ray absorp-
tion spectroscopy (XAS) [47]. These two factors significantly
influence the quasi-2D electronic properties of nickelates and
may play crucial roles in determining the appearance of super-
conductivity in a narrow H concentration (x) of (Nd,Sr)NiO,.
Apart from the specific case of n = 0o, the potential existence
of residual H dopants in other SPNs raises two important
questions: What are the doping sites of hydrogen atoms in
SPNs as a function of n? What roles do H dopants play in
modulating the electronic properties and, subsequently, the
superconductivity in SPNs with varying n?

To address these challenging questions, first-principles cal-
culations are conducted on H-intercalated Nd,+Ni,O;,42
compounds, covering a range of n values from 3 to 6 and co.
Our results suggest that regardless of different n, hydrogen
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atoms consistently occupy the AOV sites. Additionally, in
contrast to the continuous one-dimensional (1D) chains in
n = 00, hydrogen atoms form obstructed and staggered chains
along the out of plane direction for finite n. On the other
hand, the charge-transfer energy, an important parameter for
evaluating superconducting temperature, gradually decreases
with increasing x. Furthermore, the presence of H dopants
affects the interaction strength between 3dy,_,» and other
orbitals (including IIS and 3d,,), resulting in a decrease in
both L3;_yis and Igp. Due to the fluorite interface, SPNs with
smaller n exhibit more pronounced quasi-2D electronic prop-
erties. As a result, systems with smaller n exhibit a broader
range of x compared to the experimentally superconducting
(Nd,Sr)NiO,H,, where Ls;_yis and Ipp meet the critical val-
ues for superconductivity. Therefore, the superconductivity of
SPNs with smaller » may be less sensitive to H concentration,
providing valuable guidelines for the experimental prepara-
tion of superconducting Nd, ;Ni,,0,,4, compounds.

II. METHODS

First-principles calculations are performed on square-
planar nickelates Nd,+1Ni,O,,4» using the VASP package
[55-57]. The crystal structures are optimized using the
Perdew-Burke-Ernzerhof (PBE) [58] exchange-correlation
functional. Projector augmented wave (PAW) pseudopoten-
tials [59] are utilized, treating the 4 f electrons of Nd atoms as
core electrons. The in-plane lattice constants for nickelates are
determined according to the substrates used in experiments.
For n = 3 — 6, the lattice constants of the ab plane are fixed
to the NdGaOj substrate (@ = b = 3.86 A) [11], while forn =
00, they are fixed to the SrTiO; substrate (a = b = 3.91 A)
[47]. The lattice constant along the ¢ axis and the atomic
positions are fully relaxed until the force on each atom is
less than 1 x 107 eV A~!. The first Brillouin zone is sam-
pled with a 21 x 21 x 23 (21 x 21 x 4) I'-centered special
grid for a self-consistent cycle for n = co (n =3 — 6), and
the kinetic-energy cutoff for the plane-wave basis is set to
620 eV. To clearly illustrate the impact of hydrogen atoms,
the band structures of supercells are unfolded to the unit cell
[60,61]. Wannier downfolding by the WANNIER9O code [62]
is employed to obtain on-site energy differences and hopping
parameters, including Nd-5d, Ni-3d, O-2p, and IIS orbitals.
The orbital fillings are determined by integrating the density
of states (DOS) from negative infinity to the Eg. The van
der Waals correction is adopted [63], and on-site Hubbard
U (U=4 eV) [64] (introduced by Dudarev et al. [65]) is
applied on the 3d orbitals of Ni atoms. We note that all results
are obtained without considering magnetism [66,67]. Phonon
calculations are done with the frozen phonon method using
the PHONOPY code [68].

III. RESULTS AND DISCUSSION

As a typical example of Nd,;Ni, 0,4, Fig. 1(a) shows
the crystal structure of NdgNisOj,, which consists of five
Ni-O planes within one block. The Ni atoms with one (two)
neighboring NiO, planes are labeled as Nigy (Niy,). The
residual electrons around the AOV site form IIS orbitals
[17,47] (Fig. 5 in the Appendix). Without loss of generality,
the electronic properties of Nd, ;1Ni, 05,4, are calculated for
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FIG. 1. (a) Crystal structure of Nd¢NisO;,. The Ni atoms neigh-
boring FL are labeled as Nigy, and others are labeled as Nij,. (b)
PDOS for Nd,1Ni,, 05,42 (n =3 — 6 and o). The Fermi level is
set to the optimal 3d®® filling of Ni. PDOS for the IIS state is
amplified by 2. (c) Schematic illustration of orbital hybridization
Ls,_yis and orbital polarization Ipp as functions of H concentration
x based on experimental measurements for the n = oo case [47]. The
maximum Lz, _pns (Lmax) and minimum Iop (Iin) are determined by
the experimental superconducting critical x, namely, x,,;, (minimum
x) and xp,x (Maximum x), respectively.

