
ar
X

iv
:1

40
8.

34
45

v1
  [

co
nd

-m
at

.s
up

r-
co

n]
  1

4 
A

ug
 2

01
4

Dielectric Response of Electron-doped Ionic Superconductor Li
x
ZrNCl

Antia S. Botana1 and Warren E. Pickett1

1Department of Physics, University of California, Davis, CA 95616, USA

(Dated: August 18, 2014)

When electron doped, the layered transition metal nitrides T NCl (T = group IVB transition metal
ion) become impressive superconductors with critical temperature Tc= 15-26K. Here we take the
most studied member, ZrNCl, as a representative and calculate the dielectric response ǫ(ω) versus
frequency and concentration of doped electronic carriers. The static dielectric constant ǫ∞=5 is
reproduced extremely well. We establish that the differences between rigid band modeling and
virtual crystal treatment are small, and compare also with actual lithium doping using supercells.
We obtain the variations upon changing the doping level of the reflectivity and energy loss function
as well, many of which are found not to be correlated with the observed (non)variation of Tc(x).
The main plasmon peaks appear where the electron gas model suggests, in the range 1.2-2.0 eV for
x varying from 0.16 to 0.50.

PACS numbers: 74.25.Gz, 77.22.-d, 31.15.E-

I. INTRODUCTION AND BACKGROUND

Superconductivity in doped quasi-two-
dimensional compounds or at surfaces has been a
focus of interest of the community since the work
of Ginzburg,1,2 and has gained fevered activity
after the discovery of the strong dependence of the
critical temperature (Tc) upon intercalation of the
transition metal dichalcogenides and the discovery
of high Tc in 2D cuprates. The way in which doping
of 2D layers modifies the electronic behavior of a
compound giving rise to superconductivity greatly
depends on the specific system. In copper oxides
there is a magnetic insulator to strange metal
transition that completely modifies the electronic
structure. However, in bismuthates and in electron-
doped nitridochloride AxT NCl superconductors
(where T is a group IVB transition metal Ti, Zr,
Hf) there is only Pauli paramagnetic behavior. The
cause of superconductivity in this latter class of
materials remains unknown, with neither spin nor
conventional phonons being responsible for their
superconducting behavior, as we discuss below.3

The superconductivity in transition metal nitri-
dochlorides (with maximum Tc = 17, 15, 26 K for
Ti, Zr, Hf respectively) emerges when the insulating
parent compounds are electron-doped.4–6 To clarify
the mechanism of superconductivity an understand-
ing of the electronic behavior is crucial because only
then can the key issue of electron pairing be ad-
dressed. Electron doping in the metal nitride double
honeycomb planes, as shown in Fig. 1, is achieved by
intercalation of alkali ions into the van der Waals gap
between Cl layers. Large organic molecules may also
be included.7–9 However, the origin of the high Tc

remains unknown, as the characteristics of this class
of superconductors are unique. There is a low DOS
at the Fermi level and a weak electron phonon cou-

FIG. 1: Crystal structure of ZrNCl (left) and the doped
compound Li0.5ZrNCl (right). Zr atoms are blue, N red,
Cl green and Li yellow.

pling has been suggested both experimentally10,11

and theoretically.12,13

There are several unusual characteristics that
make the AxT NCl class of superconductors unique.
First, and an aspect that is not usually emphasized,
they are extremely bad conductors, with reported
residual resistivity (T→0) of 103−105 µΩ cm.4,7–9,14

In some cases the temperature dependence crosses
from metallic to semiconducting and weak localiza-
tion behavior arises just above Tc. Second, except
near the critical concentration xcr where the insu-
lator to metal transition occurs,10 Tc is almost in-
dependent of the doping level x whereas the Fermi
level DOS undergoes a change as doping is increased.
Specifically, there is no superconducting dome, and
the constancy of Tc continues well into the region
where the density of states at the calculated Fermi
level N(EF ) increases sharply, as the T ion d states
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other than the in-plane dxy, dx2
−y2 orbitals begin to

be filled.15 Thirdly, there is one property that corre-
lates strongly with Tc: the separation of the T N bi-
layers along the z direction. For the Hf and Zr coun-
terparts, from the minimum separation, at small Li
intercalation, Tc increases sharply by ≈30% before
leveling off and remaining nearly constant up to the
largest separations that have been achieved (∼ 20
Å), by introducing large molecules along with the
dopant metal atoms.7,8 Thus the superconductivity
in these systems is truly 2D.

The very “bad conductor” aspect can be clarified
by trying to apply conventional Fermi liquid metal-
lic formalism. Interpreting the residual resistivity
ρ◦ = 4π/Ω2

pτ ∼ 104 µΩ cm gives, with in-plane
~Ωp ≈ 3 eV, ~/τ ∼ 10 eV, corresponding to a totally
washed out band structure. Putting τ together with
the Fermi velocity vF ≈ 108 cm/s leads to a mean
free path (l= 2π/∆k) that implies the Brillouin zone
(BZ) would be completely wiped out. This analysis
indicates the transport is not metallic, and an al-
ternative picture is needed to understand electronic
behavior.

