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1 Overview: why thistopic? what kinds of correlated states?

Superconductivity has been beguiling and bedeviling ahsts for a century while numerous
other quaint and curious collective phenomena have beenwdised and analyzed, yet it main-
tains its mystery in spite of the enormous amount that has le@ened and the vast competition
for the physical scientist’s attention and devotion. Latidn of a magnet over a superconductor,
or vice versa, that can be turned on and off by temperatunenarthe critical temperature.T
and by anyone with a liter of liquid \ fascinates the viewing public (and often we practitioners
as well). The “mysteries” of superconductivity — why do thigthT. members have such im-
pressive behavior; can.be elevated closer to, or even above room temperature — oenliih

the unfilled promises of applications of room temperatuigesconductors to keep this area of
study alive in the minds and the laboratories of a large nurabscientists.

Though it may surprise the reader, there will be no desacniptir analysis in this article of
either the high temperature superconducting (HTS) cupyatéh T. of 130+ K increasing to
160+ K under pressure, nor of the more recent Fe-based HT&@carmuctors (FeSCs) with. T
as high as 56 K. Neither will heavy fermion supercondugctiié discussed. The emphasis in
this overview will be on demonstrating that there are othasses of superconductors that are
perplexing: their pairing mechanisms are not understoddsbam different from the heavily
studied classes, hence they are candidates to lead to neseslaf high temperature supercon-
ductors. The focus here will be a much quieter area of supeacting materials and associated
phenomena: strongly two dimensional (2D) band insulatdveres doping leads to supercon-
ductivity and, at least for several, the mechanism seemsated to magnetism. We will ask:
what are the peculiar superconductors that beg for exptamatvhat are the characteristics that
set them apart from other classes; what types of electrectreh (and electron-ion) correla-
tions determine their behavior? An additional reason fos tnoice of emphasis is that, after
more than 25 years of intense study of the cuprate HTSs andeadmount of publications, a
brief overview would serve little purpose. The intense gtatithe FeSCs is ongoing, involving
numerous issues, and one should have similar reservatiang attempting a brief overview.

The pairing mechanism in the cuprate and iron-based HTS$ beumagnetism-related, due
to the evident competition between magnetic order and sopductivity. Pinpointing of the
mechanism, and why the cuprate and pnictide structurestardcteristics are so special (HTS,
with T. above 50 K, occurs only in these two classes), remains oreeajutstanding theoret-
ical conundrums in materials physics. The Babel-isticagion was illuminated by Scalapino
in his synopsis of the Materials and Mechanism of Supercctivty M?S-HTSC conference
(Dresden, 2006). He noted that, by his compilation, the ‘lm@tsms” that had been discussed
at that conference alonacluded: (a) Jahn-Teller bipolarons; (b) central rolerdfomogeneity;
(c) electron-phonon + U; (d) spin fluctuations; (e) chargettlations; (f) electric quadrupole
fluctuations; (g) loop current fluctuations; (l)density wave; (i) competition between com-
peting phases; (j) Pomeranchuk instabilities; {kp-d electronic modes; () RVB-Gutzwiller
projected BCS. Learning more about these various termimegogill be left to the interested
researcher, but it clear that there is a profusion of corscaptl a paucity of consensus on the
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Fig. 1. Plot of data relating to the main classes of high temperasuperconductors. Note
the legend (upper part of figure): for each class, # means tmsber of members,. Qives the
maximum critical temperature; bottom part of bar indicafae-1986 (HTSC breakthrough),
upper part of bar indicates post-1986. The main relevancéhis paper is emphasized by the
red ellipses, which identify the classes with substantial BBracter. The borocarbides have
been included as 2D because of the strong layered aspeceiofdiystal structures; they are
however 3D metals. Most of the classes of HTSs are quasi-2Bowtiany clear connections
between most of the classes. Courtesy of George Crabtree; bas#ata available in 2006.

microscopic mechanism of pairing of cuprate HTS.

2 Very basic theoretical background

Practically all theories of superconductivity draw on thesie, Nobel Prize winning theory of
Bardeen, Cooper, and Schrieffer (BCS theory [1]). They presuithat there is some effective
attraction between electrons (for them, it was due to exgéanh virtual phonons, though such
details were peripheral) that provided the opportunityGooper pairs [2] to form and to spon-
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taneously condense into a collective non-Fermi liquidestathe superconducting condensate
— in which these pairs become correlated into a coherent fhady phase. Cooper had just
demonstrated [2] that the Fermi liquid ground state is uisteoward the formation of a single
such pair, even if the pairing strength is arbitrarily smal reading of the BCS paper [1] is
a must for any student of physics who wishes to acquire a haglerstanding of the super-
conducting state, the spectra, and the low energy, low testyre (T) thermodynamics. The
diligent student should even work her way through at leasffilst ten pages or so of the al-
gebra — it tremendously helps understanding to know somgthibout how the processes are
described algebraically.

2.1 Weak coupling

In BCS theory, there is an electronic density of states N(GhatFermi level, presumed to
vary slowly on the scale of the energy of the virtual bosort trensmits the interaction (viz.
phonon, in conventional superconductors). The attra@fiective interactionV¥ (V' > 0) is
presumed to be constant up to a cutaff. of the order of a phonon energy. The approach used
by BCS was to guess the form of a correlated ground state wawtdn depending simply on
few parameters, and obtain the parameters via a mean-figlonmation of the energy, first

at T=0 and then at finite temperature. Conventional SCs, by tne are exceedingly good
examples of “mean field transition” systems, the criticgioa around T being exponentially
small and unobservable. In the weak coupling limit, and amlghat limit, T, is exponentially
related to coupling strengtk

kpT, = 1.14hw.e 3: A= N(O)V. (1)

At moderate\ ~ 0.5-0.75, say, the equation must be solved numerically foaimd T.(\) is
guasilinear rather than exponential. The strong coupkggme must be treated separately and
is discussed below.

The superconducting gap is constant over the nondescriptiFseirface (FS) in the broadest
form of BCS theory. The more general expression for the moomerdependence al, over a
general FS is given by [3]

(2)

where the last expression is the=D expression. More generally, band indices are also redjuire
The tanh term arises from Fermi-Dirac thermal distribution factosg is the non-interacting
band energy, andl,, ;. is the matrix element for scattering of pairs betwdeand %’ on the
Fermi surface. The critical temperature i§ determined from linearized gap equation in the
limit of A, — O:

FS
— = tanh 3
; Vk’k €k/ an 2]§BT ( )

T. is the highest temperature for which there is a nonvanisbahgtion for A,.
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Although these gap equations (finite T and the linearizedigargiving T.) are in the weak
coupling limit (and subject to other simplifications madeB€S theory), they are very com-
monly applied, or at least cited, in situations where theyehaot been justified. This reflects
the confidence that theorists have that some “essence”figauperconductivity is contained
in these equations. The linearized equation Eq. 3 is edpyepravalent in modern discussions.
With the discovery of the HTS cuprates, there quickly aroggeat deal of interest in Fermi
surface nesting, in hot spots on the Fermi surface (van Hioggikarities extending toward in-
finity), and in pairing interactions in which theressrong anisotropy This anisotropy usually
does not become important for electron-phonon pairing,jfoarte assumes that magnons can
induce pairing analogously to phonons — the virtual bosahithexchanged is a magnon rather
than a phonon — then anisotropy becomes paramount. In thratespit is presumed that (1)
the strong Coulomb repulsion U on Cu keeps potentially paieliegtrons off the same Cu site,
and (2) the interaction is dominated by strong short-rang®#Aluctuations.