n =3 — 6, and co. The projected densities of states (PDOS)
for the major orbitals, including Ni 3d.>_y»/3d, 1IS, and
Nd 5d orbitals, are given in Fig. 1(b). On one hand, these
compounds share remarkable similarities in the PDOS [2,13—
15,69]. In all systems, the 3d,,_,, orbital plays a leading role
around the Fermi energy. The Ni 3d,, (Nd 5d) orbital is almost
filled (empty), forming peaks below (above) the Fermi level,
and the proportion of IIS orbitals is relatively small. One the
other hand, as n increases, the in-plane 3d,,_,, orbital remains
largely unchanged, while the energy of the out of plane 3d,,
orbital experiences a slight upward shift, forming a noticeable
variation around —2.5 eV. This behavior is partially attributed
to the quantum confinement effect induced by the presence of
FL [Fig. 1(a)], which splits the 3d_, orbitals. The smaller the n,
the stronger the confinement effect. Therefore, as n increases,
the upward shift of the 3d,, orbital leads to a decrease in Iop.
While no consensus has been reached on the superconduct-
ing mechanism of nickelates, the resemblance of the crucial
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in-plane 3d,,_,, orbital between nickelates and cuprates im-
plies similarities between them. In cuprates, the presence of
the Cu 3d,,_,, orbital near Ef is believed to benefit its super-
conductivity, while the contributions of other orbitals such as
the 3d,, and 4s orbitals are considered detrimental to d-wave
superconductivity [53,70]. In other words, the 2D character of
3d,o—y Tacilitates the superconductivity. In nickelates, the 2D
character of 3d,,_,, is largely destroyed. Apart from the occu-
pation of the Ni 3d., orbital, there is also a certain proportion
of IIS orbitals present around Er. The IIS orbitals hybridize
with Ni 3d,,_y», which not only screens the local moment of
Ni atoms [17] but also plays a role in the transition of pairing
symmetry [71,72]. In addition, the experimental observations
reveal the distinct excitation of the 3d-1IS hybridized state
exclusively in the optimally H-doped nickelates, suggesting
a potential connection between IIS orbitals and superconduc-
tivity [47]. As the intercalated hydrogen atoms lead to the
annihilation of IIS orbitals, the hybridization strength between
Ni 3d,>_y, and IIS depends largely on x [44—47].

As depicted in Fig. 1(c), as x increases, there is an effective
inhibition of local interlayer hopping between IIS and Ni 3d
orbitals, leading to a decrease in the Ls;_yis. Consequently,
it gives rise to a more 2D-like electronic structure mimick-
ing the situation in cuprates. Meanwhile, as x increases, the
decreasing occupation of the 3d, orbital reduces the Iop,
transforming the electronic structure back to be more 3D-
like. Combining the experimental observations [47], a picture
can be established in (Nd,Sr)NiO,H,: the decrease of L3;_s
competes with the decrease of Iop, affecting the 2D char-
acter of the 3dx,_,, orbital. In the optimal doping region,
a quasi-2D electronic structure is formed, which may facil-
itate superconductivity. As indicated by the dashed lines in
Fig. 1(c), the critical maximum Ls;_yis (Lyax) 1S determined
by the minimal value of x (xnin), while the critical minimum
Iop (Imin) is determined by the maximal value of x (Xpax)-
Considering the similar electronic structures illustrated in
Fig. 1(b), it is reasonable to infer that the investigations on the
properties of Ls;_ps and Ipp in finite nickelates are crucial,
which may provide valuable insights into the determination
of superconducting regions of Xpin—Xmax €Xperimentally in
NdnJrlNinOZnJrZHx-

