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Transition metal chloronitrides represent a class of layered compounds, which after intercalation, become
superconductors with 7,.’s up to 25.5 K. We present a theoretical investigation of the phonon dispersions and
electron-phonon coupling for the undoped and Li-doped ZrNCl, which is one prominent representative of this
class of materials. The calculations are based on density functional perturbation theory in the framework of the
mixed-basis pseudopotential method. For the undoped parent compound B-ZrNCl, we are able to identify all
structures in the measured phonon-density of states. For the doped system, the partial occupation of the Li site
is treated by an artificial doping approach. Doping partially fills a quasi-2D conduction band and gives rise to
almost cylindrical Fermi surfaces around the zone boundary K point. The doping induced electron-phonon
coupling is also very 2D-like and exhibits a strong momentum-dependent renormalization involving selective
phonon modes of in-plane vibrations of Zr and N. Although there is a larger coupling to the higher-frequency
N vibrations, the average coupling constant is only =~0.5. Within the standard Eliashberg analysis in the dirty
limit, the calculated electron-phonon coupling is too weak to explain the observed 7. Our results point to the
need for a more accurate treatment of the Coulomb screening effects in these highly anisotropic layered

superconductors.
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I. INTRODUCTION

The transition metal chloronitrides MNCIl (M =Zr, Hf)
constitute an interesting class of layered compounds, which
have attracted much attention due to the discovery of super-
conductivity with unexpectedly high transition temperatures
of 15 K for M=Zr and even up to 25.5 K for M =Hf after
intercalation with alkali-metal atoms (Li, Na, K).!> The par-
ent compounds SB-MNCI are semiconductors with an optic
band gap of 3 to 4 eV.? Their crystal structure consists of
hexagonal M-N bilayers sandwiched on either side by Cl
layers. Each neutral unit (MNCI), is only weakly bound to
neighboring units by a van der Waals-like interaction. Simi-
lar to graphite, this weak interlayer coupling allows interca-
lation with alkaline elements (Li, Na, K) into the van der
Waals gap between two Cl layers, which donates electrons to
the MN bilayers rendering them metallic. The doping con-
centration can be varied over a wide range up to 1.4 alkaline
atoms per MNCI formula unit.? Recently, electron doping of
the bilayers was also achieved by deintercalation of some of
the chlorine atoms.* In addition, the distance between neigh-
boring (MNCI), units can be significantly increased by coint-
ercalation with organic molecules like THF (tetrahydrofu-
ran). By this technique, one can achieve more than a
doubling of the interlayer separation, as, e.g., for ZrNCI,
from 9.2 A to 22.4 A3 Thus, in this class of layered com-
pounds, one has good experimental control of two important
parameters, the doping level and the interlayer separation,
opening the way for a detailed study of their influence on the
superconducting properties.

Several electronic structure studies with ab initio methods
have been devoted to this class of materials.”® With one
exception,® they all find a two-dimensional electronic struc-
ture, with significant covalency in the bonding between N 2p
states and transition metal d states. The undoped compound
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is a band insulator with an indirect band gap of 1.5 to 2.5
eV.>? Virtual crystal studies support the idea that each dopant
gives away one electron which goes into a conduction band
of N p—M d character’® with a large bandwidth of =1.5 eV,
suggesting that correlation effects should be weak. In addi-
tion, the calculated Fermi level density of states is found to
be small (0.74 states per eV for Na,, ,sHfNCI). A comparable
value has been deduced from measurements of the Pauli sus-
ceptibility on cointercalated HfNCI.'°

Studies on Li,ZrNCl have shown that the supercon-
ducting transition temperature exhibits a peculiar doping
dependence. Superconductivity is observed for x>0.13
with T.=~15 K. Up to x=0.5, T, hardly changes, while for
x>0.5, T, drops monotonously to 10 K for x=1.4.3 A quali-
tatively similar doping dependence has been observed for the
HfNCI compound.? Furthermore, T, seems to be almost in-
sensitive to a change in the interlayer distance.® These find-
ings suggest that superconductivity is mainly determined by
the properties of an individual MN bilayer. This picture is
consistent with NMR and uSR experiments, which found
large anisotropies of the penetration depth and coherence
length in the superconducting state,''~!3 and is supported by
"Li and *CI-NMR measurements on doped HfNCI, which
both indicated negligible Fermi-level density of states at the
Li and ClI sites, respectively.!"!3

