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Transition metal oxides have been one of the central objects in the studies of electron correlation effects
because of their rich variety of physical properties mainly depending on the transition metal element. On
the other hand, exploiting the anion degrees of freedom is less popular but can be another promising way
to control properties of strongly correlated materials. In particular, oxyhydrides offer a unique playground of
strongly correlated low-dimensional electronic structure, where the s orbitals of hydrogen breaks a chemical
bond between the cation #,, orbitals. In this study, we evaluate the effective interaction, i.e., the screened
Coulomb interaction parameters in low-energy effective models, for vanadium oxyhydrides Sr,1V,0,,.1H,
(n =1, 00) using the constrained-random-phase approximation (cRPA). We find that the effective interaction
in the t,, model, where only the ,, orbitals are explicitly considered, is strongly screened by the e, bands
compared with that for oxides, because the e, bands are very entangled with the #,, bands in the oxyhydrides.
On the other hand, the effective interaction is rather strong in the d model, where all the vanadium d orbitals are
explicitly considered, owing to a large energy separation between the V-d bands and the anion bands (O-p and
H-s), because the O-p states are stabilized by the existence of the hydrogen atoms. These findings suggest that

nontrivial and unique correlation effects can take place in vanadium oxyhydrides.

DOLI: 10.1103/PhysRevB.99.155143

I. INTRODUCTION

Transition metal oxides are one of the most popular play-
grounds for strong correlation effects [1]. For example, tran-
sition metal oxides with the Ruddlesden-Popper (RP) phase,
Apt1B,03,41 (n=1,2,...,00) with B being a transition
metal element, have a very simple layered crystal structure
but exhibit several intriguing properties such as unconven-
tional superconductivity in cuprates [2]. Physical properties of
transition metal oxides are dominated mainly by the transition
metal element. In addition, changing the A site element often
alters materials properties, e.g., by the chemical pressure
effect through the difference of its atomic radius, which
sometimes induces a structural transition, and by the carrier
doping effect through the difference of the valence number
among A site elements, such as Sr>* and La®".

An anion is another degree of freedom to control materials
properties in transition metal oxides. For example, some kinds
of cuprate superconductors with multiple anions, such as
LaZCuO4FX [3], NdzCuO4,xFy [4], SI"QCUOZF2+5 [5], and
(Ca;_xNa,),Cu0,Cl, [6], exhibit a superconducting transi-
tion at several tens of kelvin. In these materials, fluorine or
chlorine doping changes not only the carrier concentration
but also the local environment around copper, which yields
a different crystal field from oxides. Intercalated anions, e.g.,
fluorine atoms in Sr3Ru,O7F, [7], can reduce the three dimen-
sionality in layered structures by separating the layers along
the stacked direction. Such compounds with multiple anions,
named mixed-anion compounds, have recently attracted much
attention owing to their possibilities of realizing novel func-
tionalities in a different way from oxides [8].

In particular, among mixed-anion compounds, oxyhydrides
are materials with unique and remarkable aspects because
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of the distinctive nature of hydrogen. For example, heavy
electron doping enabled by hydrogen revealed two-dome su-
perconducting phases neighboring with two different types
of antiferromagnetic phases in LaFeAsO;_,H, [9,10]. It is
remarkable that several transition metal oxyhydrides have
been reported in very recent years [11-22]. In vanadium
oxyhydrides Sr,,;1V,05,+1H, (n = 1,2, 00) [23,24], it was
pointed out that chemical bonds among the V-, orbitals
through the O-p orbitals are partially lost when oxygen is
partially replaced with hydrogen, because the H-s orbital has
a different parity from the V-f,, orbitals. Because hydrogen
atoms are aligned in vanadium oxyhydrides [23,24], this role
called a  blocker [25] decreases the dimensionality of the
electronic structure. These studies also pointed out that the
symmetry of the crystal field around vanadium is lowered by
hydrogen.

Because Sr,,41V,03,+1 (n =1, 00) [Fig. 1(a) for n = oo
and 1(c) for n = 1] have been a textbook compound for the-
oretical investigation of the electron correlation effects (e.g.,
Ref. [26]), it is important to study the electronic structure of
the corresponding oxyhydrides Sr,,+1V,,02,+1H,, (n =1, 00)
[Figs. 1(b) and 1(d)]. This importance is also supported
from experimental studies revealing that St V,0,,+1H, are
strongly correlated materials. For example, an antiferromag-
netic order with an anomalously reduced magnetic moment
was observed for n = 1, 2, co [23]. While the insulating state
is realized at ambient pressure for n = oo [27], a metal-
insulator transition is induced by applying pressure [25].
Although some studies reported first-principles electronic
structure of Sty V,0,,+1H, calculated using density func-
tional theory (DFT) and discussed their magnetic properties
[25,28,29], more elaborate theoretical treatment of correlation
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FIG. 1. Crystal structure of (a) SrVOs3, (b) St'VO,H, (c) Sr;VOy,
and (d) Sr, VO3 H depicted using the VESTA software [32].

effects is often required for strongly correlated materials. For
this purpose, it is essential to construct the model Hamiltonian
representing the low-energy electronic structure, including the
evaluation of the effective Coulomb interaction parameters,
by first-principles calculation [30]. However, first-principles
evaluation of such parameters for oxyhydrides has still been
missing. We note that, although the magnetic interaction
parameters calculated by the DFT 4 U method as presented
in Refs. [28] and [29] are helpful for understanding the
anisotropy of the magnetic interaction (i.e., when discussing
their relative strength) in oxyhydrides, it is problematic that
these parameters can vary by changing the U parameter
assumed in the DFT+U calculations, in addition to the fact
that the magnetic interaction is evaluated at the DFT level
there.

In this study, we evaluate the screened Coulomb in-
teraction parameters in low-energy effective models for
St,+1V,02,41H,, (n = 1, 00) using the constrained-random-
phase approximation (cRPA) [31]. For this purpose, we start
from the DFT band structure and verify the low-dimensional
electronic structure in these materials as previous studies
pointed out. As for the interaction parameters evaluated by
cRPA, we find that the effective interaction in the V-f,, model,
where only the #,, orbitals are explicitly considered, is sizably

screened by the V-e, bands because of strong entanglement
between the #,, and e, bands. On the other hand, for the V-d
model, where all the V-d orbitals are explicitly considered,
the effective interaction is stronger than that for the oxides
because of a large energy separation between the V-d bands
and the anion bands (O-p and H-s). These findings suggest
that possibly nontrivial and unique correlation effects can be
realized in vanadium oxyhydrides, and also that special care
must be taken in choosing which model to adopt in order to
analyze the low-energy properties.

This paper is organized as follows: Section II presents a
brief overview of the cRPA formulation, and some compu-
tational conditions are shown in Sec. III. Sections IV A and
IV B present our calculation results for n = 0o and n =1
compounds, respectively. Our findings are summarized in
Sec. V.

II. METHOD

We briefly review the formulation of cRPA, which was
used to evaluate the interaction parameters of the low-energy
effective models in our study. Because we concentrate on the
static interaction, we show the cRPA formulation only for the
static variables.