Structure. Test H atoms are located either at high-
symmetry positions or random low-symmetry positions.
Results show that the intercalated hydrogen atoms occupying
AOQV sites have the lowest energy (Fig. 6 in the Appendix).
The binding energy of the H atoms in Nd,Ni,Os,4» is
always negative, regardless of the chemical potential of H (Ta-
ble I in the Appendix). Therefore, the maximum number of H
atoms residing in Nd, 4+ |Ni,Oy,» is n — 1 when all AOV sites
are occupied. Second, taking NdgNisOpHy, witha2 x 2 x 1
supercell as an example, both the in-plane and out of plane
arrangement of H are investigated. The lowest-energy config-
urations are shown in Fig. 2. In each quintuple NiO; block, H
atoms prefer to form 1D chains along the ¢ axis to maximally
recover the local octahedral structure. However, the H chains
are obstructed by the presence of FL, and the two H chains
in the neighboring blocks are staggered by (0.5, 0.5, 0.5).
Meanwhile, the H chains separate Ni atoms in two different
local environments, namely, Niq,O4H and Ni;,,O4H, (Fig. 7
in the Appendix). In the xy plane, H atoms tend to distribute
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FIG. 2. Side views (upper panels) and top views (lower pan-
els) of the lowest-energy configurations for (a) Nd¢NisO,H;, (b)
Nd()Ni50]2H2, (C) Nd@Ni50]2H3, and (d) NdGNi5012H4. Polyhedra
highlight the local Ni,,OsH or Ni;,O4H, environment. Green and
pink colors distinguish the existence of H atoms in different blocks.

along the (1 1 0) direction and bond with Nd 5d,, orbitals.
For example, for x = 0.25 [Fig. 2(a)], the configuration with
two H chains distributing along the (1 1 0) direction in one
quintuple NiO, layer has the lowest energy, which is 0.15 eV
lower than the configuration with one chain in each quintuple
layer. For x = 0.5 [Fig. 2(b)], two H chains distributing along
the (1 1 0) direction in both quintuple layers is the ground-
state configuration. The dynamic stability is confirmed by the
positive phonon frequencies for different x configuration, as
shown in Fig. 8. The high-frequency vibration modes ranging
from ~ 26 to 49 THz are mainly contributed by hydrogen
with light mass. These modes can be experimentally detected
through phonon measurements, providing a means to confirm
the existence of hydrogen [73].

Electronic structure. First, it is necessary to compare
the band structures of Nd,+1Ni,,0,,4> without hydrogen in-
sertion. For instance, when comparing the cases of n =3
[Fig. 3(a)] and n =5 [Fig. 3(b)], four remarkable features
can be identified. (1) The primary characteristics of the band
structures are similar, as also noted in Fig. 1(b). (2) The
electron pockets of Nd 5d orbitals at the I' point and IIS at
the M point are remarkably enhanced in the case of n =5,
suggesting the increased importance of Nd 5d orbitals and
IIS in systems with larger n. (3) The electronic structures
become more 2D-like with decreasing n due to the decoupling
between neighboring NiO, blocks along the ¢ axis with the
existence of FL. This can be reflected from the similar band
dispersion along the k, = 0 and k, = & planes, and from the
flatter band dispersion of 3d,, orbital along the I'-Z line for
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FIG. 3. Projected band structures for (a) Nd4Ni3;Og, (b) NdgNisO5, and (¢) NdgNisO,H; in the k, = O plane. IIS state is amplified by a
factor of 2. The Fermi level is set to zero. (d) Charge-transfer energy A,_, versus n and x.

smaller n (Fig. 9 in the Appendix) [74,75]. (4) Moreover,
despite the different number of neighboring NiO, planes of
Nij, and Nigy, the 3dxy_ o orbitals of both Nij, and Nigy, are
primarily coupled with the in-plane O po orbitals (see Fig. 10
in the Appendix).

With the H intercalation, three noticeable variations can be
observed from the comparison between Figs. 3(b) and 3(c).
(1) The intensity of IIS decreases remarkably. (2) The energy
position of Ni 3d,, orbital shifts significantly toward the Er
as a result of strong hybridization with the H 1s orbital.
This strong hybridization leads to a considerable decrease
of the Iop, which will be discussed later [47,48]. (3) The
energy splitting between the five 3d,,_,» orbitals increases,
particularly at the X point around Ep. The higher (lower)
energy bands are mainly contributed by the Nigy (Nijy)
atoms. This is attributed to the different local environments of
Nigye (NigytO4H) and Ni;, (Nij,O4H,). The smaller bonding
strength between Ni 3d,; and the H 1s orbital in the local
NigO4H environment results in a smaller downshift of the
Nigy 3dyr—o orbital than those of Nij, (for more details, see
Fig. 11 in the Appendix). These changes in band structures
upon H intercalation give rise to substantial changes in the
Fermi surface, as illustrated in Fig. 12.