The identification of the electron-phonon coupling as re-
sponsible for the pairing in the 40 K superconductor MgB,
has proven that in principle phonons can mediate supercon-
ductivity with such a high T, value under favorable condi-
tions. In the case of MgB,, the main ingredient was the
strong coupling of electronic states at the Fermi surface to a
high-frequency optic B mode. In MNCI, the presence of light
N atoms suggested a similar mechanism. Neutron scattering
measurements of the phonon density-of-states'® and Raman
investigations'®!” identified optic N vibrations in the fre-
quency range of 50 to 90 meV, which is comparable to the B
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frequencies in MgB,. However, no doping-induced softening
of these optic modes was observed which would indicate a
strong electron-phonon coupling. A recent measurement of
the N-isotope coefficient for doped HfNCI gave a surpris-
ingly small value of 0.07.'* Attempts to get an estimate for
the average electron-phonon coupling constant A from ex-
periments have also led to conflicting results. On the one
hand, from a high-pressure study on Raman modes of CI-
deficient ZrNCI and of doped HfNCI a very large coupling of
N=~3 was deduced.'® On the other hand, the recent analysis
of specific heat data for Li-doped ZrNCI suggested a very
small value of A=0.22.!° These contradictions seem to indi-
cate a breakdown of the standard dirty-limit analysis for
these layered compounds.

Until now there has been only one attempt to theoretically
characterize the strength of the electron-phonon coupling. It
was based on the calculation of the Hopfield parameters for
Nag ,sHfNCI using the Gaspari-Gyorffy approximation and
resulted in values of the coupling strength which were one
order of magnitude smaller than typically found for binary
superconductors with similar 7. This finding increased
doubts that the conventional phonon mechanism is not strong
enough to explain the observed 7. and raised the question
about alternative pairing mechanism in these layered com-
pounds. As correlation or magnetic pairing mechanism are
not very likely, focus has been made on the possible impor-
tance of the long-range Coulomb interaction in these layered
materials. In 2D systems, the screening of the Coulomb in-
teraction significantly differs to those of 3D metals. The re-
duced dimensionality gives rise to low-frequency collective
modes of the electron system (acoustic plasmons). The pos-
sibility of plasmon-mediated pairing in 2D has been investi-
gated in the past.2%?! In a more realistic model adequate for
layered conductors, Bill and coworkers investigated the
possibility that the dynamical effects due to this modified
screening can cooperate with the phonon coupling, and
found a significant enhancement of the pairing interaction
due to the contribution of low-frequency plasmons.?>?3

This paper is devoted to a detailed theoretical investiga-
tion of the lattice dynamics and electron-phonon coupling in
undoped and Li-doped ZrNCI. The prime goal is to provide
reliable information on the phonon dynamics, and an accu-
rate calculation of the electron-phonon interaction using first
principles electronic structure methods.

The paper is organized as follows. In Sec. II, details of the
applied calculational scheme are outlined. Section III intro-
duces the various structural models and discusses the prop-
erties of their electronic structure. The lattice dynamics of
both undoped and doped compounds are discussed in Sec.
IV. This is followed in Sec. V by an analysis of the electron-
phonon interaction, while Sec. VI is devoted to concluding
remarks and a summary of the main results.

II. CALCULATIONAL DETAILS

The present calculations of the lattice dynamics and
electron-phonon coupling are performed using the linear re-
sponse technique in combination with the mixed-basis
pseudopotential method.?* The pseudopotential for Zr was
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constructed according to the description of Bachelet, Ha-
mann, and Schliiter,?® while for N, Cl, and Li, Vanderbilt-
type pseudopotentials were created.”® For the Li pseudopo-
tential, partial core corrections were taken into account. The
Zr and N pseudopotentials have been already used in previ-
ous studies.?’?® The mixed-basis scheme uses a combination
of local functions and plane waves for the representation of
the valence states,??-? which allows for an efficient treatment
of the fairly deep d potential for Zr and p potentials for
N and CIl. We employed s- and p-type local functions for
each N and CI site, and p- and d-type for each Zr site.
Supplementary plane waves were taken into account up to a
kinetic energy of 22 Ry. The local-density approximation
using the Hedin-Lundqvist form of the exchange-correlation
functional®' was used.