One begins with the Kohn-Sham orbitals ¢y, and their
eigenvalues €;,, where k = (K, o) is a combined index for the
k vector and the spin o and »n is the band index. Then, the
static independent-particle polarization function reads
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where kn and k'n’ are the indices of the occupied and unoccu-
pied Kohn-Sham orbitals, respectively. In cRPA, one should
exclude the electron excitations within the correlated subspace
spanned by the Wannier orbitals (see Ref. [33] for more details
about the treatment of the band entanglement). By denoting
the rest of the polarization function as x/(r, r’), the dielectric
function € in cRPA reads

e=1-vx, )

where v is the bare Coulomb interaction. Finally, we obtain
the screened Coulomb interaction,

W =¢elv. 3)

By using W, the effective interaction parameters between the
Wannier functions v, (r) and ,,(r) are evaluated as follows:

Upm = /dl‘dr’ll/fn(l‘)IZW(l‘, )Y ()17, “

Tom = /dl‘dl"l/f,’,"(r)zllfm(r)W(r, )Y ()Y, (@), (5)

for the direct Coulomb and exchange interactions, respec-
tively. When the screened interaction W' in the above inte-
grals is replaced with the bare interaction v, we shall denote
these variables as U ¥ and J@°, respectively.
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III. COMPUTATIONAL DETAILS

First, we calculated the first-principles band structure us-
ing the QUANTUM ESPRESSO code [34,35]. Perdew-Burke-
Ernzerhof parametrization of the generalized gradient approx-
imation (PBE-GGA) [36] and the scalar-relativistic version
of the optimized norm-conserving Vanderbilt pseudopoten-
tials [37] taken from PseudoDojo [38] were used. For the
pseudopotentials, core electrons of each element are as fol-
lows: [He] for O, [Ne] for V and Cr, and [Ar]3d'® for Sr
(i.e., V-3523p% and Sr-4s?4p°® semicore states are treated as
valence). Experimental crystal structures were taken from
Ref. [39] for SrVO3, Ref. [23] (data taken at 5 K) for SrVO,H,
Ref. [24] for Sr, VO, and Sr, VO3H, and Ref. [40] for SrCrOs.
The plane-wave cutoff energy of 150 Ry, a 12 x 12 x 12 k
mesh for SrVO3, SrVO,H, and SrCrO3, and a 10 x 10 x 10k
mesh for Sr, VO, and Sr, VO3;H were used with the Gaussian
smearing width of 0.02 Ry.

Next, we extracted (maximally localized) Wannier func-
tions [41,42] using the RESPACK code [43-47], by which we
also obtained the hopping parameters among the Wannier
functions. Finally, we evaluated the interaction parameters
among the Wannier functions using cRPA [31] as imple-
mented in the RESPACK code. For this purpose, the cutoff
energy of the dielectric function was set to 40 Ry for all
the compounds. The total number of bands (i.e., the sum of
the numbers of the valence and conduction bands) considered
in our cRPA calculation was 200 for SrVO;, SrVO,H, and
SrCrO3, and 400 for Sr,VO4 and Sr, VO3 H, unless noted.

In this paper, the #,, d, dp, and dps models denote the
low-energy effective models consisting of the V(Cr)-dxy,y: xz,
V(Cr)-d, V-d + O-p, V-d + O-p + H-s orbitals, respec-
tively. Although 1,, is an inappropriate name for oxyhydrides
with a lowered crystal-field symmetry in the strict sense of
the term, we call the d,y . .. orbitals the “t;, orbitals” for
simplicity. We also call the remaining d orbitals the “e,
orbitals.”

IV. RESULTS AND DISCUSSIONS

For all the compounds investigated in this study, we shall
show their hopping and interaction parameters only partially
in the main text. A more extensive list of these parameters is
shown in Appendixes A and B.

A. SrVO; and SrVOH (n = 00)
1. Band structure and Wannier functions

Figure 2 presents the calculated electronic band structure
of SrVO3, SrVO,H, and SrCrOs;. Here, we calculated the elec-
tronic structure of SrVOj3 to compare it with that for St'VO, H.
Because SrVOj; and SrVO,H have different d-electron occu-
pation numbers, d ! for the former and d2 for the latter, we also
show some results for SrCrO; with d? configuration to enable
more detailed comparison among them. In Fig. 2, the band
structure calculated with the tight-binding model consisting
of the Wannier functions are shown with red solid lines
along with the first-principles one with black broken lines.
The corresponding tight-binding models are the #,, model in
Figs. 2(a), 2(d) and 2(g), the d model in Figs. 2(b), 2(e) and
2(h), the d p model in Fig. 2(c), and the d ps model in Fig. 2(f).
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FIG. 2. Calculated electronic band structure of (a)—(c) SrVOs,
(d)—(f) SrVO,H, and (g)—(h) SrCrO;. First-principles band structure
is shown with black broken lines and the band dispersion calculated
with the tight-binding model consisting of the Wannier functions is
shown with red solid lines. Corresponding effective models are t,,
for panels (a), (d), and (g), d for panels (b), (e), and (h), d p for panel
(c), and d ps for panel (f).

The band structure of SrVO,H is similar to but in part
different from those for SrVO; and SrCrOs;. For exam-
ple, the #,, band dispersion along the I'-X-M-A-I" line in
SrVO,H, shown with red solid lines in Fig. 2(b), is very
similar to that along the I'-X-M-R-I" line in the oxides,
shown with red solid lines in Figs. 2(a) and 2(g). We note
that both these two k paths represent (0, 0, 0)-(7/a, 0, 0)-
(mw/a,m/a,0)-(/a, /a, w/c)-(0,0,0) in the Cartesian co-
ordinate, where a and ¢ (= a for the oxides) are the lattice
constants shown in Figs. 1(a) and 1(b). On the other hand, the
I, bands show a small dispersion along the k; direction, such
as along the I'-Z line, for SrVO,H, unlike the corresponding
band dispersion in the oxides, i.e., those along the I'-X
line. Such a small band dispersion along the k, direction is
induced by the hydrogen atom placing along the z direction
as shown in Fig. 1(b). In other words, the H-s orbital cannot
form a chemical bond with the V-f,, orbitals because of
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dp(s) model

FIG. 3. Wannier orbitals of V-d,, for (a),(b) SrVO; and
(c),(d) SrVO,H. Corresponding effective models are d for panels
(a),(c), dp for panel (b), and d ps for panel (d).

their different parities [23,24]. Such a low dimensionality is
characteristic of oxyhydrides.

To see the low dimensionality of the #,, states in more
detail, we depicted the d,, Wannier orbitals in Fig. 3. As
is consistent with the previous theoretical study [29], the f,,
Wannier orbital in the f,, or d models (the former not shown
here), which can be usually regarded as an antibonding pair of
the atomic orbitals of the cation and the surrounding anions,
has no weight on hydrogen sites. It is also noteworthy that
the #,, orbital tends to extend in STVO,H [29]. This feature is
maintained also in the d p(s) model as shown in Figs. 3(b) and
3(d), suggesting that this delocalization is partially brought by
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FIG. 4. Wannier orbitals of V-d;2_,» for (a),(b) SrVO; and
(c),(d) SrVO,H. Corresponding effective models are d for panels
(a),(c), d p for panel (b), and d ps for panel (d).
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FIG. 5. (Partial) DOS for (a) SrVO; and (b) SrVO,H calculated
with our d p(s) tight-binding model.

a lower-energy crystal field in StVO,H, where O>~ is partially
replaced with H™.

Such a low dimensionality can also be seen in Fig. 5.
While a shape of the density of states (DOS) characteristic
of two-dimensional electronic structure on the square lattice
can be seen for the #,, orbitals in SrVO3 and the d,, orbital
in SrVO,H, a strong DOS enhancement near the band edge,
which is characteristic of (quasi-)one-dimensional electronic
structure, is realized for the d,.,, orbitals in STVO,H.

While we mainly focused on the #,, orbitals so far, the e,
orbitals in SrVO,H, which can form a chemical bond with
the H-s orbital as shown in Fig. 4(c), are also quite different
from those in SrVOs3. For example, as shown in Fig. 2(e), the
energy levels of the e, bands in StVO,H are much lowered by
hydrogen compared with SrVO;. As a result, the bottom of the
e, bands is very close to the Fermi energy in SrVO,H, which
can also be seen in Fig. 5(b). We shall come back to this point
later in this paper.