In cuprates, the hybridization strength L, ; between the
O 2po and Cu 3dy,_, orbitals is an important parameter
to evaluate the superconductive 7; [53,76]. The charge-
transfer energy A,_, (on-site energy difference between the
Ni 3d,,_y, orbital and the O po orbital), which is inversely
proportional to the p — d hybridization strength L,,_,4, is given
in Fig. 3(d). Varying with different n and x, two general
trends are observed. (1) For a given x, the A;_, increases
as n increases, suggesting the decrease of L,_,. Specifically,
the calculated Ad,p/s for x = 0.25 are 3.87, 4.04, and 4.12
eV for n =3, 5, and oo, respectively. These values are in
line with previous works [13,27,77]. When n > 6, the value
of Ay_, is close to approaching saturation. Interestingly, the
similar values of U (~ 4 eV for nickelates [78]) and A4_,
(~3—5 eV) put the Nd,,;1Ni, 05,4, between the charge-
transfer and Mott-Hubbard regimes, different from the
charge-transfer regime in cuprates (U > A4_,) [79,80]. Here
we note that the A;_, is obtained using the DFT+U method,
and its value changes slightly when using the DFT method

(Fig. 13 in the Appendix). (2) For a given n, the A;_, de-
creases significantly as x increases. For instance, considering
n =5, the calculated Ay_,’s are 4.04, 4.03, 3.92, and 3.79 eV
under x = 0.25, 0.5, 0.75, and 1, respectively. This variation
is primarily attributed to the decreased energy of the 3d,,_»
orbital and the increased energy of the po orbital caused by
the H intercalation. Since A4_, is a key parameter associ-
ated with the value of T;, where a smaller A;_, typically
corresponds to a larger T¢, it is expected that the 7; of SPNs
could be tuned by n and x. Indeed, this is the case observed in
existing experiments. For example, it has been observed that
the T is slightly smaller in the n = oo case (~ 10 K) [6,7,47]
compared to the n = 5 case (~ 15 K) [11], attributing to the
larger A4, value in the n = oo case.

H-tuning 2D character of SPNs. 1t is intriguing to further
investigate the effect of interplay between x and » on the 2D
character of the electronic structures, specifically the Lz;_is
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FIG. 4. (a) Schematic intercell hopping between Ni 3d,,_,, or-
bital and IIS orbital (#3,_ys) via O po orbital for Nig, and Ni;, atoms.
Only intercell hopping along the (1 0 0) direction is plotted as an
example. Nd atoms are not displayed. (b) Averaged hopping strength
f35-1s and Iop changing as n and x. For a given n, five x (x = 0, 0.25,
0.5, 0.75, 1) are given and the symbols become darker for larger
x. The experimentally determined xp,;,, (~ 0.22) and Xy, (~ 0.28)
for the superconducting dome in (Nd,Sr)NiO, are labeled, along with
the corresponding maximum #3,_ps (fnax) and Iy,
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(blue) located at the AOV site.

and the Iop of Nd,+1Ni,0,,42H,. As depicted in Fig. 1(c),
the Ls;_ns, which is directly related to the ratio of hop-
ping strength (#3,_11s) and energy difference (Asq_yis), varies
significantly with x. Due to the symmetric restriction, intracell
hopping between the 3d,,_,, orbital and other orbitals around
Er (including the Ni d,, orbital, Nd 5d orbitals, and IIS) is
negligible, except for the sizable hopping with O po (defined
as ;). Meanwhile, the intracell hopping between IIS orbital
and O po (defined as t,) is large, giving rise to substan-
tial out of plane indirect intercell hopping between 3d,>_»
and IIS via O po (defined as t34_yis). For Nd, 1 1Ni, 02,42
without H intercalation, as illustrated in Fig. 4(a), the Nij,
3d,>—y, orbital hybridizes with eight next nearest neighbor
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(NNN) IIS orbitals along the (1 0 0), (-1 0 0), (0 1 0),
and (0 —1 0) directions. On the other hand, the Nigy, atom
has one neighboring NiO, plane, and can couple with four
NNN IIS orbitals. Interestingly, the calculated #3,_y;s obtained
through Wannier downfolding is approximately —0.21 eV
for all cases, independent of n and x. Therefore, the total
hopping strength between 3d,>—y, and IIS in Nd,,1Ni,O2,42
is proportional to the number of NNN IIS orbitals. Conse-
quently, the average hopping strength (735_ns) per Ni 3dxo—y»
orbital can be estimated by dividing the total hopping strength
by the total number of Ni atoms: f3;_ns = [8 x (n —2) +
4 x 2]/n t3g_ns = (8n — 8)/n t34_ys. For n = 00, f33_yis is 8
t34—1s, and for n = 5, f34_yis is reduced to 6.4 t34_yis.
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FIG. 6. (a) Four possible high-symmetry H configurations in Nd¢NisO,,, i.e., AOV site, the center of the xy plane, the center of the yz
plane, and the site in the FL layer. (b) Relaxed crystal structure of the oxyhydride configuration. Energy differences for these configurations
are listed below each configuration. The total energy of the H occupying the AOV site is set to zero.
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When H atoms occupy the AOV sites, the number of
NNN hopping #3115 for both Niyy,e and Nij, atoms decreases
significantly. In general, the insertion of one H atom results
in the annihilation of eight f3;_ys in Nd,,+1Ni,07,42, while
the remaining f3,_ns without H remains unaffected. Conse-
quently, the #35_yis is weakened due to the reduction of the
total number of NNN IIS orbitals. Meanwhile, the variation
in the energy difference (Asy_ps) is within a range of 8% for
different values of n and x. Specifically, for different values of
x, the Asy_ps changes from 3.21 to 3.27 for n = 3, and from
3.01 to 3.10 for n = oco. Therefore, the orbital hybridization
L34_ns remains predominantly proportional to f3,_ys for the
H-intercalated systems. The decrease in f3;_ps results in a
more 2D electronic structure.