Takano et al., on the other hand, use the mea-
sured superconducting coherence length ξ, the BCS
relation for ξ0, and the phenomenological relation
ξ−1= ξ−1

0 + l−1 to infer values of l∼ 10 nm for
their samples.14 In any case, the lack of consis-
tency in these interpretations indicates problems
with Fermi liquid theory for transport. This con-
clusion gains support from the recent report from
91Zr and 15N NMR studies16, which finds pseudo-
gap character typical of non-Fermi liquid phases in
the 0.06≤x≤0.10 regime. This is the regime where
enhanced susceptibility is reported;17 curiously, the
NMR data show no evidence of enhanced spin fluc-
tuations on the verge of the superconductor to in-
sulator transition, causing difficulties for applying
a model of pairing by this mechanism. Kuroki pro-
posed that the high Tc in doped Hf/ZrNCl is a char-
acteristic feature of the spin fluctuation-mediated
superconductivity in a honeycomb lattice.18

Superconductivity emerges in this system from a
very badly conducting state. Jaramillo et al.19 have
proposed that a strong interaction that can shift
spectral weight over a large energy scale is necessary
for bad metal conductivity. In the case of rare-earth
nickelates, this strong interaction happens between
lattice distortions and Ni-O covalence, but its origin
may vary depending on the system (and nickelates
do not superconduct). The question of whether this
explanation may apply to the bad conductivity in
AxT NCl superconductors and if so, what the driv-
ing interaction might be, is still open.

There is no local moment behavior, so the elec-
tronic state and the pairing mechanism are very dif-

ferent from the high temperature superconducting
cuprates and Fe-based materials. Based on the stan-
dard Landau Fermi liquid (metallic) viewpoint, the
electron-phonon coupling has been calculated to be
clearly too weak to account for the observed val-
ues of Tc.

12,13 From density functional theory (DFT)
based calculations for Li-doped ZrNCl, Tc of only 5
K is obtained, using a typical value of the Coulomb
pseudopotential for a normal metal µ∗= 0.1.12 A
suggestion was made by Yin et al.20 that a differ-
ent exchange-correlation functional, the hybrid (part
unscreened exchange) functional, is more appropri-
ate for this class of doped insulators. They found
that the additional exchange potential increases the
shifts of certain bands due to selected frozen phonon
modes, giving them an enhanced electron-phonon
coupling. However, a full calculation was not car-
ried out. In any case, whichever functional is chosen,
it seems apparent from the observed resistivity that
LixZrNCl has no transport Fermi surface at all, or
very few mobile carriers, or both.

The N isotope shift of Tc seems to be non-zero
but is so small as to be very discouraging for any
lattice mechanism relying on N displacements.21,22

The density functional theory for superconduc-
tors (SCDFT)23 has been shown to reproduce the
observed Tc of a selection of phonon-mediated
superconductors.24–26 This approach differs largely
in the DFT-based treatment of the Coulomb in-
teraction. When SCDFT was applied to T NCl
superconductors,15 a Tc of only 4.3 K and 10.5 K
was obtained for the Zr and Hf counterparts, re-
spectively. In addition, Tc increases with increasing
doping level in clear contrast to the experimental
results. In LixZrNCl, an enhancement of Tc with a
reduction in the carrier density in the low doping
regime towards the metal-insulator transition has
been observed.10

Several works have tried to consider the origin
of pairing in strongly layered superconductors be-
yond the standard Migdal-Eliashberg ansatz. Bill et
al.27,28 have considered that the dynamical screen-
ing of the Coulomb interaction is essentially different
in layered structures, and built a model that pro-
vides for an additional contribution to the pairing
from dynamical electronic screening and low energy
plasmons, which leads to a drastic enhancement of
Tc in T NCl superconductors. We also mention the
work of Pashitskii and Pentegov29 that has included
classes of vertex corrections within the picture of a
plasmon mechanism of pairing.

To elucidate the electronic behavior and help to
understand the origin of the unique properties of this
class, we analyze the dependence of the dielectric re-
sponse on frequency and concentration for LixZrNCl
calculated within the random phase approximation
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from the Kohn Sham band structure. This treat-
ment is consistent with the Landau Fermi liquid
picture which as we have noted is quite suspect for
transport but may yet apply for higher energy exci-
tations.

The paper is organized as follows. After describ-
ing the computational methods and crystal struc-
ture in Sections II and III, we revisit the electronic
structure of the pristine compound and LixZrNCl
(x = 0.16, 0.25 and 0.50), analyzed using supercells
to reproduce the desired doping levels (Section IV).
The obtained electronic structure of the doped com-
pounds is then contrasted to that obtained using the
virtual crystal approximation (VCA). In Section V,
the dielectric response versus frequency and concen-
tration is discussed. Differences in the dielectric be-
havior do not correlate with doping in the observed
variation of Tc(x) suggesting that pairing based on
the electronic overscreening is not a viable picture.