2. Hopping parameters

A portion of the hopping parameters is shown in Tables I
and II, where t; (i = x,y,z) denotes the nearest-neighbor
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TABLE I. Hopping and interaction parameters (in eV) for the #,,
model. Equivalent orbitals to the listed ones, e.g., d,, in ST'VO,H, are
omitted in this table.

f ty . A U U
SfVO;  d,, —026 —0.26 —0.03 3.42 15.78
3.48 [43]
3.2[48] 16.1 [48]
3.39 [49] 15.0 [49]
3.36 [49] 16.0 [49]
3.4 [50]
33[51]
StVO,H d,, —0.25 —0.25 —0.04 3.00 16.04
d, 001 —042 0.0 —0.45 2.60 15.18
StCrO;  d,, —0.24 —0.24 —0.02 2.97 16.18
2.7148] 16.4 [48]

hopping parameter along the i direction between the same
type of the orbital (e.g., dy;-d,;), and A is the on-site energy
relative to the dy, orbital. We note that these parameters are not
sufficient to reproduce the first-principles band structure. We
just show them to discuss the dimensionality of the electronic
structure. A set of the hopping parameters for the #,, and
d models that can well reproduce the band dispersion are
provided in Appendix A.

In Table I, we can see that the hopping parameters for the
dyy orbital are almost the same among SrVO3, SrVO,H, and
SrCrOs. On the other hand, hydrogen atoms yield a drastically
suppressed value of #,, —0.04 eV, for the d,,/,, orbitals in
SrVO,;H. As a result, the quasi-one-dimensional electronic
structure is realized for the d,;/,, orbitals in SrTVO,H as we
have seen in the previous section. In the previous section, we
have also mentioned that a sizably increased value of ¢, for
the d,, orbital (¢, for the d,; orbital) in S'VO,H (—0.42 eV)
from that in SrVO;3; (—0.26 eV) is another characteristic
feature of oxyhydrides, which was pointed out in the previous
theoretical study on SrCrO,H with a hypothetically hydrogen-
ordered structure [29]. This feature also enhances the low
dimensionality of the d,/,, states in ST'VO,H. The crystal-
field splitting induced by hydrogen can be seen in Table I: the
on-site energy of the d,.,, orbitals relative to the d,, orbital

TABLE II. Hopping and interaction parameters (in eV) for the d
model. Equivalent orbitals to the listed ones are omitted in this table.

f 1 t, AU U
Sf'VO;  dy,  —026 —0.26 —0.02 343 1585
3.5[52]

do_yp —0.51 —0.51 000 276 357  16.36

dap —0.17 —0.17 —0.67 276 357 1636
S'VO,H  d,,  —0.25 —025 —0.04 397  16.06
d, 001 —042 010 —0.44 375 1528

do_yp —044 —044 001 249 404 1637

dipop —0.09 —0.09 088 152 326 1358

SICrO;  dy,  —0.24 —0.24 —0.02 304 16.20
do_p, —051 —0.51 000 252 3.18  16.82

da_p —0.17 —0.17 —0.68 252 3.18  16.82

becomes a sizable negative value (—0.45 eV) in SrVO,H.
All the features of the hopping parameters for the ,, orbitals
mentioned above are maintained also in the d model, as shown
in Table II.

In Table II, we can see that the d;,.._,» orbital in StVO,H,
which has a strong chemical bond with the H-s orbital as
shown in Fig. 4(c), exhibits an enhanced value of 7, (0.88 eV)
together with a lowered on-site energy (~1 eV lower than that
for the d,>_,» orbital). The sign of z, for the d3,>_,» orbital is
changed from the oxides to oxyhydride, which originates from
the different parity of the O-p, orbital in oxides and the H-s
orbital in oxyhydride.

3. On-site direct Coulomb interaction

We next move on to the effective Coulomb interaction
parameters obtained by our cRPA calculation. We start from
the dp(s) model because the screening processes taken into
account are most limited there. The screened interaction for
the on-site direct Coulomb terms among the V-d orbitals in
SI‘VO3 is

11.41 10.01 10.01 11.02 10.31
10.01 11.41 10.01 10.49 10.84
U;;rz 10.01 10.01 11.41 10.49 10.84 |,
11.02 10.49 10.49 12.64 10.83
10.31 10.84 10.84 10.83 12.64
(6)
while the bare interaction is
19.36 17.72 17.72 19.28 18.28
17.72 19.36 17.72 18.53 19.03
U('f;rez 17.72 17.72 19.36 18.53 19.03 |,
19.28 18.53 18.53 21.31 19.16
18.28 19.03 19.03 19.16 21.31
(7N

where the orbital index runs as d.y, d,;, dy;, dy>_y2, and dz2_ 2.
For SrVO,H, we obtained

8.16 6.48 6.48 7.61 6.53
6.48 7.28 6.17 6.72 6.65
Ut =16.48 6.17 7.28 6.72 6.65], (8

dps
" 1761 672 672 895 679
653 665 665 679  7.90
and
1859 1632 1632 1857  16.59
1632 1702 1567 1706 1658
Ut = 11632 1567 1702 17.06  16.58
1857  17.06  17.06 2055  17.39
1659 1658 1658 1739 1826
C))

Here, we omit other matrix elements such as d-p interaction,
which are shown in Appendixes B 1 and B 2.

From these results, we found that the screened interaction
in the d p(s) model is much smaller for StVO,H than that for
SrVO;. One of the reasons is the extended character of the
Wannier functions in SrVO,H as we have seen, which can be
inferred from the smaller bare interaction U;;;e in SrVO,H
than U;;fe in SrVOs;. Another reason is the fact that there are
many high-energy bands close to the V-d bands in SrVO,H
as shown in Fig. 6(b), compared with SrVO; as shown in
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FIG. 6. (a) High-energy region of the electronic band structure
for SrVO; shown in Fig. 2(c). (b) The same plot for SrVO,H, i.e.,
Fig. 2(f). (c) 1\7;“"““ dependence of the screened interaction parameter
U*" in the d p(s) model. The definition of 1\7[;‘“"“ is given in the main
text.

Fig. 6(a). Such high-energy bands close to the V-d bands can
have a large contribution to the screening process.

To verify this issue, we calculated the screened interaction
Ujps) With changing the number of bands taken into account

in cRPA calculations as shown in Fig. 6(c). Here, N;"OCC
roughly corresponds to the number of (partially) unoccupied
bands including the V-3d bands. To be more precise, when
one considers the screening processes within the lowest N,
bands, N;“OCC is defined as N, subtracted with 20 (i.e., a half
of the number of electrons for Sr-4s4p, V-353p, and O-252p)
in SrVO;3; and 17 (i.e., a half of the number of electrons for
Sr-4s4p, V-353p, O-252p, and H-1s) in StVO,H. A sharp drop
of U™ at small N for SrVO,H, as shown in Fig. 6(c),
suggests that the strong entanglement of the V-d bands and
higher-energy bands in SrVO,H is important for the strong
screening effects.