Combining the above discussions on Ipp and #35_ys, we
depict their values in Fig. 4(b) (also see Table II in the
Appendix). For a selected n, five different x are considered
(x =0, 0.25, 0.5, 0.75, 1). Obviously, for a given n, both
f3g—ns and Iop decrease with decreasing x. Furthermore, for
a given x, the f3;,_yis decreases while the Ipp increases as n
decreases. Based on the superconducting x range obtained
in the n = oo system [47] [as labeled by “*” in Fig. 4(b)],
the maximum #35_gs (fmax) and I, for infinite nickelate can
be determined (black dashed lines). Clearly, a system with
smaller n enables a larger region of H doping where both
small L3;_ps and large Iop remain, which corresponds to the
quasi-2D electronic structure. Because it is difficult to prepare
SPNs with larger n experimentally, values for larger n (n > 6)
compounds are not calculated, leading to a gap between the
lines for n = co and n = 3 — 6 in Fig. 4(b).

IV. DISCUSSION AND SUMMARY

The intriguing feature of Nd,;1Ni,Oz,o0H(o1)e with
smaller n lies in the larger hydrogen region, where small
orbital hybridization and large orbital polarization are main-
tained. This feature may benefit the superconductivity of
SPNs when applying the concept of “orbital distillation™ ef-
fect proposed in cuprates [53,70]. The term orbital distillation
in cuprates refers to purifying the 3d,,_,, property of the
CuO; plane. In the case of SPNs, purifying the 3d,,_,, mainly
involves reducing the hybridization between the 3d,;_,, and
the 3d,, and IIS orbitals. By adopting the critical f;,,x and Iy,
in (Nd,Sr)NiO,, the x range possessing quasi-2D 3d,,_, in-
creases as the value of n decreases in the SPNs, as depicted in
Fig. 4(b). For n = o0, this range is very narrow, approximately
0.22-0.28. It greatly expands to 0.03—0.63 for n = 5. In other
words, the superconductivity may be less sensitive to the H
doping for SPNs with smaller n. This implies that it might
be more attainable to achieve superconductivity in a system
with a smaller value of n. It has to be emphasized that, as the
direct link between electronic structure and superconductivity
is still unclear, further investigation is necessary to determine
the influence of the number of layers and H intercalation on
superconductivity. Additionally, more in-depth exploration,
considering the many-body effect [71,81], is needed to explain
the observed superconductivity in H-inserted nickelates.

It is important to note that the coupling between inter-
layer d,, orbitals may be taken into consideration when H
is intercalated, as they become partially filled. Interestingly,
the significant indirect hopping strength between d, states
via H s orbitals (0.85 eV) (Fig. 14 in the Appendix) needs
to be incorporated when constructing the model Hamiltonian
for Nd,,.+1N1,02,-1H(n-1)x (x > 0). Furthermore, except for the
consideration of H, the occupation of Ni 3d%® (§ = 1/n) is
another important factor that needs to be considered in under-
standing the superconductivity of Nd,+1Ni,Oz,_1H,—1y,. To
achieve superconductivity, it is likely necessary to regulate the
filling of the 3d orbital through hole or electron doping for
systems with larger or smaller values of n. As for the n =3
case, although superconductivity can occur in a very large H
concentration regime, the lower 3d filling orbital may hinder
the superconductivity [11].