The integration of the rhombohedral Brillouin zone (BZ)
has been performed using the smearing technique® with a
Gaussian broadening of 0.2 eV and hexagonal k-point
meshes following the scheme of Moreno and Soler.?? Suffi-
cient convergence of the ground state and phonon calcula-
tions were achieved with a hexagonal 12X 12X 2 mesh cor-
responding to 96 k points in the irreducible wedge of the BZ
(IBZ). Phonon dispersions are obtained by standard Fourier
interpolation®*3> from the dynamical matrices calculated on
a hexagonal 6 X6 X2 grid (32 points in the IBZ). For the
analysis of the electron-phonon coupling, a much denser
k-point mesh (hexagonal 36 X 36X 2 or 722 points in IBZ)
was necessary to obtain sufficiently converged results.

III. STRUCTURAL MODELS AND ELECTRONIC
PROPERTIES

Although the compounds SB-ZrNCl and B-HfNCI have
been known since 1964, their crystal structures have been
long under debate, but are now clarified by recent powder
neutron diffraction experiments®’* and confirmed by x-ray
diffraction studies on single crystals.*>*! It was found that
B-HINCI is isostructural to B-ZrNCl, and that doping by
alkaline elements leads to the same structural changes for
both compounds. Therefore, in the following we will only
consider Li,ZrNCl for definiteness.

The structure of the insulating parent compound f-
ZrNCl is shown in Fig. 1(a). The central structural units are
bilayers of ZrN. Each ZrN layer consists of two intercon-
nected honeycomb lattices, which are slightly buckled. Ad-
jacent ZrN layers are shifted such that a short Zr-N interlayer
bond exists. Therefore, each Zr (N) is bonded to four neigh-
boring N (Zr), three belonging to the same ZrN layer and one
to the adjacent one. Each bilayer is sandwiched between two
Cl layers leading to a neutral (ZrNCl), unit. The bonding
between these neutral units (ZrNCl), is of a weak van der
Waals type. Neighboring units are shifted relative to each
other, resulting in a rhombohedral structure (space group

R3m), with a bilayer stacking period of three original hex-
agonal unit cells. In the present calculations for undoped
[B-ZrNCl, the stacking sequence was chosen according to the
structural data of Shamoto et al.*” Each primitive unit cell
contains two formula units.
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FIG. 1. (Color online) Crystal structures of (a) S-ZrNCI and (b)
LigsZINCI (Ref. 48).

On Li doping, the dopants occupy a high symmetry site
(6¢) within the van der Waals gap between two CI layers [see
Fig. 1(b)]. The space group is not changed, but the shift
between neighboring bilayers is altered, which can be de-
scribed formally by an exchange of Zr and N. As there is one
such 6¢ site per bilayer, full occupancy corresponds to a
doping level of x=0.5.

Experimentally, intercalation with Li could be obtained
with standard techniques only up to a doping level of
x=0.16. Higher doping concentrations require the cointerca-
lation with organic molecules, which significantly increases
the interbilayer distance. However, the 7. does not change
for the range x=0.16 to 0.5.3
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Therefore, in the present study we were concentrating on
the doping level x=1/6, corresponding to 1/3 occupation of
the Li site. To avoid the use of supercells, we took the fol-
lowing approach. An artificial doping is achieved by adjust-
ing the Fermi level until the desired electron count is
reached. Charge neutrality in the unit cell is restored by a
compensating background charge. The electron charge den-
sity is obtained self-consistently. Our starting point is the
geometry of Li ,ZrNCI as obtained by Shamoto et al.’’ To
verify the applicability of this procedure, we are comparing
two model structures:

(A) Without Li, but with 1/3 electrons per unit cell added
to simulate Li doping with x=1/6. The structure differs to
the structure of B8-ZrNCl by a different stacking sequence of
the (ZrNCl), units.

(B) One Li per unit cell (full occupancy), but with 2/3
electrons per unit cell removed to reach the same doping
level of x=1/6.

Thus both structures correspond to a doping level of
x=1/6. Comparing them allows us to address the question to
what extent the Li dopants can be considered to merely act as
donors without significant influence on the electronic prop-
erties and the electron-phonon coupling.

All structures were fully relaxed with respect to their
three internal structural parameters. For 8-ZrNCl both lattice
parameters were optimized. In the case of the doped systems,
only the in-plane lattice constants have been optimized,
while ¢ was kept at the experimental value of Lij ;4ZrNC1.3’
Results of the structural optimization are given in Table I.
The optimized internal structural parameters agree reason-
ably well with the experimental observations. In all cases, we
found a slight expansion of the lattice constants, with a maxi-
mum of 3.5% for the doped structure A. This deviation is,
however, still in the range of variations typically found for
LDA calculations.