For the d model, the screened Coulomb interaction among
I, orbitals in STVO,H now becomes stronger than SrvVOs;,
as shown in Table II. The difference between the d and
dp(s) models should come from the screening effects by the

O-p and H-s orbitals: i.e., these anion orbitals weakly screen
the Coulomb interaction among the V-d orbitals in StVO,H
compared with SrVOs;. This is naturally expected by the band
dispersion shown in Figs. 2(b) and 2(e), where the anion
bands are more separated from the V-d bands in SrVO,H
than SrVOs;. In fact, the stronger screening effect in SrCrO;
than SrVO3 shown in Tables I and IT originates from a smaller
energy difference between the O-p and V(Cr)-d bands, as
pointed out in Ref. [48]. Here, the lower on-site energy of
Cr-d than that for V-d owing to the increased nuclear charge
for Cr is the origin of such a small energy difference in
SrCrOs. It was theoretically pointed out that a similar situation
was realized also in cuprates, where the longer the bond
distance between apical oxygen and copper is, the stronger the
screening effect becomes owing to a smaller d-p energy-level
deference by stabilization of the copper d orbitals [53]. As
for StVO,H, the large energy separation between the anion
bands and the V-d bands is likely to come from the fact
that the O-p orbitals are more stabilized by the existence of
hydrogen atoms compared with the V-d orbitals. As a matter
of fact, the on-site energy difference between the V-d,. and
O-p, orbitals in the dp(s) model for SrVO; and SrVO,H is
3.31 and 3.97 eV, respectively. It is also important that the
number of the O-p bands is reduced in StVO,H from SrVOs.
As for the e, orbitals, it is noteworthy that both the bare and
screened Coulomb interaction parameters are weak for the
ds,2_,2 orbitals in SrVO,H as shown in Table II, because of
its extended nature that we have seen in previous sections.
Finally, we come to the #,, model. The effective interaction
in SrVO,H is again, as in the d p(s) model, smaller than that in
SrVOs;, likely because of the strong entanglement among the
I, and e, bands. In other words, the e, orbitals strongly screen
the effective interaction among the #,, orbitals in SrVO,H.
In fact, the difference between U™ and U;*" is negligible in
SrVO; (3.42 and 3.43 eV), very small in SrCrOg (2.97 and
3.04 eV) where the #,, and e, bands are slightly entangled,
and quite large in SrVO,H (3.00 and 3.97 eV for d,,, 2.60
and 3.75 eV for d,;,,.) where the f;, and e, bands are strongly
entangled. We note that the bare Coulomb interaction UIE:“"'

and U(}’a‘e are rather close in SrVO,H: 16.04 and 16.06 eV
for dyy, 15.18 and 15.28 eV for d,/,;, which rules out the
possibility that the difference between U™ and U;* comes
from the variation of the Wannier orbitals (e g., the size of the
spread).

We summarize the complicated screening effects in
SrVO,H. The e, bands strongly entangled with the #,, bands
sizably screen the effective interaction in the #,, model. The
large energy separation between the anion bands and the V-d
bands weakens the screening effect by the anion orbitals in
the d model (and the 7, model). The strong entanglement
of the V-d bands and higher-energy bands yields the strong
screening effect in the dps model (and other two effective
models). It is noteworthy that the different d-electron num-
bers between SrVO,H and SrVO; should play some role for
making interaction parameters of these two systems different.
As a matter of fact, in Ref. [49], the screened interaction (U,
U’, J) for the 15, model in SrVO3 evaluated using cRPA was
reported to be (3.39, 2.34, 0.47) for the d! filling and (3.65,
2.59, 0.46) for the d? filling. Because the change in U and
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U’ is roughly 0.25 eV here, we can expect that the change
in the band structure we have discussed above is still crucial
for understanding the peculiar effective interaction in StVO,H
compared with SrVOs;.

Because of the sizable difference in effective interaction
parameters among the 7, and d models, it is a nontrivial
issue which effective model one should adopt for analyzing
the electronic structure of SrVO,H. The lowered energy of
the d3,2_,» bands, which comes close to the Fermi energy as
shown in Fig. 2(e), might have some relevance to this issue.
We also note that one possible origin of the large difference
in the interaction parameters is the difficulty in evaluating
Xo when the band entanglement takes place. For treating
the band entanglement, while we used the method shown
in Ref. [33] as implemented in the RESPACK code, there is
another choice such as the one shown in Ref. [54]. When the
metallic screening is not fully removed by using the former
method, the interaction parameters will become small (i.e.,
overscreened), which can be related to the case of the £,
model in StVO,H. These are important future problems.

4. Off-site direct Coulomb interaction

We found that the off-site direct Coulomb interaction pa-
rameters exhibit a similar tendency to the on-site parame-
ters for each model. For example, the screened interaction
parameters of the nearest-neighbor off-site direct Coulomb
interaction along the z direction for the d model are (0.58,
0.74) eV in SrVOj3 and (0.72, 0.83) eV in SrVO,H, where the
orbital-diagonal components of the interaction parameters for
the d,, and d,.,, orbitals are shown. Similarly to the on-site
terms, the effective off-site interaction in SrVO,H is stronger
than that in SrVO; for the d model. On the other hand, the
corresponding off-site interaction parameters become (0.58,
0.74) eV in SrVO3 and (0.27, 0.33) eV in SrVO, H, for the #,,
model, where the on-site screened interaction in SrVO,H is
also weaker than that in SrVOs;. The above results might come
from the fact that it is unchanged which electron excitations
tend to play a major role in the screening process, irrespective
of whether they are on-site or off-site interactions.

5. Exchange interaction

Unlike other parameters, the exchange interaction J is less
sensitive to the existence of hydrogen atoms. For example,
J,Sz:r is 0.48 eV for SrVO3, while it is 0.46 between the d,,
and d,,,, orbitals, and 0.42 between the d,, and d,, orbitals,
for StVO,H. An unusual aspect of SrVO,H is a relatively
large off-site screened exchange interaction between ds,2_,2
and H-s in the d ps model, 0.16 eV, while all the other off-site
screened exchange interaction is less than 0.1 eV in SrVO;
and SrVO,H. This might be due to the large overlap of these
two orbitals and the shortened lattice constant along the z
direction.

B. Sr,VO4 and Sr, VOsH (n = 1)

For Sr,VO4 and Sr,VO3H (n = 1), we considered the
dy_p and dse_,» orbitals as the e, orbitals, instead of
the d,o_,» and d;._,» orbitals. This is because hydrogen
atoms make the x axis quite inequivalent from other axes in
Sr,VO3H, as shown in Fig. 1(d).

©

Energy (eV)

=
2
> L
8o
o
S_j N A
M-4 %xzﬁ;
T~
. r | f{%\
-8 e ~fc [ \/ﬁ 1
Ki I' K2 K3 T'KsKi I' K2 Ks

I'KeKi I' K2 Ks TI'K4

FIG. 7. Calculated electronic band structure of (a)-(c) Sr,VOyu
and (d)—(f) Sr,VOsH. First-principles band structure is shown with
black broken lines and the band dispersion calculated with the tight-
binding model consisting of the Wannier functions is shown with
red solid lines. Corresponding effective models are #,, for panels
(a) and (d), d for panels (b) and (e), dp for panel (c), and dps for
panel (f). To compare the band structures of Sr,VO, and Sr, VOs;H,
common special k points were taken as follows: K; = (1t /a, 0, 0),
K, =(0,7/b,0), K3 = (r/a, 7 /b, 0), and K4 = (0, 0, 277 /c) in the
Cartesian coordinate, where a, b (= a for Sr,VO,), and ¢ are the
lattice constants shown in Figs. 1(c)-1(d).

Because the situation is basically similar between n = 1
and n = oo, we just briefly show our calculation results.
Figure 7 presents the calculated band structure of Sr,VO,4 and
Sr,VO3H. We can find some features similar to the n = oo
case: strong entanglement of the 7,, and e, bands, and a large
energy separation between the V-d and anion bands. As a
result, the screening interaction of Sr,VOs;H is weaker in
the 7, model but stronger in the d model, compared with
Sr;VO,4. An extended nature of the ds._,. orbital, which

TABLE III. Hopping and interaction parameters (in eV) for the
d model. The d,, orbital in Sr,VOy, is omitted in this table since it is
equivalent to the d,. orbital.

t t A Usr e

Sr,VO, dy =027 =027 348  15.95
d.  —004 —024 —002 327 15.19

dpo_»  —001 —047 261 333 1513

dyo . —065 —0.18 273 349 1598

Sr,VO;H  dy 009 —0.45 3.60 1520
d.  —006 —025 038 370 1549

dy. 014 003 —007 336 1425

dy o 000 —043 291 386 1604

dyo . 088 —0.09 190 3.4 1356
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TABLE IV. Hopping and interaction parameters (in eV) for the
1, model. The d, orbital in Sr, VO, is omitted in this table since it is
equivalent to the d,, orbital. *: constrained LDA combined with the
GW method. **: averaged over the orbitals.

t f A U ype
SLvVo,  dy, —027 —027 3.46 15.91
2.77* [55,56]
3.1 [51]
d. —004 —024 —0.02 3.26 15.18
2.58% [55,56]
3.1 [51]
S,VOsH dy, 010 —0.44 251 14.93
d. —006 —025 039 2.84 15.25
d, 014 003 -0.05 2.46 14.26

forms a chemical bond with the H-s orbital, is also realized
in Sr,VO3H. In fact, Table III shows that both U;*" and U, ;‘“‘“
exhibit small values for the the ds,>_,> orbital in Sr, VO3 H.