The influence of the linearized gap equation Eg. 2 on conteampauperconductivity theory
can hardly be overemphasized. In BCS theory the (maximatlirapic) coupling must be
attractiveto obtain solutions of the gap equation. When the interagi@misotropic and even
repulsive on average, gap solution®( superconducting states) for non-zefq can still be
obtained. The change of sign with angle of the pairing irtBoa can be compensated by
a change in sign of\, with angle. The quantity under the integral in Eq. 2 and Eqgs 3 i
then predominantly of one sign, as is the case of an atteotropic coupling and isotropic
gap. The interested student or postdoc will benefit in undeding by studying the above gap
equations by expanding the various functions in spher®ia) or circular (2D) harmonics, and
making reasonable assumptions about the behavior with ggnitude of|k — k| (constant
up to a cutoff, say). Looking at the linearized case-T. and contributions from the Fermi
surfaces;, — 0 are most useful. Expressions for general FSs (number ape¥loan be written
down using the Fermi surface harmonics of Allen, [4] althowd) but the simplest situations
will require numerical solution.

These anisotropic gap solutions are a realization of thedithm” of Kohn and Luttinger, [5]
which pointed out that such anisotropic solutions wouldeédr anisotropic coupling, although
at the time they were expected to have implausibly smallesabf T.. Suchexotic pairing or
exotic order parameterhas become over the past two decades commonplace in theoie
have found strong confirmation in cuprates and some heamyiderSCs. Several experiments
demonstrate (or strongly imply) that the hole-doped cugwdtave al-wave order parameter
(gap functionA), with angular dependence likgn(x? — y?); thus it is referred to as @, _ 2
(angular momentum of the pdir= 2) symmetry order parameter for the superconducting state.
In heavy fermion superconductofss= 3 pairing seems likely [6] in UBt which has hexagonal
symmetry that conspires againstvave symmetry. In considering new superconductors, one
of the most valued characteristics is determining if pgig “conventional” (isotropid = 0)

or “exotic” (anisotropic/ > 0), because this character is likely to reflect conventiofexdteon-
phonon or unconventional pairing, respectively. In theelatase the gap (usually) has nodes on
the Fermi surface, hence there is no true gap in the supenctorss excitation spectrum. This
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aspect impacts thermodynamics strongly, and the temperdependence of thermodynamic
quantities as -0 is the most common evidence quoted for the (an)isotropywingy. If there

is a gap, the heat capacity goes exponentially to zero-a8,Tif not it approaches zero as a
power law in temperature.

2.2 Strong coupling

Strong coupling indicates the regime> 1 where perturbation theory in the electron-phonon
coupling strength no longer holds, and many aspects of theighare different. For the phonon
mechanism, the generalization of Eliashberg [7] of BCS théorstrongly coupled electron-
phonon models was extended into an extremely detailed ambby nuanced, material-specific
formalism by Scalapino, Schrieffer, and Wilkins. [8] It isi$ generalization that is now com-
monly referred to as strong couplirigliashberg theoryas opposed to weak coupling BCS
theory). Together with the introduction, at the same tinielemsity functional theory (DFT) by
Hohenberg, Kohn, and Sham [9, 10] and its subsequent veepgixe development, DFT-based
Eliashberg theory has been shown repeatedly to describ®phgaired superconductors quite
reliably. The primary restriction for the applicability &liashberg theory is that the effective
Coulomb repulsion between electrons is retarded in time amdeak, thus it can be charac-
terized by a repulsive effective interaction strength= 0.1 — 0.2. When the impact of the
Coulomb interaction is great, which usually manifests ftseinagnetic behavior, no justifiable
theory of superconductivity exists.

Within DFT-Eliashberg theory the electron-phonon intéi@t (EPI) strength is given for an
elemental metal by

A= = ' = (Vi) (4)

HereV}, ;v is matrix element for scattering from the F§ ¢o the FS §’) by an atomic displace-
ment, M is the ionic mass, and the phonon frequency average is veslghpipropriately by
matrix elements. This expression is precisely true for eletal SCs (note that only one mass
enters) but survives as a guideline for compounds whereththacter of coupling can be much
richer. This form emphasizes thatrepresents the ratio of an “electronic stiffnegs) and the
(textbook) lattice stiffness(,, i.e. determined by the interatomic force constants. For a har-
monic lattice the product/ (w?) is independent of mass, so the mass dependencearfrites
solely from the prefactow, o 1/+/M. This mass dependence reflects a crucial factor in EPI-
based pairing that has been recognized and exploited $iagaediction that metallic hydrogen
should be a room temperature superconductor: other facéohe electronic structure, being
the same, materials with lighter ions should have highesimply because the fundamental
energy scale. is higher.

Strong coupling Eliashberg theory is much richer than BC®mheAllen and Dynes [11] an-
alyzed materials trends and the Eliashberg integral egudtir T. and demonstrated, among
other results, that at large coupling & /) and thus is unbounded, providing strong encour-
agement for the likelihood of (much) higher $Cs. Since this article will not deal with issues
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of strong coupling, this and other aspects of Eliashbergrthare not needed for the discussion
and will not be presented here.

3 Doped 2D ionic insulators: general aspects

3.1 A broad view of thetheoretical challenge

Conventional pairing, that is, electron-phonon, is fulliradtive: every phonon contributes to
an attractiveinteraction between electrons on the Fermi surface. Tlaciton also operates
in unconventionally paired superconductors (such as th8 Eilprates) but seems to be inef-
fective. It may even be detrimental to the eventual supeatgoting state if the gap symmetry
is exotic. The always attractive electron-phonon intecacstrongly favors a fully symmetric
gap, although highly anisotropic pairing and complex FSghiprovide more interesting order
parameter symmetry. The screened Coulomb interaction leetwkectrons iflmost always
repulsive but the average repulsion may become irrelevant if paisranisotropic, according
to current understanding, and the Kohn-Luttinger resuhtioaed earlier.

The purpose of this article is to provide an overview of a féasses of materials — 2D doped
ionic insulators — wherein the Coulomb interaction betwdenteons, normally repulsive, may
acquire new traits beyond what have been studied thorowsghfar. Two dimensionality may
play a special role, [12] through the phase space that ileasaaind the manner in which interac-
tions are shaped. A relatively low density of doped-in @gimay introduce novel dynamical
effects. And when these two aspects are present in the bmaakgjof highly charged, vibrating
ions, the underlying behavior may include unusual emergspects (to use a term much in
fashion these days).