Results of the band structures for the optimized geom-
etries of B-ZrNCl and the two doped model structures A and
B are shown in Fig. 2. As the electronic structure exhibits a
large degree of two-dimensionality, there is a close similarity
to the hexagonal symmetry of a single bilayer. Figure 3 vi-
sualizes the path I'-F-Z'-T" within the x—y plane.

The two-dimensional character of the band structure is
exemplified for B-ZrNCl [Fig. 2(a)]. It is most pronounced

TABLE 1. Structural parameters of Li,ZrNCL

x a (A) c (A) cla 7 (Zr) z (N) z (C1)

0 This work 3.6629 28.101 7.6718 0.1190 0.1978 0.3884

Expt.? 3.5974 27.548 7.6578 0.1208 0.1984 0.3876

Expt.b 3.6046 27.672 7.6769 0.1192 0.1977 0.3878

Expt.¢ 3.6039 27.672 7.6783 0.1194 0.2039 0.3868

1/6 This work, model A 3.7277 (27.694) 7.4292 0.2126 0.1341 0.3889
This work, model B 3.6862 (27.694) 7.5129 0.2118 0.1329 0.3831

Expt.? 3.6016 27.694 7.6894 0.2076 0.1307 0.3883

EXpt.d 3.591 27.839 7.7524 0.2126 0.1362 0.3885

4T=4 K, neutron powder diffraction, Ref. 37.
bT=298 K, x-ray single crystal diffraction, Ref. 40.
‘T=298 K, x-ray powder diffraction, Ref. 6.

dx=0.2(1), T=298 K, x-ray single crystal diffraction, Ref. 41.
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FIG. 2. Band structures for the
optimized geometries of B-ZrNCI
(a) and of the Li-doped model

structures A (b) and B (c). The

line I'-F-Z'-I" describes the path
within the k,=0 plane of the
rhombohedral Brillouin zone as
defined in Fig. 3. The line
Z-L-7Z'-Z is the corresponding

Energy (eV)

path obtained by a shift along the
rhombohedral axis (k,=37/c).

for the low-lying conduction bands, while some valence
bands show small dispersion in ¢ direction. The lowest con-
duction band possesses its minimum at the K point, leading
to an indirect band gap of 1.6 eV.

FIG. 3. (Color online) Cut through the rhombohedral Brillouin
zone in the k,=0 plane. K and M are not true special points of the
rhombohedral BZ, but denote high-symmetry points of the hexago-
nal BZ of a single bilayer. Z’ is equivalent to the point 2/3Z, where
Z=(0,0,37/c) denotes the BZ boundary along the rhombohedral
axis. Similarly, F' corresponds to the point M+2/3 Z. For a true
hexagonal structure, F and M, as well as I and Z’, would have been
equivalent.

As illustrated in Figs. 2(b) and 2(c), neither the structural
changes due to the different stacking, nor the occupation of
the Li site alter significantly the shape of the lowest conduc-
tion band. For not too large doping levels, electrons will fill
only this single band. The Fermi surface consists of cylinders
centered at the K points. Its cross section is a triangularly
deformed circle with a radius anisotropy of =~ 10%. The di-
mensions of the Fermi surface are very similar for the two
calculations for models A and B. The band is characterized
by a rather small density of states at £ and a small effective
mass m". For model A, we find N(E;)=0.337 states per (eV
spin cell) and m"=0.66 m. In the case of full Li site occu-
pancy (model B), the band dispersion is slightly steeper,
which results in a reduction of N(Ey) and of m" by =~ 10%.
All these findings are in agreement with previous electronic
structure calculations.>’~?

The similarity of the electronic structures in the vicinity
of the Fermi energy for empty and full occupation of the Li
site (models A and B, respectively) demonstrates that as far
as the electronic properties are concerned the Li atoms
merely act as donators of electron to the ZrN bilayers, which
justifies the artificial doping approach adopted in this work.
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TABLE II. Raman active phonons of Li,ZrNCI. The frequencies are given in cm™".

PHYSICAL REVIEW B 72, 134527 (2005)

1

; AV A A0 ) g g0
0 This work 182 312 564 114 171 620
Expt.2 187 326 590 123 179 604
Expt.® 191 331 591 128 184 605

Theory® 202 334 586
1/6 This work, model A 186 303 565 116 169 599
This work, model B 217 296 548 131 165 633
Expt.? 188 322 582 123 178 608

2Adelmann et al., Ref. 16.
bCros et al., Ref. 17.
‘Weht et al., Ref. 7.