In summary, the intercalation of H in square-planar
nickelates Nd,+1Ni, O,,4, is investigated by first-principles
calculations. H atoms tend to form separated 1D chains along
the ¢ axis because of the existence of fluorite layers. The
insertion of H leads to the annihilation of IIS orbitals, which
reduces the out of plane hybridization of 3d,,_,, orbitals.
Meanwhile, the strong hybridization between Ni 3d,, and H 1s

TABLE I. Binding energies of H located at AOV sites in Nd,.4+1Ni,O2,42H-1)x (n =3 — 6, and oo, x = 0.25, 0.5, 0.75, 1) calculated by

the chemical potential of H atom (Eyy) and 1/2 H, (Eppp).

X 0.25 0.5 0.75

Ey (eV) Evy Evz Evy Evm Evy Evm Evu Evm
Nd;Ni;OgHo, -3.15 0.16 -3.09 0.22 -3.06 0.25 -3.02 0.29
Nds5NiyO9H;, -3.34 -0.03 -3.33 -0.02 -3.26 0.05 -3.22 0.09
NdgNisO,Hy, -3.38 -0.07 -3.37 -0.06 -3.30 0.01 -3.27 0.04
Nd;NigO4Hs, -3.41 -0.10 -3.40 -0.09 -3.33 -0.02 -3.29 0.02
NdNiO,H, -3.59 -0.28 -3.57 -0.26 -3.55 -0.24 -3.52 -0.21
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(a) Nd:Ni;OgHy, x=0 (b)

Nd4Ni3OgH2x x=0.5

Nd4Nl30gH2x x=1

(©)

20 I 50
15 =7 : 1
SR S <
) i &= 30/
g 10 . g
3 8 201 i
5 = —
$— —
£ s ==
™ 10
T~ Z ~
AT INT N
r X M TZ R A Z rX M TZRA Z T XM TZR A Z

FIG. 8. Phonon spectra of +/2 x /2 x 1 Nd4Ni;Og supercell doped with (a) x = 0, (b) x = 0.5, (¢c) x = 1.

decreases the orbital polarization. The combination of weaker
orbital hybridization and stronger orbital polarization results
in a more 2D-like behavior for SPNs with smaller n values,
which may suggest a reduced sensitivity to H in terms of
superconductivity.
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APPENDIX

Without loss of generality, five systems are investigated,
with the crystal structures depicted in Fig. 5. Taking the
2 x 2 x 1 supercell of NdgNisO1, as an example, four possi-
ble high-symmetry H positions, i.e., AOV position, the center
of the xy plane, the center of the yz plane, and the site in FL are

( ) Nd{,NisO]z
a
—3dp,y —3d; —IIS 5d —3dp,, —3dy
37 v‘ AN AN 1 : Nioul
5 b
2
s 5
N— v-d e L
80" &
5] 1
(=] wn
[8a) 1 (@)
- a

SRV,

3 -2 -1 0 1 2 3
Energy (eV)

considered, as given in Fig. 6(a). The energy differences for
each configuration are listed below. Clearly, the configuration
with intercalated hydrogen atoms occupying AOV sites ex-
hibits the lowest energy, while the other configurations display
significantly higher energies. Moreover, the test hydrogen
atom is positioned in a random and low-symmetry location.
After full structure relaxations, hydrogen ion either bonds
with oxygen to form a metastable oxyhydride configuration
(when the initial H is positioned near O) or moves automat-
ically to the AOV site (when the initial H is positioned near
AOQV). The relaxed structure of the oxyhydride configuration
is shown in Fig. 6(b), with a total energy 1.76 eV higher than
the ground state. Therefore, after a sufficiently long relaxation
time, H atoms in the oxyhydride site could move to the AOV
site to reduce the total energy.

From Fig. 7(a), the existence of FL blocks the H chains
in NdgNisO,Hy,, and four H atoms form one H chain,
different from the case in NdNiO,. This gives rise to two local
environments of Ni atoms, namely, Niy,O4H and Ni;, O4Ho,
as illustrated in Fig. 7(b).