II. STRUCTURE

Although the compound β-ZrNCl has been known
since the 60‘s, its crystal structure was for some
time under debate.30–32 We have used the structures
determined by x-ray diffraction on single crystals31

that confirmed the results obtained by others using
neutron powder diffraction.33

The structure of the insulating parent compound
β-ZrNCl is shown in the left panel of Fig. 1. The
central structural units are double honeycomb layers
of ZrN sandwiched between two Cl layers leading to
a neutral ZrNCl unit. Adjacent ZrN layers are ro-
tated such that a short Zr-N interlayer bond exists.
Each Zr atom is bonded to four neighboring N, three
belonging to the same ZrN layer and one to the adja-
cent layer. The bonding between the ZrNCl units is
of a weak van der Waals type, allowing intercalation
by alkali ions and also by large organic molecules.
Neighboring Zr2N3Cl2 slabs are shifted relative to
each other, resulting in a rhombohedral space group
R3̄M .

Upon Li doping, the dopants occupy a high sym-
metry site (3a) within the van der Waals gap be-
tween two Cl layers (see right panel of Fig. 1).
As there is one such 3a site per bilayer, full occu-
pancy corresponds to a doping level of x =0.5. The
space group is not changed but the shift between
neighboring bilayers is altered in such a manner that
the stacking sequence is changed from ABC to ACB
upon Li intercalation (see Fig. 1).

III. COMPUTATIONAL METHODS

Tc does not change for the range x = 0.16 to 0.50
so this is the doping range we will focus on, per-
forming calculations for x = 0.16, 0.25 and 0.5.17

The different doping levels have been achieved in
two different ways: (i) constructing supercells from
the structural data for Li0.21ZrNCl (full occupancy
of the 3a site) introducing Li vacancies to reach the
desired doping level (for x = 0.16, 3 × 2 × 1, for
x= 0.25, 2 × 2 × 1), (ii) using virtual crystal ap-
proximation (VCA) to avoid the use of supercells.
In this case an artificial doping is achieved changing
the electron count to the desired level to account for
a certain doping. A doping level of 0.16 would cor-
respond to 1/3 occupation of the Li site and 0.25 to
1/2. Two models can be used: without Li, but with
1/2(1/3) electrons per unit cell added to simulate the
Li doping of 0.25(0.16) starting from the structure of
ZrNCl or with one Li per unit cell (full occupancy)
but removing 2/3(1/2) electrons to reach the same
doping levels of 0.16(0.25).12

The electronic structure calculations were per-
formed with the WIEN2k code,34,35 based on den-
sity functional theory36,37 (DFT) utilizing the aug-
mented plane wave plus local orbitals method
(APW+lo).38 All structures were fully relaxed us-
ing the generalized gradient approximation (GGA)
PBE scheme39 and the lattice parameters were opti-
mized within the same scheme. The lattice parame-
ters used in the calculations for the doped compound
were a = 3.60 Å and c = 27.83 Å; for the undoped
compound, a = 3.59 Å and c = 27.67 Å.

The calculations were well converged with respect
to the k-mesh and RmtKmax. RmtKmax= 7.0 was
chosen for all the calculations. Selected muffin tin
radii were the following: 2.07 a.u. for Li, 2.42 for
Cl, 2.00 for Zr and 1.72 a.u. for N.

The optical properties were obtained using the op-
tic code implemented within WIEN2k. The theo-
retical background is described in detail in Ref. 40.
The calculation of optical properties requires a dense
mesh of eigenvalues and the corresponding eigenvec-
tors (up to 10000 k points were used for LixZrNCl).

The program optic generates the symmetrized
squared momentum matrix elements between all
band combinations for each k-point, then it carries
out the BZ integration. The interband and the in-
traband contributions to the imaginary part of the
dielectric tensor are discussed separately in Section
V. The Kramers-Kronig transform real component
can be computed allowing the evaluation of the op-
tical conductivity, loss function, and reflectivity.40
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FIG. 2: Top panels. Band structure along high symme-
try direction with band character emphasized, for ZrNCl.
Left Zr 3d, right N 2p character, is highlighted. The size
of the symbols is proportional to the Zr or N character
of the corresponding eigenfunction. Bottom panel: three
dimensional isocontour plot of the charge density for
the ZrN bilayer obtained using the Xcrysden package.41

The nearly spherical density obtained for both Zr and N
atoms reflects that substantial Zr 3d character is mixed
into the occupied N 2p bands, somewhat reducing the
ionic character from nominal values.

IV. ELECTRONIC STRUCTURE, WITH

ZRNCL AS THE PROTOTYPE

A. Undoped ZrNCl

The electronic structure of ZrNCl, with filled N
2p and Cl 2p bands and empty Zr 3d bands, is
well characterized by the formal ionic description
Zr4+N3−Cl1−. Zr-N covalency is however substan-
tial, so ZrNCl is quite different from a purely ionic
insulator. In Fig. 2 the band structure with band
character plot for Zr and N atoms is shown. The
band gap value for the parent compound determined
experimentally is 2.5 eV,42 the one derived within
GGA is 1.7 eV. The conduction band is dominated
by empty Zr-d states above the gap. The kz disper-
sion along Γ − A in the undoped compound, which
is comparable to in-plane dispersion, is due to the
small interlayer distance. This dispersion will disap-
pear when Li is placed between the (ZrNCl)2 slabs,
thereby separating the layers and practically elimi-

nating overlap between them.
The Cl and N states are mixed in the valence band

region, though at the top of the valence band N
states dominate. The lowest lying conduction bands
(at K) are formed precisely from the Zr dxy, dx2