3.2 Density of states N(E); generalized susceptibility x(q)

Near a band edge with normal quadratic dispersion in 2D, #msitly of states N(E) is a step
function. Thus small doping leads already to a large, metalllue of N(0O) unlike in 3D
semimetals where N(0) increases monotonically with theerazoncentration and may be arbi-
trarily small at low doping. Itis for this reason that B-dojpdiamond becomes superconducting
but with only a modest value of Tup to 11 K has been reported [13]). In other respects this
system is in the MgB class (more specifically, the hole-doped LiBC) class, whéseten-
phonon matrix elements are large and the relevant phonqoédrecy is very large.

Due to the 2D character, the FSs are closed curves versusdasedcsurfaces that occur in
3D. Near a band edge these will be circles or nearly so, makieig algebraic description and
even that of the complex generalized susceptibility), w) possible. [14] Thus the underly-
ing mean-field, static lattice electronic structure aneédnresponse is straightforward, even
simple, to model.x*”(Q,w) is available analytically for a single circular FS, and fofesv
symmetry-related FSs, which comprise a multi-valley systthis 2 for a single band will
be supplemented by a sum of inter-FS terngd8(|Q — Q.|,w), the same form but for initial
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and final FSs separated by the spanning wavevect@x(s)If band extrema do not occur at
high symmetry points, the FSs may be ellipsoidal insteadrotiar and the form ofy(Q, w)
becomes anisotropic and correspondingly more involved.

3.3 Electronic screening by a spar se electron gas

Due to electronics applications of 2D electron gases (2DE@®® dynamical response of
2DEGs has been studied extensively. Within the random plyg@®ximation (RPA), the plas-
mon dispersion is given implicitly by(Q,w,) = 1 — v(Q)x(Q,w,) = 0 wherev(Q) is the
Coulomb repulsion; that is, a “response” can occur in the rdxsef any perturbing potential
when the screening! diverges. Whereas the usual long wavelength plasmon in 3Bviesh
asw’(Q) = w2(0) + BQ? + ..., in 2D the much stronger dispersiap = A\/Q + ... holds.
The plasmon vanishes @=0, leading to strong dynamical behavior (screening, gestwver-
screening or other unconventional behavior) in at least allsmgion around)=0. The idea
that 2DEGs might be fertile ground for superconductivitg bh@en around for some time. [12]
lonic insulators have high frequency TO and LO modes alsaradd=0 that will cross and
interact with the plasmon, leading to coupled modes thatcarelidates for unconventional
dynamical behavior and possible pairing of electrons. kegerystals do not present strict
2DEGs however; they are instead (naturally occurring, avadays sometimes grown atomic
layer by layer) multilayers. In the multilayer case the Conibointeraction couples the response
of neighboring layers (even in the absence of electron mgppetween layers) and tlig — 0
plasmon remains finite [15] but may still be very soft and sgflg coupled to ionic dynamics.

3.4 Dynamics of the coupled ion-electron system

Allen, Cohen, and Penn [16] (ACP) have emphasized that théitaeaaction between two
electrons in a crystal involves the combined dynamic poédoility (i.e. the total dielectric
function) of the electronic system and the lattice, and thaye provided a firm background
for the study of such systems. When the conduction electrosityeis low, the competition
between weakly, dynamically screened repulsive (eleetentron, cation-cation, anion-anion,
electron-anion) and attractive (electron-cation, argatien) interactions may produce new “re-
gions” of effective attraction. They derived within a gesleiormalism that can be approached
in a material-specific, first principles way (such as by usii@fT starting point) that, even tak-
ing into account interactions between electrons, betwees, iand between ions and electrons,
that the polarizability of the system is the sum of two terthsit of the vibrating ions, and that
resulting between electrons interacting through the dyoalhy screened Coulomb interaction.
Bill and collaborators [17, 18] have constructed the mosaitkd model of 2D superconductiv-
ity arising from coupled phonon-plasmon modes, givingipalar attention to special aspects
of plasmonics in two dimensions. Related themes appeasmely elsewhere in the liter-
ature, for example that of Askerzade and Tanatar [19] andatteFand coworkers. [20, 21]
Other unconventional interaction channels may arise ik systems. Ashcroft has emphasized
polarization waves due to flexible semicore electrons [22passibly contributing to pairing.
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In 2D lattices where there is a natural axis (thexis), polarization modes (“ferroelectric fluc-
tuations”) may have more impact than in 3D lattices.

4  Electron-phonon couplingin 2D HTS metal MgB, class

One focus of this article is two dimensionality and its relatto superconductivity and.J so
it is important to review (albeit briefly) the spectacularmise presented by MgBn 2001 by
Akimitsu’s group. [23] The account of the quest for other Mgle materials, following in
Sec. 3.2, is both intriguing and sobering.

4.1 Thesurpriseof MgB,

This standardsp HTS metal, with T=40 K when the light isotope of B is used, is described
well by Eliashberg theory (in its multiband extension), mpiemented in DFT-based electron-
phonon calculations. [24—28] It provided many lessons loyating nearly all of the conven-
tional wisdom of the time: (a) it is asp, notd metal; (b) it is strongly 2D rather than 3D; (c) it
becomes a HTS superconductor duettremelystrong coupling textremelyfew (3%) of the
phonons, rather than having the strength spread rathesramlif over the phonon spectrum. It
is best regarded not a standard metal, but as a self-dopechs&t the cruciab-bonding band
is nearly filled. The basic aspects of the electronic stmecéund coupling — that high frequency
B-B stretch modes are extremely strongly coupled to thengtyobonding B-B states at the
Fermi surface — can be well understood in terms of simple &®erpressions, which provides
an explicit recipe [29, 14] for the type of extension from MgfBat could provide much higher
T. within this class of metal. The concept is provided brieflyFig. 2 and its caption. Simply
put, change the Fermi surfaces to make use of coupling to pttwaon modes and provide a
larger electronic density of states, while retaining thecure that gives very strong bonding
(large electron-phonon matrix elements).

4.2 Superconductor design: attemptswithin the MgB, class

The simplicity of the crucial features of MgBas encouraged discovery or design of additional
members of this class of superconductor, as describedybimethis subsection.

4.2.1 Hole-doped LiBC.

The first such proposed extension fits in with the focus ofdhisle in many respects, except for
the fact that electron-phonon coupling is not really a foduBC is isostructural and “isovalent”
with MgB, (Li having one less electron than Mg, C having one more aeacthan B), but it
is insulating due to the inequivalence of B and C on the hoorycsublattice. Hole-doping
in this covalent/ionic insulator by partial removal of Lihile retaining the crystal structure
and obtaining a black (likely conducting) sample, was reggbby Worle et al. [30] in 1995.
Calculations of the electron-phonon coupling strength bygriRoet al. predicted that such
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Design of higher T, superconductors: is it viable?