One important difference between n =1 and n = oo is
the dimensionality of the electronic structure. As shown in
Table IV, one can see that the hopping parameter along the
x direction, t,, is actually suppressed in SrVO3;H, where the
hydrogen atom breaks a chemical bond between the V-7,
orbitals. In addition, the layered structure cannot yield a large
t, both for Sr,VO4 and Sr, VO3H. Therefore, the t,, orbitals
in Sr,VO3;H have a peculiar dimensionality. As for the d,,
orbital, its hopping parameters are quite similar to those for
the d,. orbital in SrVO,H shown in Table I. In other words, the
dyy orbital in Sr,VO3;H has quasi-one-dimensional electronic
structure with an enhanced hopping amplitude along the y
direction. As for the d,, orbital, it is less affected by the
existence of hydrogen atoms, except for the on-site energy
difference with the d., orbital, A, as shown in Table IV. The
d,, orbital in Sr,VO3H has a small hopping amplitude for all
the directions, which is unique forn = 1.

V. CONCLUSION

We have derived several kinds of low-energy effective
models for vanadium oxyhydrides Sr,+1V,02,+1H, (n =

J

1, 0o0) and some oxides: SrVOs3, SrCrOs;, and Sr;VOy, using
cRPA. We have found that, in SrVO,H, (1) the e, bands
strongly entangled with the ,, bands sizably screen the effec-
tive interaction in the #,, model, (2) the large energy separation
between the anion bands and the V-d bands weakens the
screening effect by the anion orbitals in the d model (and the
1, model), and (3) the strong entanglement of the V-d bands
and higher-energy bands yields the strong screening effect in
the d ps model (and other two effective models). A similar ten-
dency can be seen also in Sr, VO3H. Investigation of possible
unique correlation effects in vanadium oxyhydrides based on
the low-energy effective models derived in the present study
is an open and interesting future study.

ACKNOWLEDGMENTS

Some calculations were performed using large-scale com-
puter systems in the supercomputer center of the Institute
for Solid State Physics, the University of Tokyo, and those
of the Cybermedia Center, Osaka University. This study was
supported by JSPS KAKENHI (Grants No. JP16H04338,
No. JP17H05481, No. JP18H01860, and No. JP18K13470),
Japan.

APPENDIX A: HOPPING PARAMETERS

The orbital index runs as (d,y, dy., d.) for the 1, model,
and (dyy, dy;, dy;, dy2 ER ds2_,2) for the d model, unless noted.
The hopping parameters are defined for the (noninteracting)
tight-binding Hamiltonian:

Ho =Y t;;(R)E]e;, (A1)
ij

where i and j are orbital indices. For clarity, we represent
the lattice vector R with the Cartesian coordinate defined in
Fig. 1. For the #,, and d models, we denote the hopping matrix
as 1= (R, Ry, R;) and t4(R,, Ry, R;), respectively.

Some equivalent parameters are omitted here. For exam-
ple, in SrVO;, t¢(qa, 0, 0), t2¢(0, a, 0), and (0,0, a) are
equivalent if the orbital indices are appropriately exchanged,

and thus we only show one of them. For all the compounds
investigated in this study, the d,, on-site energy is set to zero.

1. SrvO;
0 0 0
0,0,00=|0 0 0], (A2)
0 0 0
~0.263 0 0
(a,0,0)=] 0 —0.027 o |, (A3)
0 0 ~0.263
—0.084 0 0
"(a,a,0)=| 0 0.006  0.009 |, (Ad)
0 0.009  0.006
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0 0 0 0 0
0 0 0 0 0
t40,0,00=]0 0 0 0 o |, (A5)
0 0 0 2765 0
0 0 0 0 2.765
—0.262 0 0 0 0
0 —0.025 0 0 0
t4(a,0,0) = 0 0 —0.262 0 0o |, (A6)
0 0 0 —0.505  0.293
0 0 0 0293  —0.167
—0.025 0 0 0 0
0 —0.262 0 0 0
14(0,0,a) = 0 0 —0.262 0 0o |. (A7)
0 0 0 0.003 0
0 0 0 0 —0.674
0.005 0 0 0 0
0 0.001 0 0 0
t92a,0,0)=1| 0 0 0.005 0 0 , (A8)
0 0 0 —0.039  0.023
0 0 0 0.023  —0.013
0.001 0 0 0 0
0 0.005 0 0 0
140,0,2a) =] 0 0 0.005 0 0 , (A9)
0 0 0 0.000 0
0 0 0 0 —0.052
—0.083 0 0 0 —0.031
0 0.006  0.010 0 0
t(a, a,0) = 0 0.010  0.006 0 0 , (A10)
0 0 0 0.041 0
—0.031 0 0 0 —0.017
0.006  0.010 0 0 0
0.010  0.006 0 0 0
t4a,0,a)=| 0 0 —0.083  0.027 0.015 |. (A11)
0 0 0.027  —0.002 —0.025
0 0 0.015 —0.025  0.027
2. SrVO,H
0 0 0
1”(0,0,0) = |0 —0.454 o |, (A12)
0 0 —0.454
—0.251 0 0
”(a,0,0) = 0 0.012 o |, (A13)
0 0 —0.423
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(0, 0, ¢) =

%¢(0, 0, 2¢) =

t”(a, a,0) =

t”(a,0,c) =

t“(a,0,0) =

t4(0,0,¢) =

t“2a,0,0)=1| 0
0
0

—0.001

t4(0,0,2¢) =

S O O© O

—0.068
0
t%(a, a,0) = 0
0
—0.007

—0.040 0
0 0.097
0 0
—0.001 0
0 0.017
0
—0.068
0 0.013
0 0.027
0.002 —0.009
—-0.009 —-0.010
0
0 0
—0.443 0
0 0.443
0 0
0 0
0 0
0.008 0
0 —0.424
0 0
0 0
0 0
0.096 0
0 0.096
0 0
0 0
0 0
0.001 0
0 —0.017
0 0
0 0
0 0
0.010 0
0 0.010
0 0
0 0
0 0
0.013  0.022
0.022  0.013
0 0
0 0

155143-10

0.097

0.017

0.027
0.013
0. 027)

0 0
0 0
0 0
2.489 0
0 1.523
0 0
0 0
0 0
—0.438 0.183
0.183 —0.094
0 0
0 0
0 0 1.
0.012 0
0 0.876
0 0
0 0
0 0 ,
—0.035 0.020
0.020 —0.004
0 0
0 0
0 0 ,
—0.001 0
0 —0.059
0 —0.007
0 0
0 0 ,
0.058 0
0 —0.041