−y2

orbitals, and the bands just below the gap are N
px, py states.43 With 3-fold in-plane coordination,
N px, py orbitals should be thought analogously to
the sp2 orbitals in graphene. Likewise, the Zr d or-
bitals should be pictured in terms of 3-fold symme-
try adapted orbitals, for both pairs (dx2

−y2 ,dxy) and
(dxz, dyz). However, isovalent TiNCl with Tc=17 K
has an orthorhombic structure,44 so it seems clear
that the honeycomb structure of ZrNCl and HfNCl
does not play a specific role in the occurrence of
high temperature superconductivity in this materi-
als class.
The electron carriers go into states largely on

Zr, with lobes of maximum charge pointing between

neighboring N ions, as the crystal field picture would
suggest. The density on the N ions, according to the
same picture is oriented directly at the positive Zr
ions. The Zr-N hybridization is best characterized
as antibonding.13 The dxz,dyz and dz2 orbitals lie
successively higher in energy.

B. LixZrNCl supercells

The band structures for LixZrNCl x= 0.16, 0.25
(using supercells) and x= 0.50 are shown in Fig. 3.
Neither the structural changes nor the occupation of
the Li site seem to alter significantly the shape of the
lowest conduction band except to greatly decrease kz
dispersion due to separation of the constituent lay-
ers. The differences that are visible can be ascribed
to supercell effects arising from the (artificial) peri-
odicity.
The densities of states (DOS) for the various dop-

ing levels are shown in Fig. 4 with the zero of en-
ergy set at the bottom of the conduction band. The
lowest band is characterized by a small density of
states at the Fermi level and a small effective mass
as shown in Fig. 4 (N(EF )= 0.34 states/eV f.u cor-
responds to an effective mass m∗=0.66 m).12 The
Fermi level (dashed lines) for the two lowest dop-
ing levels (x= 0.16 and 0.25) lies within this band
with low DOS. For x = 0.5, states other than the
lowest in-plane dx2

−y2+dxy begin to be filled with
correspondingly higher N(EF ). The valence band-
widths reported experimentally are 6.1 for the par-
ent compound and 7.0 for Li0.25ZrNCl,

42 underesti-
mated (which is not uncommon) by calculations per-
formed using GGA. The DOS gives a clearer view of
the fact that, upon electron doping, except for a shift
in the chemical potential, the change in position of
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FIG. 3: Band structure of LixZrNCl. From left to right x= 0.16, 0.25 (supercells) and 0.50 (not supercell).
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FIG. 4: Total DOS for ZrNCl and LixZrNCl with in-
creasing x (from top to bottom). The zero energy is set
at the bottom of the conduction band. The Fermi level
is marked with a dashed line. Note that the DOS at the
top of the valence band changes, i.e. it is not rigid band
like.

EF for higher doping levels, and some changes in the
first peak in the DOS appearing at about 1 eV above
the bottom of the conduction band, it remains un-
changed. In the valence band region, bigger changes
take place, the DOS at the top of the valence band
changes not being only a rigid-band like shift. This
difference should be irrelevant to superconductivity
though.

The specific heat (Cv ) jump at Tc is a measure
of N(0) (and the density of pairs that are formed).
The observed extremely bad metallic character sug-
gests that only a very small density of pairs may be
formed at Tc. In BCS or Eliashberg-type materials,

∆Cv = 2-3 γTc, where γ is the specific heat γ pro-
portional to N(0) γ= 2/3(1+λ)π2k2BN(0). From the
experimentally determined γ= 1.1 mJ/molK2 using
N(0) = 0.19 − 0.26 states/(eV spin f.u) a λ ≤ 0.22
has been obtained by Iwasa et al.11,45 This value
belongs to the weak coupling regime and will never
produce any finite value of Tc once the Coulomb
pseudopotential µ∗= 0.10-0.15 is included.

C. LixZrNCl within VCA

Given the impressive superconductivity in this
system and the uncertain nature of the pairing mech-
anism, it is important to quantify the effect on the
electronic structure of including Li explicitly, and
on the method of doing so. This aspect of charge
rearrangement due to doping was found to be sur-
prisingly large46 in (Al,Mg)CuO2, another layered
transition metal compound. We have evaluated the
electronic structure of LixZrNCl within VCA using
two alternative strategies: removing electrons from
the stoichiometric structure of Li0.5ZrNCl (one f.u.
is Li(ZrNCl)2) and adding electrons from ZrNCl.12

We find that actual occupation of the Li site does
not alter the band structure in any significant way,
with carrier doping occurring in a rigid band fashion
as has been assumed in all previous works both the-
oretical (band structure calculations)12 and experi-
mental (optical reflectivity measurements).47 For the
lowest doping levels studied electrons will fill only
the same single band with minimum at K with Zr-
(dx2

−y2 ,dxy) character using both VCA methods.
For x= 0.5, some out of plane d-states start be-
ing occupied as shown in the previous section. In
Na-doped ZrNCl and HfNCl, photoemission spec-
troscopy studies48,49 have shown non-rigid like be-
havior against theoretical predictions.13 The behav-
ior appears as spectral weight shifts, whereas peak
centroids remain rigid-band like.

