2401.15302v1 [cond-mat.mtrl-sci] 27 Jan 2024

arxXiv

On the origin of metal-insulator transitions in the parent compounds of
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We study the interplay of the structural phase transition, flat electronic band dispersion, and
metal-to-insulator transition (MIT) in the parent compounds of the Ru-pnictide superconductors
by using first-principles calculations. Our electron and phonon calculations reveal that Ru(P,As)
undergo MIT accompanied by orthorhombic to monoclinic distortion at low temperature, but RuSb
stays orthorhombic and metallic in agreement with the experimental findings. We find that although
small monoclinic distortion can remove the van Hove singularity at the Fermi level, it does not
immediately gap out the Fermi surface and a large value of monoclinic distortion is necessary for
a clear MIT suggesting the possibility of an intermediate pseudogapped monoclinic metallic phase.
Furthermore, we predict a light-induced two-step insulator-to-metal and structural transitions in the
monoclinic phases of RuP and RuAs, which can be tested in future ultrafast pump-probe experiments

as an alternative ideal play ground to VOsa.

Introduction.—Understanding the origin of supercon-
ductivity and its interplay with charge-density-wave
(CDW) instability, band topology, and metal-to-insulator
transition (MIT) continues to be an important problem
in condensed matter physics [1-3]. The discoveries of
high-temperature superconductivity and many compet-
ing phases in layered copper oxides [4, 5] and iron pnic-
tides (FePn) [6-9] have triggered numerous investigations
to find superconductivity in similar materials such as lay-
ered nickelates [10-12] and pnictides [13-15] for possible
hints on the mechanism of high-temperature supercon-
ductivity and its relationship with the interplay of the
charge, spin, orbital, and lattice degrees of freedom. To
discern this complex interplay via light-induced transient
phase transition is of particular interest due to recent ad-
vancements in ultrafast measurements [16-18]; however,
it turns out to be highly challenging to even understand
the light-induced MIT and melting of CDW in VO, es-
pecially concerning the emergence of the instantaneous
monoclinic metallic phase [19-24]. Here, we show that
the recently discovered ruthenium-pnictide (RuPn) fam-
ily of superconductors Ru;_;Rh,As, Ru;_,Rh,P, and
RuSb near a CDW-driven MIT [25-30] provides an al-
ternative ideal play ground.

RuPn (Pn=P, As, Sb) materials crystallize in the
MnP-type orthorhombic structure with space group of
Pnma (no. 62) at high temperature. Upon cooling, two
successive MITs have been reported for Ru(P,As). At
the first transition temperature T3, these two materials
undergo metal to pseudo-gap (PG) phase transition and
at Ty, there is a transition to the non-magnetic mono-
clinic insulating phase. The presence of the PG feature
and dome-shaped superconductivity upon doping is rem-
iniscent of the behavior of FePn [31-33] and cuprate su-
perconductors [34-36]. In addition, recently Koch et al.
reported the observation of fluctuating local Ru-trimers
well above T7 in synchrotron x-ray total scattering mea-

surements [37]. This finding, in contrast to VOy where
no such evidence of high-temperature fluctuating local
V-dimers are present [38], might facilitate the emergence
of the much debated instantaneous monoclinic metallic
phase in pump-probe experiments as well as could shed
light on the PG behaviour. RuSb, on the other hand,
stays metallic with no structural phase transition and
is superconducting without doping. Unexpectedly, ex-
periments have indicated higher density of states at the
Fermi level in RuSb; hence the finding of monoclincity in
RuP and RuAs appears to contradict the common notion
that higher DOS drives instability [25]. Therefore, it is
important to thoroughly investigate the electronic struc-
ture, the driving mechanism for the CDW transition and
its relation to the MIT in these family of materials. As
Ru lies one row below Fe in the periodic table, RuPn and
FePn could share similar properties; one the other hand,
the 4d valence electronic states in RuPn are expected to
be less localized and less magnetic than the 3d states in
FePn, making RuPn more tractable theoretically.

In this letter, we perform a systematic study of the
electronic bands, phonon bands, and electron-lattice cou-
pling in Ru(P,As,Sb) materials using first-principles cal-
culations in order to understand the origin of metal-to-
insulator transition. We find that the high temperature
orthorhombic phase of these systems hosts symmetry-
enforced multiple Dirac band crossings and multi-fold
band degeneracies in the vicinity of the Fermi level. For
RuP and RuAs, the symmetry-enforced degenerate flat
bands are present right at the Fermi level giving rise to
the van Hove singularity whereas the bands are less flat
and shifted away from the Fermi level for RuSb. The
monoclinic distorted phases in Ru(P,As) are energetically
favorable compared to the orthorhombic phase whereas
RuSb prefers orthorhombicity which is consistent with
experiments. Furthermore, we predict a light-induced
two-step insulator-to-metal and structural transitions in
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FIG. 1. (a) and (b) Crystal structure of the Ru-pnictides
for orthorhombic and monoclinic phases, respectively, shown
from different perspectives (see text for details). (c¢) and (d)
Density of states plot for RuP and RuAs showing comparison
between the orthorhombic and monoclinic phases. The inset
plots show DOS in +0.5 eV window around the Fermi level.

the monoclinic phases of RuP and RuAs—with an in-
termediate monoclinic metallic phase—which can be at-
tested in future ultrafast pump-probe experiments as an
alternative ideal play ground to VOs.