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)
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0.002  —0.010 0 0 0
—0.010 —0.010 0 0 0
t%(a,0,c) = 0 0 0.027  —0.014 —0.084 |, (A24)
0 0 —0.014  0.001 0.054
0 0 —0.084  0.054  —0.064
0.000 0 0 0 0
0 0.000 0 0 0
t0,0,3c) =] 0 0 0.000 0 o |. (A25)
0 0 0 0.001 0
0 0 0 0 0.011
0.000  —0.001 0 0 0
—0.001  —0.001 0 0 0
t4(a,0,2c) = 0 0 0.001  —0.001  0.015 [, (A26)
0 0 —0.001  0.001 0.000
0 0 0.015 0.000  —0.030
—0.006 —0.004 —0.004 0 0.001
—0.004 —0.010 0.006 —0.009 0.015
t“(a,a,¢) =] —0.004 0.006 —0.010  0.009 0.015 (A27)
0 —0.009  0.009 —0.011 0
0.001 0.015 0.015 0 —0.027
3. SrCrO;
0 0 0
1"¢(0,0,0) = (0 0 o], (A28)
0 0 0
—0.236 0 0
t"(a,0,0) = 0 —0.022 0o |. (A29)
0 0 —0.236
—0.087 0 0
t"(a,a,0) = 0 0.008 0.010) , (A30)
0 0.010  0.008
0 0 0 0 0
0 0 0 0 0
110,0,0)=]0 0 0 0 o |, (A31)
0 0 0 2522 0
0 0 0 0 2.522
—0.236 0 0 0 0
0 —0.022 0 0 0
t%(a,0,0) = 0 0 —0.236 0 0 , (A32)
0 0 0 —0.509  0.295
0 0 0 0295  —0.168
—0.022 0 0 0 0
0 —0.236 0 0 0
14(0,0,a) = 0 0 —0.236 0 0 , (A33)
0 0 0 0.002 0
0 0 0 0 —0.679
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0.004 0 0
0 0.000 0
t92a,0,0)=1| 0 0 0.004
0 0 0
0 0 0
0.000 0 0
0 0.004 0
t0,0,2a)=] 0 0 0.004
0 0 0
0 0 0
—0.087 0 0
0 0.008  0.010
t(a, a,0) = 0 0.010  0.008
0 0 0
—0.032 0 0
0.008  0.010 0
0.010  0.008 0
t“(a,0,a)=| 0 0 —0.087
0 0 0.028
0 0 0.016
4. SI‘2V04
0 0
”(0,0,0)= [0  —0.017
0 0
—0.272 0
”(a,0,0) = 0 —0.045
0 0
0.006 0
(2a,0,0)=1 0 0.001
0 0
—0.082 0
™ (a, a,0) = 0 0.006
0 0.000
W e 0.001  0.003
t’“(E,E,E): 0.003  —0.015
0.003  —0.011

For the d model in Sr, VOy, the orbital index runs as (dyy, dy., d,.,
parameters with those for Sr, VO3 H.

0 0 0
0 —0.020 0
t4(0,0,0)= |0 0 —0.020
0 0 0
0 0 0
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dyZ —72

0 0
0 0

0 0 , (A34)
—0.045  0.026

0.026  —0.015

0 0

0 0

0 0 , (A35)
0.000 0

0 —0.060

0 —0.032

0 0

0 0 , (A36)
0.044 0

0 —0.017

0 0

0 0

0.028 0.016 (A37)
—0.001  —0.026
—0.026  0.029

0

0 , (A38)
—0.017

0

0 , (A39)
—0.240

0

0o |. (A40)
0.023

0

0.000 |, (A41)
0.006

0.003

—0.011 (A42)
—0.015

, d3,2_,2), in order to compare its effective interaction

0 0
0 0
0 o |, (A43)
2607  —0.109
—0.109  2.733
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t%(a,0,0) =

t4(0, a, 0) =

t%(0, 2a,0) =

td(a, a,0) =

2(0,0,0) =

t%(a, 0,0) =

£(0, b, 0) =

¢(2a,0,0) =

17:(0, 2b, 0) =

0 0

0 0

0 0 ) (A44)
—0.007  0.017

0.017  —0.650

0 0

0 0

0 0 , (A45)
—0.475  0.287

0.287  —0.183

0 0

0 0

0 0 , (A46)
0.000  0.002

0.002 —0.051

0 0

0 0

0 0 , (A47)
—0.036  0.023

0.023  —0.014

0.024 0.014

0 0

0 0 , (A48)
0.004  —0.025
—0.025  0.033

—0.022 —0.013

—0.011 —0.010

—0.014 —0.004 (A49)
-0.021 —0.013

—0.013  —0.007

0

0 , (A50)
—0.049

0

0o . (A51)
0.135

0

0 ) (A52)
0.032

0

o |, (A53)
0.003

0

o |, (A54)
0.000

0 0
—0.044 0
0 —0.241
0 0
0 0
0 0
—0.241 0
0 —0.044
0 0
0 0
0 0
0.001 0
0 0.022
0 0
0 0
0 0
0.022 0
0 0.001
0 0
0 0
0 0
0.006  0.000
0.000  0.006
0 0
0 0
0.004 0.004
—-0.015 —0.011
—-0.011  —-0.015
—-0.011 -0.014
—0.010 —0.004
5. Sr,VO;H
0
(o
0
0.096
0 —0.056
0 0
—0.442 0
0 —0.250
0 0
0.021 0
0 0.000
0 0
—0.005 0
0 0.020
0 0

155143-13



MASAYUKI OCHI AND KAZUHIKO KUROKI PHYSICAL REVIEW B 99, 155143 (2019)

0.025 0 0
t"(a,b,0)=| 0 0.003  —0.020 |, (A55)
0  —0.020 —0.029
0.001  —0.011  0.005
,fzx(‘_z’,gﬁ): —0.011  —0.019  —0.023 |. (A56)

0.005 —-0.023 —0.018

For the d model in Sr; VO3H, the orbital index runs as (dy, dy, d;, dy2_, d3,2_,2), where hydrogen atoms are aligned along
the x direction. In this model, we also show the imaginary part of the hopping parameters because they become non-negligible
amplitude for some matrix elements.

0 0 0 0 0.001 — 0.001i
0 0.378 0 0 0
1%(0,0,0) = 0 0 —0.069 0 0.002 , (A57)
0 0 0 2.907 —0.042 — 0.042i
0.001 + 0.001i 0 0.002  —0.042 + 0.042i 1.901
0.091 0 0 0 0.001
0 —0.056 0 0 0
t%a,0,00=| 0 0 0.135 0 0.001 , (A58)
0 0 0 0 —0.020 — 0.039i
0.001 0 0.001  —0.020 + 0.039i 0.878
—0.445 0 0 0 0
0 —0.255 0 0 0
1%(0,b,0) = 0 0 0.032 0 0 , (A59)
0 0 0 —0.426 0.104 + 0.133i
0 0 0 0.104 — 0.133i —0.095
0011 0 0 0 0
0 0 0 0 0
tY2a,0,0)=1| 0 0 0.003 0 0 , (A60)
0 0 0 0.003 —0.005 — 0.006i
0 0 0 —0.005 + 0.006i —0.055
—0.013 0 0 0 0
0 0022 0 0 0
t4(0,2b,0) = 0 0 0 0 0 , (A61)
0 0 0 —0.040 0.012 4 0.016i
0 0 0 0.012—0.016i —0.012
0.025 0 0 —0.005 — 0.001i  —0.055 — 0.072i
0 0.002  —0.020 0 0
t%(a, b,0) = 0 —0.020 —0.029 0 0 , (A62)
—0.005 + 0.001i 0 0 —0.004 0.030 + 0.042i
—0.055 + 0.072i 0 0 0.030 — 0.042i —0.071
0 —0.010 0.005 0.003 0.001 4 0.002i
—0.010 —0.019 —0.022 —0.008 0.002 4 0.003i
zd<‘—l, b f) - 0.005 ~0.022 ~0.018 ~0.005 ~0.005 — 0.006i
222 0.003 —0.008 —0.005 —0.017 —0.013 — 0.017i
0.001 —0.002i  0.002 —0.003; —0.005 4 0.006;i —0.013 +0.017i —0.021