The similarity of the electronic structures in the
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vicinity of the Fermi energy for empty and full occu-
pation of the Li shows that, as far as the electronic
properties are concerned, the Li atoms simply act as
donators of electrons to the ZrN bilayers, which can
justify a simpler doping study using VCA instead of
the more computationally demanding use of super-
cells.

D. Electron density plots for LixZrNCl

In Fig. 5 we show a three dimensional (3D) isocon-
tour plot of the doped electron density for each non
zero value of k (from only the conduction bands) as
well as a contour plot in a plane lying within one ZrN
layer. The density at small doping was earlier char-
acterized as Zr dx2

−y2 , dxy and N px, py character.13

For x = 0.16 and 0.25, the 3D plot demonstrates that
this characterization is incomplete, because the lobes
on Zr lie alternately above and below its equatorial
plane. Thus there is significant dxz, dyz mixture due
to structural asymmetries. The contour plots con-
firm that the maxima around the Zr atoms are ori-
ented between, rather than towards, the nearby N
anions, a simple crystal field effect.
For x = 0.5 new bands contribute to the density

(see Fig. 4) which is reflected in a dramatic re-
orientation of the high density lobes being directed
towards N, with formation of a more bonding-like
structure between Zr and N. This substantial change
is not reflected in superconducting behavior how-
ever, as Tc is observed to depend hardly at all on
the doping level in the range we have considered.7

V. DIELECTRIC RESPONSE OF LIxZRNCL

For the symmetry of LixZrNCl the dielectric ten-
sor is diagonal with only in-plane xx and perpen-
dicular zz components. For simplicity, and be-
cause electronic structure differences between super-
cell and VCA calculations are small, we present cal-
culations using VCA and the primitive cell to eval-
uate the imaginary part of the q=0 dielectric ten-
sor within the random phase approximation (RPA).
The calculation takes the usual expression requir-
ing the band energies and momentum matrix el-
ements between Kohn-Sham wavefunctions.40,50,51

For x≥ 0, we focus on the results obtained from
VCA calculations in which electrons are removed
from Li0.5ZrNCl.
We have performed calculations for the polariza-

tion parallel to the ZrN planes and also for the per-
pendicular polarization to study anisotropy and dis-
criminate the contribution of the ZrN planes making
possible to identify the excitations in the ZrN plane

FIG. 5: Left panels: contour plots for LixZrNCl for in-
creasing values of x = 0.16, 0.25 and 0.50 from top to
bottom. The plane of the figure lies between Zr and
N layers, which are only roughly coplanar. Right pan-
els: the corresponding three dimensional isocontour plot
of the electron density obtained using Xcrysden.41 The
blue and pink spheres represent Zr and N respectively.

and to further characterize the electronic structure
of that plane for the respective doping level.

A. Handling of the Intraband Part

Without considering scattering, the intraband
part is a δ-function at ω=0 with strength given by
the Drude plasma frequency Ωp obtained from the
Fermi surface average density of states and velocity
~vk averages

Ω2
p,αα = 4πe2N(0)v2F,α. (1)

Considering that electrons are always interacting,
with electrons, with phonons, and with defects, a
lifetime broadening γ is introduced, leading to the
form

ǫintra2,αα (ω) =
γΩ2

p,αα

ω(ω2 + γ2)
(2)

6



with Kramers-Kronig transform

ǫintra1,αα (ω) = 1−
Ω2

p,αα

ω2 + γ2
(3)

from the combined expression

ǫintraαα (ω) = 1−
Ω2

p,αα

ω2 + γ2
(1− i

γ

ω
) = 1−

Ω2
p,αα

ω(ω + iγ)
.

The imaginary part retains the ω →0 divergence of a
metal. Given no relevant experimental information,
we have used γ = 0.1 eV throughout, corresponding
to a relaxation time τ ≈ 7× 10−15 s.
The calculated plasma frequencies in eV for the

x= 0.21 structure (interlayer distance= 9.28 Å) are

x = 0.16 Ωp,xx = 2.97, Ωpl,zz = 0.70

x = 0.25 Ωp,xx = 3.14, Ωpl,zz = 0.68

x = 0.50 Ωp,xx = 2.80, Ωpl,zz = 0.71 (4)

The first two values of Ωp,xx are roughly consis-
tent with a constant DOS with initial doping and
vF ∝ kF ∝

√
x for a 2D system, as

√
x increases

only from 0.4 to 0.5. For x=0.50, the Fermi level
has moved into additional bands and the values of
the plasma frequency cannot be estimated. The con-
stancy of the values of Ωp,zz is consistent with the
interlayer spacings which do not vary much with the
Li content. They will however decrease drastically
when large organic molecules are intercalated with
the Li, separating the layers considerably and in-
creasing Tc in the process. The Li intercalation ap-
pears to enhance hopping along the c axis. For the
undoped compound with an interlayer distance of
9.22 Å (with electrons added to simulate the desired
doping level) the zz values can drop by an order of
magnitude or more:

x = 0.16 Ωp,xx = 2.41, Ωpl,zz = 0.03 (5)

x = 0.25 Ωp,xx = 2.91, Ωpl,zz = 0.06 (6)