Rational Design/Search for new hTS

Electron BZ

Example of Electron BZ
one design MgB,

criterion

Fermi Surface

Select band structure
to enable the phonons Phonon BZ
to use more of the
Brillouin zone

Fig. 2: A proposal for rational design of higher, Tnaterials. Rational design is possible be-
cause the electron-phonon interaction and resulting scqeductivity is extremely well under-
stood (in weakly correlated Fermi liquid metals). MgBakes use of extremely strong coupling
A =20-25 to only 2-3% of the phonon modes: the two bond stretctiesi@olarized in the
plane (hence 2 of 9 branches) in only 8% of the zone (whete2kr). Adding Fermi surfaces
in other parts of the zone provides coupling from branchesthér values of;: Q1, @2, Q3
connecting the various sheets of Fermi surface. A nearlgligeenario is pictured on the two
zone figures on the right. See Refs. [29, 14] for further dpton.

doping would lead to Jof 75 K or higher. [31,32] Li_.BC is a MgB, look-alike system, with
the increase in Jover that of MgB being due to the stronger B-C bonding compared to B-B
bonding in MgB, giving both larger matrix elements and a higher phononggnscale. Work
on this system, with the most extensive being done by the dRuss/ group, [33] indicates
unfortunately that the doped system is prone to (strucaurdlphase separation) instabilities that
prevent realization of the desired phase. The report oflé\et al. has never been confirmed.
Lazicki and collaborators [34] pursued the possibilityttpeessure might close the gap and
induce metallization and thereby superconductivity. Tinecsure remained stable to 60 GPa,
and density functional calculations predicted that migiion in this structure would not occur
until at least 345 GPa. This system illustrates how higheisTin practice often limited by
instabilities that can appear in assorted flavors, whileutheerlying theory provides no upper
limit [11] on the possible value of ;T

4.2.2 Transforming graphiteinto pseudo-M gB,

Simultaneously with the study of Li,BC, our group considered a different means to obtain
an MgB;-like material. MgB is, after all, graphite with an extra three dimensional bemithe
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background. The difference is that MgBas a different potential between the honeycomb layer
and the interstitial, or Mg, layer. The-bonding band is present in graphite, but its upper edge
is 2 eV below the Fermi level, which is determined by the posihg of ther-bonding band at
the symmetry point K in the Brillouin zone, which has in theangme asserted its infamy in
the plethora of graphene research of the past decade. Guwaesimple — in hindsight, it was
simplistic. What seemed to be necessary was to lower the Fevaliby 2 eV in graphene. This
could be done by intercalating it with a highly electron@gaion. The most electronegative
one, and also a small one, is fluorine. Joonhee An [35] camigdhe calculation of FE€in

the MgB, structure. Fluorine did become a negative ion of courseahather change that we
had not anticipated was a shift in Madelung potential. Thit sounteracted to a great degree
the charge transfer, and left the Fermi level well away fréma4-bonding bands. Thus this
approach to HTS design did not work.

4.2.3 Hole-doped MgB,C,.

The (unsuccessful) example of LiBC has encouraged furtk@ogation into this direction of
finding MgB,-like materials. The borocarbide compound M@B is isovalent to, and struc-
turally similar to, the (super)conductor MgEnd to insulating LiBC. The structure [36] is
pictured in Fig. 3 (see the caption for more description)eDuthe placement of Mg ions, the
honeycomb B-C layers are dimpled somewhat. Density funatibased electronic structure
calculations and electron-phonon coupling strength dalmns [37—-41] show that Mg,

() is insulating like LiBC due to the modulation of the howeynb B-C layers, (ii) exhibits a
rather high B-Co-band density of states close to the Fermi level when sididle doped, and
(iif) shows a strong deformation potential with respecthie B-C bond stretching modes, as
demonstrated in Fig. 3. If large enough hole doping of théesycan be achieved, such as by
replacement of Mg by Li, it should be superconducting at terapures comparable to MgB
Mori and Takayama-Muromachi reported attempts to hole dibisecompound both on the Mg
site and within the B-C network, but found no indication tha dopants actually entered the
crystal structure. [42] Yan and collaborators [43] haveerdty provided an extensive density
functional study of the structural and thermodynamic proes of insulating MgBC.

4.2.4 Hole-doped BeB,C,.

Forty years after the compound was first synthesized, itettre was finally solved by Hoff-
manet al.[44] While possessing the same honeycomb B-C layers as LiBIQViagB,C,, it has

a specific, non-intuitive stacking due the the position efititerlayer Be, which likes to coordi-
nate on one side with a single C atom. Before the structurékmasn, Moudden calculated the
electronic structure and electron-phonon coupling stifegy a different structure also based
on the B-C honeycomb rings. [45] Although the bands at théobotof the gap, which are
the active states when hole-doped, are considerably muieaite than MgBC,, Moudden ob-
tained a larger coupling strength andthan for MgB,, for the same reasons as for hole-doped
LiBC and MgB,C,. In our unpublished work [46] using the experimental stouef we find the
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Fig. 3: Left panel: the orthorhombic crystal structure of M@B in perspective view. Mg, B and
C are represented by pink (small spheres) blue, and lighoye(larger) spheres, respectively.
The buckling of the visualized covalent B-C bond causingéweation from the ideal hexagonal
plane is visible. Right panel: Band structure for the unalisgd (upper subpanel) and B-€
'fat bands’ for a frozen-in bond stretching phonon (middiedldower subpanels) with a bond
elongation around the rms value. The large energy diffezdmetween thep, orbitals (middle
panel) and the2p, orbitals (lower panel) indicates the very strong deformatymotential for
this mode. From H. Rosner, A. Kitaigorodsky, and W. E. Pickepublished.

relevant bands are simpler than those obtained by Moudaenindact much more MgBlike.
Not surprisingly, we also obtain very strong coupling to B¥€ stretch modes and a probable
T. higher than in MgB.

425 Commentson thisclassof doped insulators.

MgB; has spawned the study of these hole-dog8C andAeB,C, insulators @ = alkali; Ae

= alkaline earth), which has led to theoretical predictidmigh temperature superconductiv-
ity. This activity has been disappointingly unproductiefar, which in the cases attempted
experimentally has been stymied by inability to introduce dopant (or the vacancy) in a ran-
dom alloy fashion as presumed by the theory — chemistry getisel way. A further member,
CaB,C,, also exists. [47] It also sports a 2D B-C network, but one gosed of B-C octagons
and B-C diamonds rather than the honeycomb network of therethThis system certainly
seems worthy of study and attempts at doping.

This progression from the 2D B-B net of MgBo the B-C nets of thele compounds can be
taken a step further: the network components can be changedd-C to Be-N, substantially
increasing their distance in the periodic table and themggycing the degree of covalency
while retaining the overall isovalent nature. The compause indeed insulating, antk = Ca,
Sr, Ba have the same structure as ¢gaB The Ae = Mg compound has a distinctive structure
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built on a strongly puckered Be-N bilayer with Mg ions dibtried between the layers. [48]

5 Doped 2D ionicinsulators: examples

5.1 Transtion metal nitridochlorides HfNCI and Zr NCl

The classT NCI, where7 is a group IVB transition metal Hf, Zn, and Ti, and having a lBw
(instead of CI) members, is the prime example of the type oésigmductor that will receive
emphasis in the remainder of this article. These three lsnavaompounds display, up to 25.5

K, 15.5 K, and 17.5 K respectively when electron doped. [49-None have been hole doped,
and the active states in that case would be very differeimglid 2p states. Undoped, they are
highly ionic 74*N3~CI™ moderate gap~2-3 eV) insulators with strongly layered structures.
The7 = Hf and Zr members, which are extremely similar in electeastructure, have a some-
what dimpled BN-like alternating honeycomb -Hf-N-Hf-N{doyer with Hf-N bonds coupling
the bilayers. Cl caps the honeycomb holes above and belawltingsin neutral layers that are
van der Walls bonded.