IV. LATTICE DYNAMICS
A. Undoped compound S-ZrNCl

The optic modes of B-ZrNCl at the BZ center can be
decomposed into six Raman active modes (3Ag+3Eg) and
four infrared active (IR) modes (24,,+2E,). The calculated
frequencies of Raman modes are collected in Table II and
compared with available experimental data. Deviations to
measured frequencies are of the order of 5%.

For the insulating compound 3-ZrNCl, a complete char-
acterization of its lattice dynamics requires knowledge of the
dielectric tensor €,; and Born effective charge tensors
Z;B( k) for each ion k, which determine the non-analytic con-
tribution to the dynamical matrix in the limit g — 0.3*35 We
extracted the nonanalytic part from calculations for ¢ points
close to the center of the BZ along different directions in
reciprocal space. In this way, all matrix elements of the di-
electric and Born effective charge tensors can be determine_d
except for a single scale factor because only ratios Z*/\€”
enter the expression for the dynamical matrix.

For the rhombohedral lattice, the dielectric tensor is diag-
onal and has only two independent elements, €, =€, and €.
Independent elements of the Born effective charge tensors
are shown in Table III. We find a significant anisotropy
€./€.=2.02 as well as large anisotropies in the dynamical
polarizabilities for both Zr and N, which reflect the very
anisotropic screening properties due to the layered structure.

The frequencies of the IR modes are given in Table IV.
The largest LO/TO splitting is observed for the high-energy
E, mode, which corresponds to an in-phase motion of the N
sublattice against the Zr sublattice within the basal plane.
Experimentally, only two of the IR frequencies have been
determined. Our calculations suggest that the frequency ob-

TABLE III. Theoretical values for the independent components
of the screened Born-effective charge tensor ZZB(K)/ Ve for each
atom type k.

Component Zr N Cl
XX 2.69 -2.03 -0.66
22 1.14 -0.68 -0.46

served at 529 cm™! should be assigned to the E, mode rather
than to the A,, mode.

The generalized phonon density of states (GDOS) of
B-ZtINCl has been measured by inelastic neutron
scattering.'® This quantity provides a good test for the accu-
racy of the present approach, as it probes the phonon spec-
trum over the whole BZ. Comparison with the theoretical
spectrum is given in Fig. 4. Due to the large mass difference
between N and the heavy atoms Zr and CI, the spectrum
divides into two separate parts. The modes with frequencies
below 40 meV consist of vibrations of Zr and CI. Because of
the small neutron scattering length of Zr (1/9 Cl), the lower
part of the GDOS spectrum predominantly reflects the ClI
vibrations, which are responsible for the first two main
peaks. Zr modes do however contribute to the small third
peak near 35 meV. The upper part of the spectrum, which
results from the vibrations of the light N atoms, is found to
consist of three distinct maxima with spectral-weight ratios
3:1:2, in agreement with the experimental GDOS.

Thus, our theoretical spectrum reproduces all the main
features of the experimental one with an overall accuracy of
the calculated frequencies of about 5%. There is the general
trend that the calculated frequencies in the lower part of the
spectrum are too soft, whereas the upper part is obtained too
hard, which may indicate an overestimation of the dynamical
couplings between N and the heavy atoms by =~10%.

Figure 5(a) displays the calculated phonon dispersion
curves. As the phonon spectrum has a pronounced two-
dimensional character, we only show dispersion curves along
in-plane directions and along I'-Z.

B. Li-doped ZrNCl

On doping, two effects on the lattice dynamics can be
distinguished. (i) Introduction of charge carriers into the ZrN
double layers modifies the covalent Zr-N bonds and the cor-
responding dynamical couplings. This should affect predomi-
nantly Zr and N modes with in-plane polarization. (ii) The
presence of Li atoms leads to additional vibrational degrees
of freedom which hybridize with the other phonons. The
induced changes are expected to be most significant for vi-
brations parallel to the rhombohedral axis, especially for Cl
vibrations. In the present investigation, the first effect is
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TABLE IV. IR active phonons of Li,ZrNCI. Given are the TO frequencies in cm™!. The values in brackets

represent the LO frequencies.

: T
0 This work 257 (272) 597 (630) 155 (179) 547 (680)
Expt.? 529 165 6667
1/6 This work, model A 235 612 148 549
This work, model B 184 583 314 113 603 262

4Adelmann et al., Ref. 16.

mimicked by model A. Model B incorporates both effects,
but the changes induced by the presence of Li atoms are
exaggerated due to the full occupancy of the Li site.