B. Dielectric Tensor

Fig. 6 shows the calculated dependence of the
real and imaginary part of both components of the
dielectric function for the pristine compound as well
as for LixZrNCl (x= 0.16, 0.25, and 0.50). For un-
doped ZrNCl the experimental value47 of the static
dielectric constant is ǫ1,xx=5. From the calculated
electronic structure we obtain an almost identical
value. The dielectric function is featureless until the
energy reaches the gap. Above the onset transitions
from N 2p valence bands to Zr 3d conduction bands
give rise to structure. Structures appear in ǫ1,xx
and ǫ2,xx at energies in agreement with structures

seen in reflectivity measurements (see more discus-
sion below). In ǫ1,zz and ǫ2,zz the response is similar
with structure appearing at higher energies (above
3.5 eV).
As mentioned above, for x> 0, we focus on ǫ(ω)

obtained from VCA calculations in which electrons
are removed from Li0.5ZrNCl (shown in Fig. 6). In
every case the optical spectrum can be divided in
two regions: a lower energy range where peaks ap-
pear at 1-2 eV linked to interband transitions within
the conduction bands occupied by doped-in carriers,
and a higher energy range from 3 eV onwards that
includes valence-conduction transitions.
In-plane polarization. Superconductivity in this

system is clearly associated with the 2D Zr-N bi-
layer alone as discussed in the Introduction, so we
discuss first the xx component. The contribution
from doped carriers appears in the 0.7-1.4 eV region,
where there is mild interband structure in ǫ2,xx for
x=0.16 and 0.25. For x=0.50, a dramatic change
arises due to new interband transitions from the in-
plane dx2

−y2 , dxy states to orbitals with more out-
of-plane character. The changes in both ǫ2 and ǫ1
are dramatic. However, with no noticeable change
in superconductivity in this region of doping x, we
conclude there is no impact of this change on super-
conductivity. Doping does not make any significant
change in the spectrum above 3 eV as shown in Fig.
6: the changes at higher energy are more regular
and understandable from the different level of band
filling.
Perpendicular polarization. The strong anisotropy

– difference between ǫxx and ǫzz – reflects the strong
dependence on the momentum matrix elements on
the orbitals that are involved. In ǫ2,zz a peak at 1
eV for x=0.16 shifts towards higher energies with
increasing x. At x=0.50 additional strong weight
appears in the 2-3 eV range. There is an accom-
panying change in the structures observed in ǫ1,zz.
These alter somewhat the crossings ǫ1,zz = 0 and
affect the loss function, which we return to below.
The region above 3 eV is altered from its behavior
at x=0 but without any evident importance.

C. Reflectivity spectrum

Iwasa et al. reported optical reflectivity measure-
ments on LixZrNCl,

47 for x = 0 and 0.37 with the
polarization parallel to the ZrN planes. We have
evaluated the reflectivity from the surface boundary
condition expression and compared it with the avail-
able experimental results.

Rαα =

∣

∣

∣

∣

√
ǫαα − 1

√
ǫαα + 1

∣

∣

∣

∣

2

(7)
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FIG. 6: Comparison of the real (ǫ1(ω), bottom panels) and imaginary (ǫ2(ω), top panels) parts of the dielectric
function, for pristine ZrNCl and for LixZrNCl (x= 0.16, 0.25 and 0.50).

In experiments, for the insulating compound, the
reflectivity decreases slowly with decreasing photon
energy in the energy region 0.1-3 eV reflecting its
band insulator nature. Prominent peaks appear
above 3 eV due to N 2p – Zr 4d interband transi-
tions with characteristic structures at 3.7, 5.0 and
5.7 eV. In the infrared region below 0.1 eV three
peak structures due to the optical phonon modes ap-
pear. According to lattice dynamics calculations52

four IR-active phonon modes have been proposed
(20, 33, and 65 meV) – two A modes (displacements
along the c-axis) and two E modes (along the ab
plane).

Fig.7 shows the optical reflectivity spectra (for
both in plane and perpendicular component) of
LixZrNCl calculated for our chosen doping level.

The behavior for xx polarization is in agreement
with the experiment reported by Iwasa et al. for
the undoped and doped compounds.47 For the insu-
lating compound, the reflectivity shows the similar
behavior for both polarizations, with interband tran-
sitions appearing in Rzz at higher energy (∼4 eV)
than in Rxx (∼3 eV) due to matrix element effects,
consistent with the description of ǫ(ω).