The covalence between tlestates and the Mp states in these ionic compounds is evident
in their Born effective charges (BECs). The BECs are highlygatnopic, often differing by a
factor of two between in-plane and out-of-plane, and in scases the values are well above
(in magnitude) their formal charges. [55] The trend in magghes increases fromd to 3d. It

is these values, and the internal electric fields that rethdt a small amount of carriers will
experience.

Alkali ions, without or with larger organic molecules, caa intercalated between the layers to
induce conductivity and superconductivity, and recerttlyas been shown that (trivalent) rare
earths can also be used for the doping, withrdmaining the same. Once somewhat beyond
the insulator-superconductor transition, [56]i¥ almost independent of the carrier density (the
doping level). The layering and bonding of the TiINCI compoisagery similar, although the
crystal symmetry is orthorhombic rather than hexagonatfrhohedral as are the others. We
return to TiINCI in the next subsection. Schugtzal. [57] have provided a recent experimental
overview of these materials, primarily on synthesis andctire.

It was shown by Weht and coauthors [58] that the doped elestame accommodated at the
bottom of the7 d band, which has substantial in-plane dispersion (the &feenass is of
the order of unity) as shown in Fig. 4; see the caption for nexglanation of the electronic
structure. Thus due both to the broddand and the small carrier concentration (far from
half filling) the type of strong correlation effects that argiquitous in transition metal oxides
appear not to be dominant in this transition metal nitriahl there is no experimental evidence
of correlation effects such as magnetic moments and magaedering, or orbital or charge
ordering, etc. It was also found that the electronic stnctf isostructural HINCI and ZrNCl
are extremely similar, yet their consistently observedditon temperatures differ by a factor
of two: 25 K versus 12-13 K for ZrNCI over most of the doping ran@he difference in Tis
the wrong sign to be a BCS isotope effect. The difference.imtst then be related to other
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Fig. 4: Left panel: Band structure of Na;HfNCI along the hexagonal symmetry lines, cal-
culated in the virtual crystal approximation. The five bamt®ve the gap are heavily Hitl

in character, while the bands below are filledN2p bands. The CBp bands lie somewhat
deeper. The flatness alod@A indicates the very strong 2D character of the bands ofreste
Right panels: The total, atom projected, ahdand 2 projected densities of states. Note that
the Fermi level lies in a region of rather low DOS &f,, d,>_,> character. The other thregd
bands lie~1 eV higher due to ligand field splitting. From Weht et al. [58]

features: to differences in force constants or electroesponse\(iz. Born effective charges,

or higher frequency response), though the similar band@tres suggest they should not differ
much, or to the factor of two difference ih mass (178 amu versus 91 amu) that affects lattice
polarization.

Heid and Bohnen [59] carried out density functional linessponse calculations of the el-ph
coupling strength and character in&NCI in the same manner as is commonly done for Fermi
liquid metals, and found the electron-phonon coupling: 0.5 is much too small to account
for the observed value of T Akashiet al. [60] have provided an application of “DFT for su-
perconductors” to these nitridochlorides, and also cafelthat something besides the usual
Eliashberg theory is required to understand their supehgctivity. This theoretical approach
presupposes that (1) carriers are present in a weakly eteceFermi liquid, and (2) doping
can be treated in the virtual crystal approximation (VCA). VCéresponds to adding charge
without much concern how it got there, but treating it salfisistently, which can be impor-
tant. [61] It is clear however that the materials are more glemthan that. The most obvious
evidence is from the observation that in,ZrNCI, metallic conduction does not occur until a
critical concentration:..=0.06 is reached. [56] It is noteworthy that. = 0.15 is different for
the doped HfNCI compound, [62] however it should be kept indritmat the doping was done
in a different manner. The VCA band structure remains, by sgjjon, that of a conventional
Fermi liquid, however, to arbitrarily small doping levelBhe interactions that keep the carriers
localized at low doping are surely essential to addressréieally in this class of materials.
For this, the Born effective charges [55] and perhaps nealireffects should be important. In
addition, T.(x) in the Zr compound is maximum at..;;, [56] about 25% higher than the value
of ~12 K over most of the measured rangerof
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5.2 TheTiNCI sister compound

«a-TINCI is an orthorhombic Prmmn, #59) member of this class with the FeOCI prototype
structure, with similarities and differences when compauvith the nitride halides in the pre-
vious subsection. It is a strongly layered compound inclgdr double layer of Ti-N nets
analogous to those of HfNCI and ZrNCI. Each net however hasoppeldgy of a single NaCl
(001) layer rather than a honeycomb type, but the layersiaptadted so Ti is coordinated with
four N ions (two in the same layer, two in the other) and witlo i@/ layers above (or below).
The layers are strongly buckled. The Ti-N bilayer is decedplectronically from the bilayers
above and below giving it 2D character, but the coordinagiod bonding are quite distinct from
that of ZrNCIl and HfNCI. More description, and references,@vided by Yinet al.[63]

The band gap of TiNCI is much smaller (0.5 eV) than that of itestos, and also differs in
having the gap occur dt rather than at the zone corner. Thus when electron-dopetk th a
single cylindrical Fermi surfacsurrounding/"-Z rather than two at the K and K’ points. The
character is again in-planéd,,) and the band is-2 eV wide. The DOS near £ N(0), is
similar to those of ZrNCIl and HfNCI. And, of course, there is fhet that T, lies in the same,
impressively high, range (17 K).

Yin et al. [63] assembled a tight binding model Hamiltonian based oniéa functions and
a Hubbard on-site repulsive interaction, and proceedediltutate the charge and spin sus-
ceptibilities x;7;,(7), where the subscripts label the Wannier functions and leasanifold
functions. They presented a few elements that are expexteave the most weight in the full
susceptibility, and noted that the approximate square sstmynof the Ti-N bilayer (at least
when viewed from above) is strongly broken by some elemehtki® susceptibility matrix.
The calculated Born effective charges are also stronglyarapic in-plane as well as out-of-
plane. The;-dependence @ffﬁl(cjj will be useful when measurements of the charge and spin
fluctuation spectrum are available. They will also be usifelectronic, rather than phononic,
mechanisms of pairing are considered.

5.3 Overview of thesetransition metal nitridohalides

It will be instructive to make a list of salient aspects ofstlelass of superconductors, which
is part of the broader class trfansition metal pnictide halidethat has been labeled “under
explored.” [64] Such a list should contain several cluesualibe origin of their remarkable
superconductivity and more generally about the importaridero dimensionality and doping
into ionic insulators.

e The occurrence of superconductivity and the value ok weakly dependent on the type
and amount of doping, indicating a robust feature that iensgive to details such as
stacking of successive/ NCl), layers or manner of doping. ZrNCIl can even be doped
with CI~ vacancies to superconduct at 12-14 K, [65] which is the samge of T that
arises from alkali atom intercalation.