Crystal structure and lattice relaxation.—Fig. 1(a) and
(b) shows the crystal structure of Ru-pnictides in both
orthorhombic and monoclinic distorted phase. Above T7,
the system crystallizes in an orthorhombic Pnma space
group with 4 formula units in an unit cell. The Ru-atoms
are surrounded by 6 Pn-atoms in a distorted octahe-
dral environment with face-sharing octahedra along the
aortho-direction and edge-sharing ones along the b iho-
direction and bce-plane. A zig-zag chain of nearest neigh-
bour (nn) Ru-atoms runs along the a-direction. In addi-
tion, the next nn and third nn Ru-atoms form a triangu-
lar lattice in the be-plane. Below Th, P and As members
of the family undergo orthorhombic to monoclinic distor-
tion. The unit cell triples both along the orthorhombic c-
direction and in the ab-plane thereby increasing the num-
ber of atoms in the monoclinic unit cell by 9 times. The
transformation matrix that maps from orthorhombic to
monoclinic unit cell is given by Viuono = MVortho Where,
V’s are the lattice vectors for the monoclinic and or-
thorhombic unit cells nciteCommentCrystalConvention

1 20
and M = |—1 1 0] . The monoclinic distorted phase is
0 03
characterized by trimerization along the bg¢ho-direction
consisting of two short (S, S2) and one long (L) bonds in
the order —LS;S5LS1SoL—. Such trimerization results
in tightly bound Rug clusters or hexamers. In addition to
the trimerization and hexamerization, the zig-zag chain
along a, thodirection has a weak modulation of the bond
distances with a period of 6.

Fig. 1 (¢) and (d) shows the density of states compar-
ison between the orthorhombic and monoclinic distorted
phase for both RuP and RuAs obtained from Density
Functional Theory (DFT) calculation. The orthorhom-
bic phases show peak DOS at the Fermi level thereby
signalling the presence of lattice instability. As we will
see below, such peak DOS arises from the presence of
Ru-dg, derived flat bands at the Fermi level. The fully
relaxed monoclinic distorted phases correctly reproduces
the insulating phase for both systems with gap-size com-
parable to the experimental findings which is ~ 100 meV
for RuP [28, 37, 39], in agreement with a recent DFT
study of RuP [30], and ~ 30 meV for RuAs [40]. In con-
trast, the experimentally refined lattice parameters fail to
show the gap opening in both systems within DFT cal-
culations despite using different flavors of exchange cor-
relation functional [37, 40]. It is indeed incredible that
the relaxed structures can reproduce the gap-sizes cor-
rectly despite the well-known issue of underestimation of
gap-size in plain LDA/GGA calculations, in sharp con-
trast to the DFT studies of VO, which remains metallic
in the LDA/GGA and requires additional cares of elec-
tronic correlation to become an insulator [41-44]. We
attribute the difference to the general expectation that
the 4d valence electronic states in RuPn are less local-
ized and less magnetic than the 3d states in VO, making
RuPn more tractable in DFT.

The lattice parameters and energy differences for var-
ious orthorhombic and monoclinic phases obtained from
the DFT calculations are shown in Table S1 of Supple-
mentary Material [45]. For RuP and RuAs, the DFT
relaxed monoclinic phases are lower in energy compared
to the orthorhombic phases which is consistent with the
fact that the systems prefer monoclinic distortion at low
temperature. For RuSb, our calculation finds that the
system prefers the orthorhombic phase even when the re-
laxation with large monoclinic distortion was attempted.
Our results from phonon calculation which is discussed
below are consistent with the above findings thereby uni-
fying our discussion. The DFT relaxed lattice parame-
ters and unit-cell volume obtained using GGA exchange-
correlation functional are consistently larger than the ex-
perimental values due to the well-known delocalization
problem resulting in the overestimation of the lattice
paramaters in GGA. The LDA calculations, on the other
hand, show decrease in the unit-cell volume due to the
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FIG. 2. Comparison of the electronic band structure, Fermi surface and phonon band dispersion between the orthorhombic
phases of RuP and RuSb. Red (blue) lines in panels (a) and (e) are obtained with (without) the inclusion of SOC. Panels (b) and
(f) show Ru-d band character plots in a small window around the flat bands with the following color convention: black (day),
red (d,2), green (d,2_,2), blue (d..), and yellow (dy.). (c) and (f) show Fermi surface plots. The red-green (blue-magenta)
colors show the hole (electron) Fermi surface pieces. (d) and (h) show the phonon band dispersion. The colors denote the
weight of the normal mode atomic displacements along the crystallographic aor¢ho (red), Bortho (green) and Cortno (blue) direction
for Ru-atoms. Black color shows the weight of pnictogen atoms.

well-known overestimation of the binding energy prob-
lem [46]. Despite the opposite trends in the structural
optimization, both functionals correctly reproduces the
MIT.