The binding energy (Ep,) is calculated to investigate
whether it is energetically favorable to intercalate the H atoms,

Ey = E[Nd,;+1Ni,02,42H¢—1)x] — E[Nd,,£1Ni,02,12]
— (n— Dx(ul[H]), (AD)

Nd(,N15O 12H4

1 : Niout

;

DOS (arb. units)

Energy (eV)

Energy (eV)

FIG. 9. Fully projected band structures (left panel) and DOS (right panel) for (a) Nd¢NisO;, and (b) Nd¢NisO;,Hy. DOS for nonequivalent

Ni,y and Nij, are given separately.
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NdgNisO;,
—_— 3dx2-y2 — Opo

3% X/ f/ w

Energy (eV)

r

FIG. 10. Band structure for NdgNisO,, with Ni 3d,,_,, and O
po orbitals projected.

where E[Nd,1Ni,O2,42] and E[Nd,;1Ni,Oz,12H1),]
are the total energies of Nd,+Ni,O,42 and
Nd,+1Ni,O02,42H(,-1)x, Tespectively. The chemical potential
of H, denoted as u[H], is likely to fall between the H-poor
(u[H] of an isolated H atom) and H-rich («[H] of the H,
molecule) condition.

The E, values are given in Table I, and Eyy and Eppp
are the formation energies calculated by the chemical po-
tential of the H atom and H, molecule. Here, the more
negative the value, the more energetically favorable to form
Ndn+1Nin02n+2H(n_1)x. For NdNiO,H,, both Epy and Epy, are
negative, indicating that the incorporation of H is energetically
favorable. As n decreases, E}, generally increases. The com-
parable values of E}, indicate the possibility of H insertion
in square-planer nickelate. For example, the calculated Ej
for NdNiO,Hy 5 ranges from —3.59 to —0.28 eV, and for
NdgNisO,,H, it ranges from —3.38 to —0.07 eV. The E,y for
all n and x is always negative, while Epyy is positive for small
n. The values of Eyy and Eyyyp increase with x, suggesting that

— Niin 3 dx2—y2 - Niout 3 dx2—y2

Energy (eV)

r X M r

FIG. 11. The band structure of Nd¢NisO,Hys, with 3d,,_\»
orbital projected onto the Niy; and Ni,, atoms.

(a) Nd(,Ni5012 NdﬁNi5012H4 (b) NleOz NleOzH
Z.UN P ag
s (s
N // <
4 7 R
N AN
FIG. 12. Fermi Surfaces for (a) NdgNisOy, (left panel) and (b)

NdgNisO,H, (right panel) in the k, = O section. Panel (c) is the
same as (b) but for the k, = 7 section.

a higher concentration of H is less energetically favorable.
Therefore, as n increases and x decreases, the incorporation
of H becomes more energetically favorable.

Phonon spectra are calculated to compare properties across
different hydrogen concentrations. Due to the large cell of
Nd,+1Ni,02,42H(u-1)x, phonon calculations are performed
for Nd4NizOgH,, (x =0, 0.5, and 1) with supercell /2 x
/2 x 1, as depicted in Fig. 8. Considering the structural
resemblance, we can expect similar variation trends for
hydrogen intercalation across different n systems. Clearly,
all the phonon frequencies are positive, indicating the dy-
namical stability of these systems. The phonon dispersions
between 0 and 20 THz are almost the same with different x.
Meanwhile, additional phonon modes from light H atoms are
visible at frequencies between 26 and 49 THz. The vibration
modes around ~ 46 THz (~ 30 THz) are contributed by the
out of plane (in-plane) vibrations, similar to the situations
in H-doped infinite nickelate [49]. The presence of localized
phonon dispersion with high frequencies provides methods for
detecting hydrogen in SPNs, such as phonon measurements
through RIXS and inelastic neutron scattering spectra [73].

The band structure for square-planar Nd, 11 Ni,05,4, with
n =35 is given in Fig. 9(a). The existence of FL blocks the
c-axis interaction, leading to remarkable similar band disper-
sions between k, =0 ('-X—M—-T") and k, = 7 (Z-R-A-Z)

4.2 <
P
4.1 ]
E 4.0
>
539 <
= U=4eV
3.8 ¢ U=0eV 1
371

34 56 o0
n
FIG. 13. Charge-transfer energy A,_, versus n for x = 0.0. The

black and orange lines are results obtained by DFT+U and DFT
methods, respectively.
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TABLE 1II. The source data of 2x2x1 supercell
NdﬁNi5012H4x for calculating the IOP and [_SdeIS-
X N34z N3dx2—y2 Iop 134118 nNi Ba-1s
0 1.711 1.133 0.203 256 40 6.4
0.25 1.672 1.156 0.182 192 40 4.8
0.5 1.637 1.176 0.164 128 40 32
0.75 1.590 1.18 10.148 64 40 1.6
1 1.556 1.20 0.129 0 40 0