¢ In-plane symmetry seems to be of little consequence. ThendfZz members have
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hexagonal, isotropic symmetry in the — b plane, while the Ti member has strongly
anisotropic Born effective charges and susceptibilitiél wectangular, anisotropic sym-
metry.

e A relatively large critical concentration of carriers.(=0.06 for Li,ZrNCl) is required
for the insulator-to metal/superconductor transition.l@wer concentrations, the doped
in electrons are “solvated” into the transition metal bamesumably as immobile po-
larons. This concentration corresponds to two carriersaiche4<4 supercell of ZrN
bilayers, a low but not truly sparse carrier density. The Zdgity parameter is, ~
20/ /¢, wheree is the background dielectric constant of the insulator.

e T.is maximum in Li_,NCI at the metal-insulator transition at,=0.06, as discussed
above. This is surely an important clue, given thatis'so insensitive to other factors
(interlayer spacing, type of dopant, doping level). Thistfalso prompts the question:
canz,.. be decreased in some (otherwise innocuous) manner, anaifil§o. continue to
rise as the doping level decreases?

e The N isotope effect has been reported [66] to be #@D4, reflecting little dependence
on N mass. This is quite small and uncertain, but possiblzean Note that the actual
shift AT, was 0.06-0.03K, which is nearing the limit of clear detectability. dny case,
the N isotope effect is at least extremely small.

e The factor-of-two difference in Thetween the Hf and Zr compounds invites study; so
far there are not even any reasonable speculations on thie ofi this difference. The
electronic structures are nearly indistinguishable. rpmeted as an isotope effect, (1) the
value is very large but also of the wrong sign, and (2) theed#fice in T is as large as
one of the Ts, so an isotope exponent that assundd@s/T, is small is an inappropriate
representation. Since the electron-phondevaluated in the usual manner) is seemingly
small, there is little reason to expect this to be a standartbpe shift anyway.

e TiNCI has an analogous band structure and a metal-nitridgdilalso, and has.Tid-
way between its two cousins. Yet the lattice symmetry andFgeni surfaces are dif-
ferent. Supposing the pairing mechanism is the same, thedarities and differences
provide clues and potential insight for the microscopicdebr impacting superconduc-
tivity.

e The Born effective charges [55] provide the electrodynaeffiects of the vibrating charged
ions in the weakly screened limit. If some correlation camdamd between these charges
and superconducting characteristics, it could provideartgnt clues to the pairing mech-
anism.
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54 Related classes of materials

One can guess that there must be a substantial number of 2Dbiand insulators that make
reasonable candidates for superconductors when dopedrdid@some brief comments here.
BaHfN, seems to be a minor variant of tAeNCI class. It structure is analogous, having tran-
sition metal nitride (Hf-N) layers bounded by the more iolaigers, which in this case contain
BaN. [55] The electronic structure is analogous2jN\states are filled, and the conduction band
states that are available for electronic carriers aboveakttated) gap of 0.7 eV are Hid
states, hybridized with Rp states. This compound differs from tfeNCI class in a way that
may be important for synthesis: it has only a single reaaivien (N). Many 2D materials are
grown layer by layer by sputtering, plasma laser deposittwmmolecular beam epitaxy. Much
experience has been gained in dealing with multiple cafiotise chamber, but usually a single
anion is used (and that is almost always oxygen).

The sister compounds SrZghind SrHfN, have also been synthesized. [67] The growth in ni-
tride synthesis has led to an expanding number of transiietal nitrides, many of which have
strongly 2D structures of the type of interest here, whileeothave “low dimensional” or some-
what open structures that are not strictly 2D. [64, 68] Gitte® impressive superconductivity
in the 7NCl class, doping these materials may well provide unustsailator-metal transitions
and perhaps some impressive superconductors.

6 Transition metal dichalcogenides and oxides: a class, or
individuals?

Superconductivity has “emerged” is several layered ttaorsmetal oxides and dichalcogenides,
including new members in the last decade or so. The unusdgbarnaps unique, single band
triangular lattice system, LNbG, is discussed immediately below. This one, along with sev-
eral others that have unusual characteristics, have 5K as shown in Fig. 5. This range of
T. is not impressive in itself, but the observation that supedtictivity continues to pop up
in strongly 2D TM oxides and chalcogenides where correfagifiects are moderate to strong,
suggests new physics. The systems we will mention, althtlugiiscussion will be brief, are
shown in Fig. 5, versus date of discovery. These materiatsoiseem to be very strongly con-
nected to the cuprates (perhaps not at all), wheris & factor of 20-25 greater. But there are
several examples. In the dichalcogenides, supercondydnises in the same sort of systems,
if not the same systems, where charge density waves (CDWs)amdensity waves (SDWSs)
are observed. These systems — at least the SDW members aydisgering wavevectors that
are connected with Fermi surface calipers, and therefarecansidered as Fermi surface in-
stabilities. However, they are instabilities @away fromg=0, whereas superconductivity is
aq = k — k¥ = 0 instability (because pairing coupléswith ¥ = —k) since no translational
symmetry is broken. Although superconductivity with padgriwavevector different from zero

is discussed more and more, this exotic FFLO (Fulde-Faluakin-Ovchinnikov [69, 70]) type
of pairing is yet to be established in any system. The maia mhind FFLO pairing, for a sys-
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Fig. 5: Display of four classes of layered transition metal dioside dichalcogenides, showing
T. versus year of discovery. Each has its specific peculiaritibe dichalcogenides also host
spin- and charge-density waves; the niobate is a unique sibghd triangular lattice system;
the cobaltate must be hydrated to become superconducthmgr Gritical temperatures are all
in the neighborhood of 5K.

tem with spin imbalance and thus somewhat different up amehd€Ss, is that a loss of kinetic
energy by forming pairs with non-zero center of mass can Ingpemsated by retaining partial
“nesting” of electron and hole FSs.

6.1 Li,NbO,: atriangular lattice, single band correlated superconductor

The discovery of HTS in the cuprates in 1986 enlivened istenet only in layered cuprates
but also in layered transition metal oxides more generdllye cuprates provided many-body
theorists with a palette to study strong correlation effectdoped 2D antiferromagnets within
a single band model. The intricate physics that occurs inldivecarrier density regime has
come at the cost of a more direct effort to focus on identiytime pairing mechanism. (In more
recent times multiband models have become more populanéotuprates.)