Experimentally, only slight doping induced shifts of the
Raman frequencies have been observed (see Table II). The
largest shift exhibits the A® mode, which softens by 8 cm!,
Theoretical results for models A and B are also shown in
Table II. The mere introduction of carriers (model A) induces
only small changes in the Raman frequencies. The only ex-
ception is E(3>, which is an in-plane N vibration. Its softening
by 21 cm™!reflects the increase of the in-plane lattice con-
stant a (see Table I). The presence of Li atoms (model B) has
a more pronounced influence on the Raman modes. Harden-
ing is found for A;l), E(l), and E(3), while softening occurs for
the remaining modes. "These trends agree with experimental
observation, but the magnitude of frequency shifts is exag-
gerated in all cases.

The changes in the IR frequencies (Table 1V) are pre-
dicted to be even larger than for the Raman modes. For
model B, the presence of Li atoms gives rise to two addi-
tional IR modes at 262 and 314 cm™!. Currently, no experi-
mental data are available for comparison.

The effect of doping on the generalized phonon density of
states is shown in Fig. 6, together with the experimental
GDOS obtained for a sample with doping level x=1/6. For
comparison with the experimental GDOS, the theoretical
spectra have been corrected with respect to the Li contribu-
tion to simulate the proper concentration. The Li partial
GDOS has been taken from the calculation for model B, and
contributes mainly in the frequency range 30-45 meV. The
Li vibrations exhibit a stronger hybridization with the Cl
vibrations which results in a disappearance of the peak at 25
meV. The experimental spectrum for Li;;sZrNCl is less struc-
tured than for the undoped compound, which may be related
to an inhomogeneous distribution of the Li atoms. Overall,
the agreement with model B is more favorable than with
model A, indicating that for the phonon spectrum hybridiza-
tion with Li vibrations cannot be neglected.

Phonon dispersion curves for undoped and Li-doped
ZrNCl are compared in Fig. 5. The largest modifications in-
troduced by doping are found for the high-frequency
branches which develop a steeper dispersion. This is an in-
dication for a significant coupling of these N vibrations to
the introduced charge carriers. Comparing model A to model
B, additional phonon branches due to the Li atom appear in
the upper part of the acoustic spectrum. Also, the filling of
the van der Waals gap by the Li atoms significantly increases
the stiffness of the acoustic modes with momenta parallel to

the rhombohedral axis (I'-Z). Furthermore, one can observe
relative shifts of certain high-frequency N branches, but the
shape of the dispersion curves remains very similar.

V. ELECTRON-PHONON COUPLING

In this section we investigate the electron-phonon interac-
tion and the possibility for phonon-mediated superconductiv-
ity in the isotropic limit. A basic quantity is the electronic
contribution to the linewidth of a phonon mode (g\)

A
Yar = 27T(1)q)\ 2 |gz+qyryky|2§(6kv)C%Ek+qv') .

!

(1)

kvy

Here, wg, is the phonon frequency, and ¢, describes the
energy of an electronic state relative to the Fermi energy. g
denotes the screened electron-phonon coupling (EPC) matrix
element. Within the perturbational approach to the lattice dy-
namics, g is directly accessible from quantities obtained in
the calculation of the dynamical matrix.*>* The phonon
linewidth enters the expression for the isotropic Eliashberg
function

Frequency (cm'1)
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FIG. 4. Generalized density of states of B-ZrNCl. (a) The total
GDOS is compared between theory and the experimental data from
Ref. 16. Theoretical data have been broadened by 1 meV for a
better comparison. (b) Calculated partial GDOS. Here a smaller
broadening of 0.1 meV is used to obtain a better resolution of the
finer details.
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FIG. 5. Phonon dispersions of 3-ZrNCl (a) and Li-doped ZrNCl
model A (b) and model B (c), respectively. The vertical bars indi-
cate the relative phonon linewidths y/w in % as calculated from the
electron-phonon coupling [see Eq. (1)].

L S Mg, Q)

PF(w) = ——
27N(E ) . Pgr

where N(Ep) is the electronic density-of-states (per unit cell
and spin) at the Fermi energy. The Eliashberg function deter-
mines the average coupling constant
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N=2 f P Cll 3)
0 (,l)
and an average effective frequency defined as
2 (7 oF
wln:exp(—f do™ () ln(w)>, (4)
Ny 0]

which sets the energy scale for the superconducting transi-
tion temperature.