Electronic bands, Fermi surface and phonon disper-
sion.—Fig. 2 presents the electronic bands and Fermi sur-
face plots for RuP and RuSb in the orthorhombic phase.
Similar plots for RuAs are presented in the SM [45]. RuP
and RuAs share similar electronic structure with degen-
erate flat dispersion close to the Fermi level, however the
bands are less flat and slightly downshifted for RuSb.
The presence of such flat dispersion gives rise to the van
Hove singularity right at the Fermi level. The flat bands
are derived mainly from Ru-d,, and Ru-d,2 orbitals [47].
The effect of spin-orbit coupling (SOC) is small; its main
role being lifting of the degeneracy of the band cross-
ings throughout the spectrum. However, the flat band
and peak DOS remains intact [see DOS comparison with
and without SOC in SM]. Hence, in the following, we
will present the results in the absence of the SOC. Note
that the presence of non-symmorphic symmetry gives rise
to band degeneracies and band crossing along different
high symmetry directions. Some of the band crossings
are topological in the sense that they are unavoidable
and protected by symmetries. Such phenomena of “band
sticking” has been studied in detail in other systems be-
longing to the same space group [48, 49].

Figs. 2(c) and (f) show the Fermi surface plots for RuP
and RuSb, respectively. The F'S of RuP consists of a large
corrugated cylinder-like electron pocket at the BZ center
and small dispersionless hole F'S sheets at the BZ bound-
ary. RuAs shows similar FS topology. However, the FS
of RuSb has more structure; the electron FS at the BZ

center is smaller and more elliptical, whereas the hole FS
covers a much larger volume with a complicated topol-
ogy. The nesting property of the FS will be investigated
in the subsequent sections.

Figs. 2(d) and (h) present the phonon dispersion for
RuP and RuSb along high symmetry direction. For RuP,
there is a clear separation of the phonon modes; the low
lying modes correspond to the Ru-atom displacement and
high-energy modes are from the lighter P atoms. How-
ever, such distinction is less clear in RuAs and becomes
even more fuzzy for RuSb owing to the larger mass of
pnictogens. Consistent with our conclusions from the
lattice relaxation calculations and experimental findings,
we find that orthorhombic phases of RuP and RuAs give
imaginary phonon frequencies (soft modes) signalling dy-
namical lattice instability. We find four soft phonon
modes with Ru-displacements mainly along the zig-zag
direction (boytho). The soft mode at T high symmetry
point introduces dimerization between Ru-atoms in the
zig-zag direction and is more likely to be the driver of
the lattice instability. RuSb, on the contrary, does not
show such imaginary phonon modes confirming that it’s
orthorhombic phase is stable at low temperature.

In order to understand more about the potential driv-
ing factors for the CDW instability, we first assess the
role of the Fermi surface nesting (FSN) by calculating
the real and imaginary part of the bare charge suscepti-
bility within constant matrix approximation [50, 51] [see
SM for definition]. The CDW vectors in the orthorhom-
bic basis are q = (4, %,0) and (0,0, 1). Hence, if FSN
is the driving mechanism for the CDW transition, peaks
are expected in both the real and imaginary parts of the

susceptibility at these g-values [51, 52] which correspond
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FIG. 3. Evolution of the electronic structure as a function of the monoclinic distortion (z). (a-d) Unfolded band dispersion

of the monoclinic phases of RuP. (e-h) & (i-1) Unfolded RuP

Fermi surface on the k;-k. plane for k, = 0.0 and 0.5 planes (in

units of 27/b), respectively. The intensity shows the spectral weights. (m) Total energy cost per formula unit for RuP and

RuAs. The dashed lines are quadratic fits to the energy. (n)
have monoclinic distortion. See text for details.

to the I'-S, I'-Z and I'-R directions. However, we find
that the peak position of the real and imaginary parts of
charge susceptibility has no correspondence to the CDW
vector which excludes FSN as the driving force for the
CDW transition (see Fig. S2 in SM [45]). The other
possible mechanism for CDW transition is the electron-
phonon coupling (EPC) effect. For this, we compared
the relative strength of the electron-phonon coupling con-
stant for RuP and RuSb. As orthorhombic phase of
RuP gives imaginary phonon modes, this creates prob-
lem while calculating coupling constant. However, we
were able to stabilize the orthorhombic phase by means
of electronic smearing [see Fig.S4 in SM [45]]; such elec-
tronically smeared orthorhombic phases can give an es-
timate of the strength of the EPC parameter A [53, 54].
For RuP, we estimate A to be ~ 1.2, whereas for RuSb,
we find A to be less than 1. This hints that EPC could be
responsible for the CDW instability in RuP and RuAs.