Another favorite of many-body modelers is the trianguldtide, because with antiferromag-
netic coupling magnetic order (in addition to simple chaagd orbital order) is frustrated, and
the observed or calculated phenomena become very rich. ¥oweue single band systems
are sparse, and finding one on a triangular lattice is rareadd

In 1990 Geselbrackhdt al. [71, 72] reported superconductivity up to 5.5 K in the NbO, sys-
tem, synthesized and characterized structurally earidvibyer and Hoppe. [73] This system
has been found [74] to be a single Mdbband, triangular lattice system, and one which promises
to display correlated electron behavior [75] because thrutated bandwidth is smaller than the
anticipated intraatomic repulsion U on Nb. At stoichiorngetriNbO, should be ai? low-spin
(i.e. nonmagnetic) ionic band insulator. With all Li remadJe=0 at fixed layered structure, see
below), NbQ would be ad' compound and an excellent candidate as a Mott insulatoreteny
a rutile-related crystal structure is energetically faaain this limit. At intermediate concen-
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Fig. 6: Left panel: Band structure of LiNbQor the experimental structure. The two central Nb
d,» bands arise from the two Nb atoms in the unit cell, and lie withéeV gap separating the
valence O2p bands from the other Ni/ bands above. The result is a triangular lattice single
band system. Right panel: Isosurface plot of thedhesymmetry Wannier function. The top
subpanel provides a top view, revealing the large “fan blsidextending toward neighboring
Nb ions, represented by small aqua-colored spheres. Therbaubpanel shows thkg: lobe
projecting perpendicular to the Nb layers, and small cdmitions from neighboring O ions.
Red and blue indicate opposite signs of the Wannier funclible Wannier function as a whole
has “s-like” (fully symmetric) symmetry of the Nb site.

trations it should conduct, unless charge order or some ettaic phase arises at certain band
fillings.

This is, so far, a single member class — a unique example;atepmfter all have several
subclasses and dozens of members — which unfortunatelyeleaslitle further experimental
study [76] but a fair amount of theoretical investigatior [75,77—79] The charge carriers hop
amongst the Nb sites, which form a triangular lattice suelt glectron dispersion is strongly
two dimensional. [74] The unique aspect is that the triamagptismatic coordination creates
a strong crystal field that leaves thé,- orbital lowest in energy and well separated from the
other4d bands above and the £» bands below. It becomes a single band, triangular lattice
system with formal charge Nb®)*+ : 4'**. As mentioned above, the=0 limit, which is
not reached experimentally, corresponds to a triangutdcéaMott insulator according to the
anticipated parameters [74] for this system: Hubb@rdf 3-4 eV, DFT bandwidth of 1 eV.
The observed JTup to 5.5 K is reported to be insensitive to the band filling;aading to the
(somewhat sparse) data.

Being a very light element, Li is almost invisible to xraysdamvhen samples are not of ideal
guality (as these are not), Li concentration must be deteethby other means. The multiphase
nature of samples results in further uncertainty in the Lnteat of a given phase. Two other
methods of doping the NbQayer have been reported. One is that H is introduced intdON
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The same =5.5 K results, and the supposition by Kumadal. [80] is that this procedure also
produces hole-doping (from the stoichiometrrel compound), presumed to be due to forma-
tion of H™. This supposition needs confirmation. In addition,)Mig§bO, has been synthesized;
this compound is structurally “identical” [81] to isovalelniNbO,. A sharp negative swing in
the susceptibility occurred at 4.4 K, but the authors dedito interpret this necessarily as
superconductivity (although a small volume fraction of exgonductivity seems to be another
possible source). Itis intriguing to note that MdNbO, = MgNb,O, has one more electron per
transition metal than LiYO,, which is one of the very fewd based heavy fermion compounds.
The theoretical studies strongly suggest that the conalyipthases of LiINbO, should be rather
strongly correlated.

In 2009 a startling development in this system was annourXeelet al.[82] reported values of
T.inthe 14-17 K range, three times larger than earlier repehite at compositions. Purity of
the samples was sufficient to rule out No¢N,,, which has T in this same range, as the origin
of the superconductivity. Moreover, the volume fractiorsoperconductivity was sufficient also
to rule out the carbonitride phase. If confirmed (data alwassd independent confirmation)
this higher range of Tmakes LiNbQO, a much more interesting and important case.

6.2 Na,Co0O,

This celebrated and heavily studied system is frustraiimgpoth senses of the word. As for
the other triangular lattice compounds covered in thisisecthe transition metal (Co) sublat-
tice [83] is frustrated for AFM coupling: the simplest waydee this is to note that around a
triangle spin ordering cannot proceed up-down-up-dowrabse the 1st and 4th sites are the
same. This fact, and extensions that arise from it, form thre of much of the interest in
triangular lattice systems. N&@o0G; is doubly frustrating for those hoping to understand its be-
havior because the superconductivity itself continuesésgnt awkward aspects. Two criteria
are necessary for superconductivity to appear: (1) the Maedration must be near (usually
somewhat larger than) ~ 1/3, and (2) the sample must be hydratee. dropped in water, or
otherwise exposed to a great deal of water vapg®DH The observation that=1/3 might be
special is that there is a strong tendency in such a systetnpifgly correlated, towarg3 x v/3
charge and/or spin ordering (and perhaps orbital orderamgpredicted [84] by correlated band
theory studies. Ordering is also predicted at half fillingg @hdeed an ordered, Mott insulating
phase is observed at1/2. The frustrating thing is that it remain mysterious wimgorpora-
tion of H,O does — beyond the expectation that the molecule decompdsasit is essential
for superconductivity.

It is not in the purview of this paper to survey the extensi¥pegimental work on this system,
nor the also rather extensive theoretical work. We do howpet out that several experimen-
tal studies have tried to ascertain tadation stateof the Co ion, versus the “doping level” of
Na (z). All have concluded that the oxidation state of Co is chanastic of a doping level (Na
concentration plus things thatB might cause) af.;; ~ 0.55-60, that is, moderately electron-
doped above half filling of the relevant Gd band. This system remains a conundrum, one for
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which there are few if any solid models.

6.3 Doped transition metal dichalcogenides; recently Cu,TiSe,

This transition metal dichalcogenide class of quasi-2Demals, mostly metals, has a long his-
tory and large literature. Many examples of CDW and SDW malkgmccur in this system,
and a glimpse of the many phenomena that occur in this syst@be obtained from a recent
report on 1T-Ta_,Fe.S;, [85] which contains a normal metal phase at high tempezadand
charge-ordered, superconducting, and correlated irmsutdtases at lower temperature. (The
“1T,” “2H,” etc. designations indicate symmetry and stackof the Ta$ motifs.) SDW ma-
terials usually have a magnetic order wavevector that canlémtified with a Fermi surface
caliper. The same had been suggested for CDW phases earlycdpresumed for many years,
since the generalized (Lindhard) susceptibility is expddb peak at wavevectors spanning the
Fermi surface. This viewpoint has been questioned in regests, and the complexity of the
phase diagrams in dichalcogenides rivals those of oxidescuf@ions of the susceptibility,
including the relevant matrix elements, seem in severasast to bear out earlier expecta-
tions: CDW wavevectors and Fermi surface calipers sometohoasot match up. [86] Recent
evidence indicates that states not only near the Fermiciifat also some distance away (on
an eV energy scale) contribute almost as heavily.