For the doped compounds the Drude-like plasma
edge appears upon doping (Fig. 7) as expected for
a metal. Metallic reflection already appears below 1
eV for x= 0.16. As the Li doping level is increased,

0 1 2 3 4 5 6

0.0

0.5

1.0

E(eV)

R
xx

0.16
0.25 0.5

ZrNCl

0 1 2 3 4 5 6
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1.0
0.25

0.5

E(eV)

0.16

R
zz

FIG. 7: Doping evolution of the in plane and out of
plane components of the optical reflectivity for LixZrNCl
(x = 0.16, 0.25 and 0.50). The curve for the pristine
compound is also shown.
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the plasma edge in the reflectivity spectrum shifts
towards higher energies for the xx component. The
reflectivity edge is sharpened for lower doping levels
and the reflectivity below the edge rapidly increases.
The behavior is again different at the higher doping
level studied due to the above mentioned additional
interband transitions from the in-plane to the out of
plane orbitals.

For Rzz another plasma edge appears at around
0.2 eV being independent of doping level (in this
range). We discuss in the following subsection
that this invariance is because this edge is purely
intraband-derived (whereas that in xx polarization
is affected by interband transitions) and the corre-
sponding Drude plasma energies do not vary with
doping level. Rzz contains similar structure in the
1-2 eV range but it is much sharper and also shifted
towards higher energies as the doping level is in-
creased.

The behavior found for LixZrNCl can be con-
trasted with what is observed in systems such as
cuprates or Fe-pnictides where also the accumulated
data on the normal-state properties seem anoma-
lous in many aspects suggesting an unconventional
metallic state is developed. The proximity to a mag-
netic ground state Fe-pnictides and cuprates makes
difficult the direct comparison with non-magnetic
AxT NCl superconductors in any case.

For undoped insulating La2CuO4
53,54, with a

charge-transfer energy gap of about 2 eV, the spec-
trum at low energies is very anisotropic and domi-
nated by excitations in the CuO2 plane with an edge
in the xx spectrum appearing at 1 eV indicating the
metallic state along CuO2 planes. In the zz reflec-
tivity no structure corresponding to the 1 eV edge
is found. In LixZrNCl this is not the case as we
have seen in the previous description. When substi-
tuting La by Sr (La2−xSrxCuO4), the spectrum for
the polarization perpendicular to the planes does not
change substantially in contrast LixZrNCl: it is still
featureless (typical of an insulator) in the low energy
region with the optical phonons dominating even
for superconducting compositions. However, drastic
changes happen in the spectrum with polarization
parallel to the planes where an edge in the reflectiv-
ity appears. It is not of the usual Drude type but
composed of two contributions: a Drude-like narrow
one peaked at ω=0 and a broad continuum centered
in the mid-infrared region. The plasma edge in the
reflectivity spectrum stays at almost the same posi-
tion owing to the formation of an in-gap state in the
charge transfer gap with doping and is not shifted as
the doping level varies as happens in LixZrNCl.

53–55

Infrared reflectivity measurements on several 122
Fe-pnictides56 also revealed complex features in the
xx component of the reflectivity with two elec-
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FIG. 8: Doping evolution of the in plane (above) and out
of plane (below) components of the energy loss function
of LixZrNCl (x = 0.16, 0.25 and 0.50). Note the decrease
in intensity (smaller and narrower peaks) of the plasmon
for out of plane polarization.

tronic subsystems existing. The one gapped due
to the spin-density-wave transition in the parent
materials such as Eu(Fe)2As2 is responsible for su-
perconductivity in the doped compounds such as
Ba(Fe0.92Co0.08)2As2, Ba(Fe0.95Ni0.08)2As2. The
second subsystem gives rise to incoherent back-
ground, present in all 122 compounds, which is ba-
sically temperature independent but affected by the
superconducting transition.

D. Energy loss spectrum

The energy loss function

Lαα(ω) = −Imǫ−1
αα(ω) =

ǫ2,αα(ω)

ǫ22,αα(ω) + ǫ21,αα(ω)
(8)

is a characteristic response function that can be mea-
sured directly, and provides the spectrum energy loss
processes. A primary interest is in the collective
plasmon peaks and how much they are broadened by
interband processes, and the interband losses them-
selves. Peaks occur where ǫ2 is small and ǫ1 passes
through zero. Or returning to the reflectivity spec-
tra, the appearance of a reflectivity edge indicates
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the presence of a peak in the loss function.
In an ideal 2D interacting electron gas, the plas-

mon behaves as ωp(q) ∝ √
q, hence giving no con-

tribution at q=0. Doped ZrNCl however comprises
a periodic superlattice of 2D layers, and in such
multilayer systems the long range of the Coulomb
interaction (across layers, independent of any elec-
tronic hopping) pushes the q=0 plasmon to finite
frequency57 followed by a spectrum at higher fre-
quencies.
The RPA results for L(ω) for LixZrNCl are dis-

played in Fig. 8. The in-plane (xx) spectrum is dom-
inated by rather well defined plasmon peaks centered
at 1.2, 1.5, and 2.0 eV for x=0.16, 0.25, 0.50 respec-
tively. The x=0.50 spectrum is again not quite as
simple as those for smaller x, containing a small peak
at 0.7 eV and continuing energy loss out to the main
peak, and a further structure around 4 eV.
The perpendicular (zz) loss function is different,

partly reflecting the large impact of matrix elements
that depend strongly on the directionality of the or-
bitals that are involved in the transition, and also
representing different physics. The main plasmon
peaks lie at 1.2, 1.5, and 1.8 eV respectively, all lying
at roughly the same energy as for xx polarization.
They are however much narrower, with full widths
at half maximum of 0.1 eV or less. In addition, for
each level of doping there is a low energy loss peak
around 0.2 eV with larger width. This peak arises
from the plasma edge linked to intraband transitions
appearing at the same energy in Rzz . The highest
doping level x=0.5 shows additional interband losses
in the 2-3 eV region arising from occupation of the
narrower 2nd and 3rd Zr 4d bands.