(A63)
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APPENDIX B: INTERACTION PARAMETERS

15.85 14.55 14.55 15.36 14.52
The orbital index runs as (dyy, dy;, dy;) for the t,, model, 14.55 15.85 14.55 14.73 15.15
and (dyy, dy, dyz, dyo_ 2, d32_2) for the d model, unless noted. U;me — 11455 14.55 15.85 14.73 15.15 |,
15.36 14.73 14.73 16.36 14.73
1. SrvO; 14.52 15.15 15.15 14.73 16.36
(B6)
3.42 2.43 2.43
Uy '=1243 342 2431, (BD) 343 048 048 033 053
243 243 342 048 343 048 048  0.38
15.78 14.49 14.49 JT=1048 0.48 3.43 0.48 0.38 1,
lba.re — 14.49 15.78 14.49 , (BZ) 0.33 0.48 0.48 3.57 0.57
% 14.49 14.49 15.78 0.53 0.38 0.38 0.57 3.57
342 048 048 (B7)
=048 342 048], (B3)
“ " \oas 048 342 1585 061 061 035 070
0.61 15.85 0.61 0.61 0.44
15.78 0.61 0.61 J}l"“e =1 0.61 0.61 15.85 0.61 0.44
Jre=|{o061 1578 0.6l |, (B4) 0.35 0.61 061 1636 0.8l
0.61 0.61 15.78 0.70 0.44 0.44 0.81 16.36
3.43 2.44 2.44 2.81 2.37 (B8)
2.44 3.43 2.44 2.48 2.70
Up" = | 244 2.4 3.43 2.48 2701, For the dp model, the orbital index runs as (dxy, d;, dx;,
281 248 248 357 243 Do o Olopr . Ooms o O3eprr), whers OL. 03
237 270 270 243 357 2yt @3-yt W Pxyzy L Py 07 Pry), e
and O3 atoms place next to the vanadium atom along the x, y,
(BS) and z directions, respectively.
J
11.41 10.01 10.01 11.02 10.31 | 3.62 3.08 3.04 |3.08 362 304|287 287 3.32
10.01 11.41 10.01 1049 10.84 | 3.32 287 287 |3.04 3.62 3.08 | 3.04 3.08 3.62
10.01 10.01 11.41 1049 10.84 | 3.62 3.04 3.08 | 2.87 3.32 287 |3.08 304 3.62
11.02 1049 1049 1264 10.83 | 3.68 3.10 3.08 | 3.10 3.68 3.08 | 2.89 2.89 3.37
10.31 10.84 10.84 10.83 12.64 | 3.47 295 296|295 347 296 | 3.16 3.16 3.79
3.62 3.32 3.62 3.68 347 | 873 681 6.81 210 2.14 2.01 | 210 2.01 214
s — 3.08 2.87 3.04 3.10 295 | 6.81 807 655|212 210 2.00 | 200 193 2.01
dp = | 3.04 2.87 3.08 3.08 296 | 6.81 655 807 200 201 193|212 2.00 210}
3.08 3.04 2.87 3.10 295 | 2.10 2.12 2.00 | 807 6.81 6.55 (193 2.00 2.01
3.62 3.62 3.32 3.68 347 | 2.14 210 2.01 | 6.81 873 6.81 201 210 214
3.04 3.08 2.87 3.08 296 | 2.01 200 193|655 681 807|200 212 2.10
2.87 3.04 3.08 2.89 3.16 | 2.10 2.00 2.12 1193 2.01 2.00 | 807 6.55 6.81
2.87 3.08 3.04 2.89 3.16 | 2.01 193 200|200 210 2.12|6.55 8.07 6.81
3.32 3.62 3.62 3.37 3.79 | 2.14 2.01 2.10|2.01 214 2.10 | 6.81 6.81 8.73
(B9)
19.36 17.72 17.72 19.28 1828 | 7.88 7.10 7.04 7.10 7.88 7.04 6.72 6.72 17.39
17.72 19.36 17.72 18.53 19.03 | 7.39 6.72 6.72 7.04 7.88 7.10 7.04 7.10 7.88
17.72 17.72 19.36 18.53 19.03 | 7.88 7.04 7.10 6.72 7.39 6.72 7.10 7.04 7.88
19.28 18.53 18.53 21.31 19.16 | 8.05 7.17 17.15 7.17 8.05 7.15 6.75 6.75 17.46
18.28 19.03 19.03 19.16 21.31 | 7.66 6.88 6.90 6.88 7.66 6.90 7.30 7.30 8.24
788 7.39 7.88 805 7.66 | 19.82 17.24 17.24 523 530 5.08 5.23 5.08 5.30
ybare — 7.10 6.72 7.04 7.17 6.88 | 17.24 18.55 16.71 524 523 5.06 5.06 493 5.08
dp 7.04 6.72 7.10 7.15 6.90 | 17.24 16.71 18.55 5.06 5.08 493 524 5.06 5.23
7.10 7.04 6.72 7.17 6.88 523 524 5.06 18.55 17.24 16.71 | 493 5.06 5.08
788 7.88 7.39 8.05 7.66 530 5.23 5.08 17.24 19.82 17.24 | 508 5.23 5.30
7.04 7.10 6.72 7.15 6.90 5.08 5.06 493 16.71 17.24 18.55 | 506 524 5.23
6.72 7.04 17.10 6.75 7.30 523 5.06 524 493 508 5.06 18.55 16.71 17.24
6.72 7.10 7.04 6.75 7.30 508 493 5.06 5.06 523 524 | 16.71 18.55 17.24
739 788 7.88 7.46 8.24 530 5.08 5.23 5.08 530 5.23 17.24 17.24 19.82
(B10)
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Because the off-site exchange interaction is less than 3.00 0.46 0.46
0.1 eV, we only show the on-site exchange terms here. For T =1046 260 0.42), (B17)
the V-d orbitals, 046 042 2.60
1141 071 071 048 085 o 16.04  0.60  0.60
071 1141 071 076 057 b = | 060 15.18  0.57 |, (BI18)
sed=1 071 071 1141 076 057 [, BID) 060 057 1518
048 076  0.76 12.64 091 397 288 288 330 2.55
0.85 057 057 091 12.64 - ;22 ;;g g;g ;gg ;-;S ®19)
19.36 0.82 0.82 049 1.00 d 330 288 288 404 257 ’
0.82 1936 0.82 0.87 0.62 255 278 278 257 3.26
bare,d
Jap ™ = 82; 823 109'8376 201'8371 (1)82 16.06 14.41 1441 1546 13.35
) ) : : ) 14.41 1528 1399 1450 13.52
100062 062 108 2131 Ubre = 1441 1399 1528 1450 13.52],
(B12) 1546 1450 1450 16.37 13.44
. 13.35 13.52 13.52 13.44 13.58
For the O1-p orbitals,
(B20)
873 0.80 0.80
J;;r,p =1080 8.07 0.76], (B13) 397 049 049 0.34 047
0.80 076 8.07 049 375 045 047 032
J=1049 045 375 047 0.32], (B2I)
ey 232 097097 0.34 047 047 404 0.51
Jyp T =1097 1855 0.93 (B14) 047 032 032 051 326
0.97 093 1855 16.06 0.60 060 036 0.62
The on-site exchange terms for the O2 and O3 atoms are 0.60 1528 057 059 0.38
equivalent to the above ones by appropriately exchanging the J}}m =] 060 057 1528 0.59 0.38
orbital indices. 036 059 059 1637 0.69
0.62 038 038 0.69 13.58
2. SrVOH (B22)
3.00 1.85 1.85
U;Er =118 260 1.69], (B15)
1.85 1.69 2.60
16.04 14.36 14.36 For the dps model, the orbital index runs as (dy, d,;, dy,
Ug:re =|14.36 15.18 13.91], (B16)  de_y, dsz 2, Ol-py ., 02-p, ., H-s), where O1, O2, and
1436 1391 15.18 H atoms place next to the vanadium atom along the x, y, and
z directions, respectively.
8.16 648 648 7.61 653299 263 261|263 299 261|283
6.48 728 6.17 672 6.65 | 266 238 240|256 294 2.63 | 3.08
648 6.17 728 6.72 6.65|294 256 263|238 266 240 3.08
7.61 672 6.72 895 6.79 | 3.03 2.62 263|262 303 263|286
6.53 6.65 6.65 679 790|274 241 245|241 274 245 3.28
ser 299 266 294 303 274]7.60 6.02 6.07 |18 187 1.78 | 191
Uips = 263 238 256 262 241602 744 601|187 1.85 1.77 | 181}| (B23)
261 240 2.63 263 245|6.07 601 758|177 178 1.71 | 1.89
2.63 256 238 262 241|185 187 177|744 6.02 6.01 | 1.81
299 294 266 303 274|187 185 178 |6.02 760 6.07 | 191
2.61 263 240 263 245|178 177 1.71 | 6.01 6.07 7.58 | 1.89
2.83 3.08 308 286 328|191 1.81 1.89 | 1.81 191 1.89 | 6.44