A good measure for the coupling strength of an individual
phonon mode is given by the relative linewidth yg)/ wgy. In
Fig. 5, the relative linewidth is indicated by vertical bars.
The following observations can be made: (i) only a few
modes exhibit a significant coupling; (ii) the N modes pos-
sess a stronger coupling than the acoustic modes; and (iii)
very similar EPC is observed for models A and B.

Furthermore, the coupling strength varies significantly as
function of momentum. The contribution to \ from all pho-
non modes at a fixed momentum ¢, given by

1 Yar
Ng=—" 2 "2 (5)
q WN(EF) N (1)3)\

has a pronounced maximum at K with a value larger than 2,
while in most parts of reciprocal space its value stays below
0.5. As already anticipated by Weht et al,® the strong
g-dependence of A, can be traced back to the peculiar shape
of the Fermi surface. This behavior can be best understood
when considering the quantity

E 6(6kv) 5(€k+qv’)7 (6)

kv’

which is a measure of the phase space available for scattering
of an electron between two states at the Fermi level, whose

Frequency (cm'1)
0 100 200 300 400 500 600 700 800

N e e
. -~ Exp (300 K) ]
L — Model A _
o 0:04 3 ode
o | : |
3 .
©0.02f- d -
0 FE A L A RS e H e
- I <+ Exp (300 K) |
.04 — » . —
8 N Model B
Q L i
2 0.02~ il
OO 10 20 30 40 50 60 70 80 90
Frequency (meV)
FIG. 6. (Color online) Generalized density of states of

Liy/s-ZrNCl. (a) The total GDOS is compared between model A
and the experimental data from Ref. 16. Theoretical data have
been broadened by 1 meV for a better comparison. (b) Same for
model B.

134527-7



R. HEID AND K.-P. BOHNEN

X

FIG. 7. Cut through the Fermi surface orthogonal to the rhom-
bohedral axis. Full circles indicate the original Fermi surface, open
circles the Fermi surface shifted by the momentum K.

momenta differ by q. This quantity becomes large when
there is a large overlap of the original Fermi surface and the
Fermi surface shifted by a vector q. As indicated in Fig. 7, a
large overlap occurs for q=K, where half of the Fermi sur-
face cylinders almost completely overlap. Only the small de-
formation of the cylinders prevents a perfect overlapping.

The large coupling at K is concentrated almost completely
on two specific phonon modes: a Zr mode at =25 meV and
a N vibration at = 65 meV. Both vibrations correspond to
displacements parallel to the ZrN double layer, which allows
an optimal coupling to the conduction states at Ep.

The g-integrated spectral function a’F(w) is displayed in
Fig. 8. For model A, large peaks are obtained at =23 meV
and =65 meV which correspond to the frequencies of the
strongly coupled modes at K. The large weight from the
optic part of the spectrum indicates a large contribution to
the coupling from the N modes. Table V contains some char-
acteristic quantities derived from «’F(w). Despite the small
differences in o@’F(w), these integrated quantities are very
similar for models A and B. We find only a small average
coupling constant of A=0.5. The optic modes contribute
about 45% to \. The contributions from CI and Li (model B
only) vibrations amount to less than 3% of the total coupling
constant, which is consistent with NMR findings for doped
HfNCL!13

From a recent measurement of the linear coefficient 7y, of
the electronic specific heat of Li-doped ZrNCI, an upper

— Model A
--- Model B

AN A L L L L
40 50 60 70 80 90
Frequency (meV)

FIG. 8. Calculated Eliashberg functions a?F(w) for Li,,,ZrNCI.
The spectra are broadened with Gaussians of width 1 meV.
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TABLE V. Density of states N(Ep) at the Fermi energy [in states
per (eV spin cell)], average coupling constant \, and effective av-
erage phonon frequency wy, (in meV).

Model N(Ep) A Wiy
A 0.337 0.521 36.4
B 0.291 0.508 35.8

limit of A=0.22 has been inferred. This estimate was derived
using a lower limit of 0.38 states per (eV spin cell) for the
band structure N(Ey) as taken from the literature. In the
present calculation, we find significantly smaller values for
N(Eg), so that our calculated value of A =0.5 is still compat-
ible with the measured v,."”

To get an estimate for 7., we have numerically solved the
linearized gap equations in the dirty limit using the calcu-
lated o’F(w) and taking the Coulomb pseudopotential u”* as
a free parameter.** Results are plotted in Fig. 9(a). Values for
T. near the experimentally observed transition temperature of
15 K can only be achieved for very small u". For a value
" =0.1 which is typical for normal metals, the predicted 7,
is of the order of 5 K and thus much smaller than the experi-
mental T..