VI. DISCUSSION

We have studied the q=0 dielectric response of
insulating and doped ZrNCl in connection with
its impressive superconductivity of uncertain origin.
Screening in a layered electron gas as a possible ori-
gin of pairing has considerable history. The work by
Bill et al. was discussed in the Introduction, and
Pashitskii and Pentegov29 have elaborated on some
aspects of the plasmon mechanism of pairing. For
the layered homogeneous electron gas, the plasmon
at ~q →0 lies at

ω2
p = 4πe2

n/c

m∗ǫ∞
(9)

ωp ≈ 2.7
√
x eV

for parameters appropriate to ZrNCl: m∗=0.6,
ǫ∞=5, c=10Å. Here n is the 2D density of carri-
ers per unit area. The values are 1.1 eV, 1.4 eV, and

1.9 eV for x=0.16, 0.25, 0.50 respectively, which are
very similar to our computed values 1.2 eV, 1.5 eV,
and 2.0 eV that can be seen in Fig. 8. Note that if
the cell spacing c is doubled ωp decreases by 21/2;
such an increase is observed to result in an increase
Tc by 30%. At this spacing and at the critical con-
centration xcr=0.06, ωp ∼ 0.5 eV.

Formulation of a realistic superconducting gap
equation and hence Tc is a daunting task. Atwal
and Ashcroft built a model appropriate for polariza-
tion waves of semicore electrons and estimated that
Tc of a few tens of kelvins could result.58 The model
of Bill et al.28 was adapted to doped HfNCl, conclud-
ing that Tc = 25K could readily be obtained with
realistic parameters. With their version of approx-
imating the plasmon pairing kernel, Pashitskii and
Pentegov29 found a very strong dependence on car-
rier concentration (unlike observations in the metal
nitridochloride system) and could reach Tc ∼ 150K.

Without building specific models and in the con-
text of increasing Tc in several classes of one-, two-,
and three-layered cuprates, Leggett focused on the
Coulomb interaction energy, first within an isolated
two-dimensional electron gas, and then on the inter-
action between such layers. He argued59 that the
gain in Coulomb interaction energy upon entering
the superconducting state is greater for several lay-
ers versus a single layer. His approach also predicted
a majority of the effect to be from small-q screening
(long distance interaction).

What remains in the dynamics of these doped
metal nitridochlorides (beyond the full q-dependence
of ǫ(q, ω)) is the background of vibrating, highly
charged ions in materials like lightly doped ZrNCl.
This dynamics is implicated in the very bad metal
behavior of resistivity discussed in the Introduc-
tion. Born effective charges have been reported for
ZrNCl,12 with the Zr4+ having a BEC of +2.7 in-
plane, N3− of -2.0 and Cl1− of -0.7. A significant
anisotropy is found (the out of plane BEC are 1.1,
-0.7 and -0.5 for Zr4+, N3−, and Cl1−, respectively)
due to the layered structure of the system. For a
similar layered ionic insulator BaHfN2, the Hf

4+ ion
has a BEC of +4.5 in-plane, with N3− values up to
-4.5 and Ba2+ a BEC around +3.60

There will be strong Coulomb coupling between
these vibrating ions and the low density two dimen-
sional electron gas, possibly giving rise to polaronic
behavior near or below the critical doping level of
0.06. There is a large literature on modeling po-
larons and on bipolaronic mechanisms of pairing.
However, specific treatments are needed: there are
many cases of doped layered ionic insulators, but
only this one class of excellent superconductors with
Tc ∼ 15-26K.
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VII. SUMMARY

We have studied the q=0 dielectric response of
insulating and Li-doped ZrNCl in connection with
its impressive superconductivity of unknown ori-
gin. We have revisited the electronic structure of
LixZrNCl, establishing that the differences between
rigid band modeling and virtual crystal treatment
are small, and comparing the results also with ac-
tual lithium doping using supercells. We have ana-
lyzed the dependence of the dielectric response with
frequency and doping level, reproducing the exper-
imental static dielectric constant ǫ∞=5 extremely
well. In the reflectivity spectra the appearance of a
Drude plasma edge demonstrates the transition from
a band insulator to a metal upon Li-intercalation.
In the energy loss function, the main plasmon peaks
appear where the electron gas model suggests they

should, in the range 1.2-2.0 eV for x varying from
0.16 to 0.50. The variations upon changing the dop-
ing level found in our calculations of the reflectiv-
ity and energy loss function are not correlated with
the observed experimental (non)variation of Tc(x),
providing useful data in the search for the pairing
mechanism in this class of superconductors. Specif-
ically, pairing based on straightforward electronic
overscreening is not supported by our results.
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