155143-16



EFFECTIVE INTERACTION FOR VANADIUM ...

PHYSICAL REVIEW B 99, 155143 (2019)

18.59 16.32 16.32 18.57 1659 | 7.64 692 688 | 692 764 6.88 | 7.06
16.32 17.02 15.67 17.06 1658 | 7.06 646 648 | 6.80 755 6.89 | 7.44
1632 15.67 17.02 17.06 1658 | 7.55 6.80 6.89 | 646 7.06 648 | 7.44
18.57 17.06 17.06 20.55 1739 | 7.79 697 697 | 697 779 697 | 7.11
16.59 16.58 16.58 17.39 18.26 | 7.20 6.51 6.57 | 651 720 657 | 7.77
yhare _ 7.64 7.06 755 7779 720 | 19.03 16.82 1691 | 5.10 5.16 4.97 | 522 (B24)
dps 692 646 680 697 651 | 16.82 1836 1662 | 512 510 495 | 504 |
688 648 6.89 697 657 | 1691 16.62 1854 | 495 497 483 | 5.18
692 680 646 697 651 | 510 512 495 | 1836 16.82 16.62 | 5.04
7.64 755 706 779 720 | 516 510 497 | 1682 19.03 1691 | 5.22
6.88 689 648 697 657 | 497 495 483 | 1662 1691 1854 | 5.18
706 744 744 7.1 7797 | 522 504 518 | 5.04 522 518 | 14.14

Because the off-site exchange interaction is less than 0.1 eV except that between the d;,2_,. and s orbitals, we only show the
d-d, d-s, and p-p exchange terms here. For the V-d + H-s orbitals,

8.16 0.62 0.62 045 0.69 0.01
0.62 7.28 0.57 0.64 047 0.09
, 0.62 0.57 7.28 0.64 047 0.09
scr,ds
Jis” = 1045 064 064 895 076 001 (B25)
0.69 047 047 076 7.90 0.16
\0.01 0.09 0.09 0.0 0.16 6.44/
1859 0.73 073 047 084  0.02
073 17.02 0.69 077 053  0.15
073 0.69 17.02 0.77 053  0.15
bare,ds __
Taps 047 077 077 2055 092 0.0l (B26)
0.84 053 053 092 1826 0.25
\0.02 015 015 001 025 14.14/
[
For the O1-p orbitals,
3.04 207 2.07 243 1.99
7.60 0.76 0.76 207 3.04 207 210 232
Il =076 744 075], (B27) U™ =12.07 207 3.04 210 232, (B33)
0.76 0.75 7.58 243 2,10 2.10 3.18 2.05
19.03 094 094 1.99 232 232 205 3.18
J(';‘;e*!’: 094 1836 0.92 (B28) 16.20 1491 1491 1578 14.93
094 092 18.54 1491 1620 1491 15.14 15.57
Uk =|11491 1491 1620 15.14 1557,
3. SrCrO; 1578 15.14 15.14 16.82 15.19
1493 1557 1557 15.19 16.82
2.97 2.00 2.00 (B34)
st — 12,00 297 2.00], B29
f2g 500 200 297 (B29) 3.04 047 047 033 0.2
' ' ' 047 3.04 047 047 0.38
16.18  14.89  14.89 ST =1047 047 3.04 047 038], (B35)
U,‘z’;‘“’: 14.89 16.18 14.89 |, (B30) 0.33 047 047 3.18 0.56
1489 14.89 16.18 0.52 0.38 0.38 0.56 3.18
2.97 045 045 1620 060 060 035 0.68
I =1045 297 045], (B31) 0.60 1620 060 0.60 0.43
045 045 2.97 Jhre = 1060 060 1620 0.60 043
16.18 059 059 035 0.60 060 16.82 0.82
Jgjre: 059 1618 059 |. (B32) 0.68 043 043 082 16.82 -
0.59 059 16.18 (B36)
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4. Sl'2V04
346 241 241
Usr=[241 326 236 . (B37)
241 236 3.26
1591 14.28 14.28
U = (1428 1518 13.96 |, (B38)
1428 13.96 15.18
3.46 0.45 0.45
=045 326 043], (B39)
045 043 3.26
1591 0.59 0.59
J};a’ez 0.59 15.18 0.57 (B40)
0.59 0.57 15.18

For the d model in Sr,VOy, the orbital index runs as (dy,,

dy;, dyz, dyp_p2, die_12), in order to compare its effective
interaction parameters with those for Sr, VO3 H.
348 242 242 244 271
242 327 236 267 232
U =1242 236 327 238 262|, (B4l)
244 267 238 333 236
271 232 262 236 349
1595 1431 1431 1422 15.04
1431 15.19 1397 1447 14.09
Ukt =114.31 13.97 1519 13.89 14.66 |,
1422 1447 13.89 15.13 14.04
15.04 14.09 14.66 14.04 15.98
(B42)
348 045 045 044 0.37
045 327 044 030 049
JFT=1045 044 327 043 036/, (B43)
044 030 043 333 054
0.37 049 036 0.54 3.49
1595 059 059 057 043
059 15.19 057 033 0.67
Jhe=1059 057 1519 057 042
0.57 033 057 1513 0.79
043 0.67 042 079 1598
(B44)

scro__
U,2g =

5. Sr,VO;:H

2.51
1.78
1.63

14.93

U = [ 13.91

ser __
I =

bare __
e =

13.38

2.51
0.43
0.39

14.93
0.57
0.53

1.78
2.84
1.78

13.91
15.25
13.59

0.43

1.63
1.78
2.46

13.38
13.59
14.26

0.39

284 041],

0.41

0.57
15.25
0.55

2.46

0.53
0.55
14.26

’

(B45)

, (B46)

(B47)

(B48)

For the d model in Sr,VOsH, the orbital index runs as (dx,,
dyz, dyz, dyp_p2, d3p2_12), where hydrogen atoms are aligned

along the x direction.

3.60
2.72
2.58
2.75
2.67

15.20
14.14
13.49
14.32
13.48

scr __
U =

bare __
Uu;* =

3.60
0.46
0.42
0.43
0.31

15.20
0.58
0.54
0.57
0.37

scr __
Jd _—

bare __
Jd

2.72
3.70
2.64
3.11
2.42

14.14
15.49
13.68
15.03
13.12

0.46
3.70
0.43
0.32
0.45

0.58
15.49
0.56
0.34
0.60
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