We have also investigated the isotope effect within the
dirty limit. The partial isotope coefficient is defined as

_ dinT,  MAT,
YT dmM, T T.AM,

(7)

for atom type i. A recent measurement of the N-isotope co-
efficient for Li-doped HfNCI has given a rather small value
of ay=0.07£0.02. As can be seen from Fig. 9(b), such val-
ues can be achieved only for large values of u*, where the
predicted 7. is too small.

isotope coefficient

L 1 I 1 I 1 . L I | I
007002 004 006 008 01 0.12

u

FIG. 9. Estimate of (a) transition temperature 7. and (b) partial
isotope coefficients for Li;,,ZrNCl in the dirty limit. The borders of
the shaded areas represent the results obtained for model A and B,
respectively. For ay,, they are practically identical. In panel (a), the
dashed horizontal line denotes the observed transition temperature.
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VI. CONCLUSIONS AND SUMMARY

The first principles analysis presented in the previous sec-
tions indicates that the layered structure of doped ZrNCl re-
sults in a prominent 2D character of the electronic structure
near the Fermi level, of the phonon dispersions, and of the
electron-phonon coupling. In accordance with previous the-
oretical work on Na-intercalated HfNCL,® the 2D nature of
the conduction band implies that N(E) stays practically con-
stant with increasing doping level until a critical doping level
of x.~0.3, where a second conduction band starts to be
filled. Within the phonon scenario for superconductivity, the
constant N(E) for x<<x, could explain an almost doping-
independent T.(x) if the average EPC does not change much
with band filling. However, our dirty-limit analysis suggests
that in this doping regime the EPC is too weak to account for
the observed T, although the EPC is found to be signifi-
cantly larger than estimated before.

To solve this apparent contradiction, Pickett has argued
that in the low-doping regime, sample inhomogeneities could
lead to spacial variations of the doping level.*> The observed
superconductivity is then attributed to the regions with x
> x., where the Fermi level is supposed to lie in a rather flat
band with high N(Ep). This band involves d, orbitals, it is
much more 3D-like, and may support a larger EPC. How-
ever, this explanation seems to be at variance with suscepti-
bility measurements, which suggest a rather low N(Ey),'° as
well as with spectroscopic studies on Na-intercalated HfNCI,
which found a highly 2D nature of the conduction states.*%+/

Our estimate of 7. rests on the dirty-limit approximation.
As the EPC shows strong g-dependence one may wonder if
gap anisotropy may be of importance. In principle anisotropy
could lead to an enhanced T, but the expected change is
typically of the order of a few percent, while our estimate is
off by a factor 2-3. Also the presence of only a single con-
duction band excludes the possibility of a higher 7, due to
multiband superconductivity like in MgB,.
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A more likely shortcoming of our analysis is the treatment
of the electron-electron interaction by the standard parameter
w". The layered crystal structure of ZrNCI consists of alter-
nating conducting and insulating layers. Bill et al. have ar-
gued that in such a case, the dynamics of the Coulomb
screening becomes important.”>?3 The layered structure
gives rise to low-lying collective modes of the electrons,
which can contribute constructively to the pairing interac-
tion. Based on a simplified model calculation adapted to
doped HfNCI, they indeed found a drastic enhancement of 7.
due to these dynamical screening effects. These findings sug-
gest that for layered superconductors a more explicit treat-
ment of the dynamical Coulomb interaction in the Eliashberg
analysis is required.

In summary, we have presented a first principles study of
the lattice dynamics and electron-phonon coupling of un-
doped and Li-doped ZrNCI. The theoretical phonon spectra
are found to be in good agreement with those obtained by
neutron scattering experiments. By comparing two limiting
structural models, we show that the artificial doping ap-
proach is adequate to simulate the effect of intercalation on
the electronic structure as well as on the electron-phonon
coupling. Despite a large coupling to high-frequency N
modes, the average coupling constant is found to be only
~(.5. Therefore, the standard Eliashberg analysis in the dirty
limit fails to explain the observed superconducting proper-
ties. The peculiar properties of the electron-phonon coupling,
namely its quasi-2D character and its strong momentum de-
pendence, hint to a breakdown of the conventional treatment
of the electronic screening for these layered materials. The
answer to the question of whether transition metal chloroni-
trides are phonon mediated superconductors or not has to
wait for an adequate treatment of the Coulomb interaction in
the theory of superconductivity in strongly layered conduc-
tors.
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