plane in finite nickelates, which is also reflected in the flat
dispersion of 3d,, along the I'-Z line. Moreover, the reduced
proportion of Nd d orbitals around Ef in finite-layer nicke-
lates indicates the more quasi-2D characteristics compared to
the n = oo case. In addition, the existence of FL separates
Ni atoms into nonequivalent Niy, and Nij, atoms. From the
projected DOS in Fig. 9(a), the distribution of 3d,_, or-
bitals is similar for both Ni atoms. Meanwhile, with a small
proportion around Eg, the 3d,, orbitals distribute much differ-
ently below —2 eV, which can be explained by the molecular
subband picture induced by the quantum confinement along
the ¢ axis [42,66]. For the H-inserted case [Fig. 9(b)], the
band dispersions for k, = 0 (I'-X-M-I") and k, = 7w (Z-R-A-Z)
planes remain very close. However, the difference between the
two nonequivalent Ni atoms becomes more pronounced. The
occupation of the Nij, d,, orbital decreases more dramatically
compared to that of Nigyy. The Niy, atom bonds with one H
atom, forming a Ni,,O4H local environment, while the Nij,
atom bonds with two H atoms, forming Ni;,O4H, [Fig. 7(b)].
The stronger hybridization between the H 1s orbital and Nij,
3d,, lifts up the antibonding state closer to Er. Because the
total 3d filling remains almost unchanged, the downward en-
ergy shift of the 3d,,_,, orbital is more pronounced for the
Nij, atom compared to the Niy, atom. The projected band
structure for NdgNisO,, is illustrated in Fig. 10, where the
3d,o—y» orbitals of both Ni;, and Niyy are coupled with the O
po orbitals. The band structure of NdgNisO,Hy 5 is depicted
in Fig. 11, indicating a smaller downshift in the 3d,,_,, orbital
of Nig, compared to that of Nij,.

Due to the comparable band dispersions observed in the
k, = 0 and k, = 7 sections of finite nickelates, Fig. 12 dis-
plays the Fermi surface (FS) specifically for the k, =0
section. For n = 5 upon H insertion, the upward shift of the
d, orbital results in an increased number of electron pockets
around the I" point. Meanwhile, the downward shift of d,>_y»
changes the shape of the FS sheets. For n = oo, the FSs
are given for both k, = 0 and k, = 7. Upon H insertion, FS

(a) NiO, (b) NiOH
trai QUENt,  Vial N
-0.17% 7 )0.08 0.85% 7 )0.16
0—¢ -0 o— —0

FIG. 14. The hopping paths and the corresponding strength (in
units of eV) for interlayer coupling between d, orbitals. (a) Local
environment of NiOy. (b) Local environment of NiO4H. The direct
hopping paths (t;_us, ts—s, and t,_,) are labeled by gray lines, and
the indirect hopping paths (¢',_,) are labeled as dashed pink lines.

undergoes very slight changes for the k, = 0 section, while
the electron pocket around A vanishes for the k, = 7 section.

The A,_, values presented in Fig. 3(d) are obtained using
the DFT+U method. These values should be obtained using
the DFT method to make comparisons to U. However, we have
to emphasize that the consideration of Coulomb correlations
U has a slight influence on these A;_, values. Taking the cases
under x = 0.0 as an example, as illustrated in Fig. 13, the
differences between A,_, values obtained with and without
U are approximately ~ 0.1 eV.

Taking the case of n =35 as an example, the source
data required to calculate the orbital polarization
lop lop = (M340—13dx2—y2)/ (M3a2 + N3ax2—y2)] are provided
in Table II. The averaged hopping strength #3;_ps can be
estimated by dividing the total number of hopping paths
between 3d,,_y» and IIS by the total number of Ni atoms, as
given in Table II.

The interlayer hopping has to be considered since the d,,
state becomes partially filled when H is intercalated. Taking
NdgNisO,H; as an example, for both local NiO4 and NiO4H
environments, the hopping paths are illustrated in Fig. 14,
including direct hopping (¢;_ns: d;» — 1S, t;_s: d;p — H—s,
ty_q: dp — dy) and indirect hopping (¢'y_y4: d;» — d3). The
corresponding hopping strengths are also provided. In Fig. 14,
it can be observed that the direct couplings between d,; — IIS
(ty—us = —1.38 eV) and d;» - H—s (t;—s = —1.78 eV) are
significant, and the indirect interlayer coupling between d,,
orbitals through H-s (t',_; = 0.85 eV) is large. However, the
direct coupling of d,, — dy (t;—4) is small in both cases, with
values being 0.08 and 0.16 eV for cases without and with H
bonding, respectively.
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