Band gap and DOS at the Fermi level. All phases, except =0,

Monoclinic distortion.— To explore the relationship
between the monoclinic distortion and MIT, we study
the evolution of the electronic structure and total energy
cost as a function of the strength of the monoclinic dis-
tortion by linearly combination of the orthorhombic and
monoclinic phases in the ratio of (1 — z) and z, respec-
tively. Figs. 3(a-d) and (e-1) show the unfolded band
structure and Fermi surface plots, respectively, in the
BZ of the orthorhombic unit cell, for various values of .
The folded band structure in the BZ of the monoclinic
unit cell along with the orbital character is presented in
the SM [45]. We find that the flat bands do not imme-
diately gap-out; instead there is rather a large critical
value of monoclinic distortion after which the flat bands
open gap. The initial reaction of the system to the mon-
oclinic distortion is to gap-out the I'-centered electron
Fermi surface [Figs. 3(e-h)] rather than gapping out the
flat bands located on the k, = 0.5 plane and the flat
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bands undergo massive reconstruction. At z = 0.5, the
FS gaps out completely at k, = 0 plane but does not
gap out at k, = 0.5 plane showing pseudo-gap like fea-
ture. The DOS at the Fermi surface [Fig. 3(f)] keeps
decreasing when monoclinic distortion increases with a
noticeable sharp drop at the value of distortion when the
flat bands gap-out. The total energy gain as a function
of z [Fig. 3(f)] confirms that the system favors mono-
clinic distortion. In addition, we find that closer to the
insulating phase (x > 0.4), quadratic equation of form
E(x) ~ f%ngr %kxz, where ¢g and k denote the electron-
lattice (e-l) and lattice-lattice (I-]) coupling, respectively,
yields excellent fit to the data points, suggesting that e-/
coupling stabilizes the monoclinic phase [55]. From the
fits, we find the value of g and k to be of similar order
for RuP and RuAs.

Ultrafast laser induced MIT—Owing to the small
band-gap in the monoclinic phases of RuP and RuAs, it
is plausible to induce insulator-to-metal transition (IMT)
in these systems under ultra-fast laser irradiation simi-
lar to VO3 [19-24]. In order to mimic the lattice re-
sponse of the system to the ultrafast high energy high
fluence pump, we performed DFT lattice relaxation cal-
culations at several values of electronic temperatures (7¢)
and studied the variation of the atomic coordinates as
a function of T, [20, 21, 56]. We found that a nomi-
nal T, of ~ 0.1 eV is sufficient to induce insulator to
metal transition in RuAs whereas for RuP, the critical
T, is ~ 0.15 eV owing to its slightly larger band-gap.
In Fig. 4, we show the variation of the bond distances
and bond angles along the trimerization direction as a
function of T, for RuP and RuAs. The trimer bond dis-

tances and bond angles decrease monotonically with T,
and finally reach the non-trimerized phase for larger val-
ues of T,. However, the IMT happens well before the
system reaches the non-trimerized phase, i.e., the mono-
clinic insulating phase can enter the monoclinic metallic
phase—similar to what has been reported in Ref. [22] on
VO,—with less than 10% decrease in the trimerization
bond distance and bond angle. This is consistent with
the results from linear interpolation which shows simi-
lar behavior [Fig. 3(n)]. It will be interesting to verify
this prediction of two-step light-induced IMT in future
ultrafast pump-probe experiments.

In summary, we perform a systematic study of the elec-
tron, phonon, and electron-lattice interplay in the par-
ent compounds of RuPn superconductors using first-
principles calculations. Our calculations reveal a direct
correlation between the coexistence of the flat-bands,
CDW instability and MIT in this family. The electron
and phonon calculations find that RuP and RuAs mem-
bers of the family host flat bands at the Fermi surface and
undergo monoclinic distortion at lower temperature ac-
companied by MIT, whereas RuSb remains orthorhombic
and metallic at low temperature which is in agreement
with the experimental observation. We predict a two-
step insulator to metal and structural phase transition
in the monoclinic phases of RuP and RuAs which can
be attested in future ultrafast experiments.In addition,
it will be interesting in the future to study the stability
of the monoclinic phases of RuP and RuAs and the pos-
sible emergence of monoclinicility in RuSb by means of
small external perturbations like pressure, chemical sub-
stitution, etc.
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