The electron-doped system {IuSe, system has caused some attention to return to this class
of materials. The doping by Cu is proposed to allow study ofrdlevant phase diagram via
simple (synthetic) means; [87] however, the solubilityitire only 11% for this compound. The
superconducting Jpeaks in this system just above 4 K. The many questions greattiveigh
the few answers. One important experimental result is tiastiperconductivity is reported to
be s-waver; [88] given the plethora of indications that elentmcorrelation effects are strong
in this system, this “conventional” form of gap should notiberpreted as a strong indicator
of electron-phonon pairing.

7 NaAlSi: an unusual self-doped semimetallic superconduc-
tor

Occasionally a semimetal is encountered that is self-dopedmimetal arising from “acciden-
tally” overlapping bonding valence and antibonding conucbands. It was noted in Sec. 4
that MgB, can also be regarded as a self-doped semimetal. Much moasionally such a
material is a superconductor; elemental Bi with its digtdrkcc lattice it a well known, though
not understood, example. NaAlSi which superconducts [89]k, interestingly possesses the
crystal structure of the “111” iron pnictide supercondustalthough their electronic structures
have nothing in common. Another intriguing, but surely lexant, aspect of this compound is
that moving each element to the next higher row (smaller Zjdmelectronic) gives LiBC, the
MgB.-like materials that was discussed briefly earlier in thigche.
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Fig. 7: Left panel: Density functional based band structure of NlaAkar the Fermi level. The
band structure was calculated with the two methods (all-etectand pseudopotential) that are
designated in the caption. The conduction bands at and attm/€&ermi level are strongly Al
in character, while the band extending below the Fermi levelSi-derived. The energy scale
is in eV. Right panel: Pictured in a 20 eV wide region, the tatad atom- and orbital-projected
density of states of NaAISi. Note the pseudogap around timei Emergy, with the sharp peak
at the minimum. The middle subpanel provides an expandedofithe very narrow and sharp
peak spanning the Fermi energy. The lower subpanel shows rolzdion of Al states to the
density of states peak.

Structurally, the AlSj tetrahedra replace the FeAwtrahedra that forms the basic feature of
the “111” materials, while the buckled layer of interstitida ions simply contributes their
electrons to the Al-Si bands. This provides 8 valence adastf.u., which encourages covalent
bonding and the formation of bonding valence and antibapdonduction bands. This indeed
occurs although a simple characterization of the bondm@anding distinction has not yet
been constructed. It is established that the bonding baredstangly Si in character while the
conducting bands are primarily Al. The gap is small, howgaed the bands overlap slightly
[90] neark=0 giving a semimetallic band structure.

The resulting density of states, shown in Fig. 7, is prediétem DFT studies to display an ex-
tremely sharp and narrow peak overlapping the Fermi le@8l] The scale of strong variation
of N(E) is similar to that of the largest phonon frequencypiying that the Born-Oppenheimer
approximation underlying el-ph theory and hence Eliaspltleeory cannot necessarily be re-
lied on. The superconductivity in NaAISi requires furtheevdlopments in theory. An at-
tempt to evaluate the el-ph coupling strength using comweal theory (including the Born-
Oppenheimer approximation) was thwarted by the small Feurfaces, which requires fingr
and@ mesh than was possible with even rather large computerectiahd memories.

Another conundrum is presented by this system. The isdsiraicand isovalent sister com-
pound NaAlGe has also been synthesized. It's electronictstre is virtually identical to that
of NaAlSi. Nonetheless, it is found not to be supercondgc{ebove 2 K). This fact revives
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phenanthrene picene i OO

1,2:8,9- dlbenzopentacene coronene

Fig. 8. Left panel: Structures of the four hydrocarbon moleculed,tvhen condensed to crys-
talline form and electron-doped with alkali atoms, superhact. The coronene closed wheel
of benzene rings is structurally distinct from the other filzene chains.” Right panel: Crystal
structure of picene, showing the herringbone alignment demudes; only carbon atoms are
pictured in both panels. The box outlines a primitive celheThon-intuitive orientation and
alignment of molecules results in the low symmetry monicdi&; space group.

the question occurring in the HINCI and ZrNCl system: can thedince in superconducting
behavior arise from the small and seemingly negligibleedéhces in the electronic structure,
or is it due to the mass difference — in this case Ge (73 amwsugebi (28 amu), or to some
other as yet undetermined origin. Another point of intetest we mention in passing is the
relation, or perhaps not, to its relative CaAlSi [91, 92] thas one more valence electron.

8 Doped hydrocarbons. organic crystals

A recent development, since the data used for Fig. 1 wasadailand which is only now
beginning to create a stir, is the demonstration ofip to 33K in electron-doped hydrocarbon
solids. Superconductivity in organometallic compounds ibeen under study for well over two
decades, and the originally low values qfffad been raised to the 10K regime. For reviews see
the book by Ishiguro, Yamaji, and Saito [93] and the oveniswlerome. [94] These materials
are strongly 2D in their electronic properties, and seenhtamsa combination of considerable
correlated electron behavior as well as strong electramph coupling. A coherent picture is
lacking.

The recent developments center on molecular solids buildromatic hydrocarbon molecules
phenanthrene GH,o, picene G,H,4, and dibenzopentacenggEl,s, comprising three, five,
and seven connected benzene rings, respectively. FHoic&ne, T up to 18 K was reported
in 2010 by Mitsuhashet al. [95], and this has been followed by Xt al. in 2012 reporting
T.=33 K in K,dibenzopentacene. [96] These latter authors have notédndanaximum T
so far appears to be linear in the number of benzene ring$ (#ag adding~7 K) and they
suggest that “delocalization” of the conduction electraavefunctions over the molecule is a
relevant factor. These molecules are sometimes descriagitstically as tiny flakes or ribbons
of of H-capped graphene; however, they differ in contairi@ double bonds, see Fig. 8.
These systems, especially the picene-based one, is mractive study from both experimen-
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talists and theorists, and an overview is inadvisable attime. It is relevant to this article
however that density functional based linear responseilzion of the phonon dispersion and
electron-phonon interaction strength and spectral @istion have been reported by Subedi and
Boeri. [97] They obtain strong coupling to H-C bend modes &4@0 cnt! and C-C stretch
modes around 1600 cm, and for various doping levels obtain coupling strengthugalin the
range\ ~ 0.65 — 0.75, which is enough to account for the observed values ofWhether
these materials are really Fermi liquid metals (neededHenalidity of Eliashberg theory) is
currently being explored using several experimental tephes.

9 Summary of main points

From the data shown in Fig. 1, two dimensionality clearlynsge¢o be special in producing
classes of high temperature superconductors. Doped tossiEccount for a substantial number
of these classes; the insulators my be either magneticatmsl (cuprates) or band insulators
(7NCI). Beyond these two categories, the phenomena (and likelypairing mechanisms)
vary. The doped nitridochlorides do not display indicatiaf the usual sort of strong electron
correlation (enhancements; magnetic moments), whichdpedlinsulators discussed in Sec. 6
fall within the categorization of electronically corredak materials. It is well recognized that the
strongly correlated systems require more extensive stadytlaat pairing mechanisms remain
to be identified. One of the main purposes of this article igdmt out that the transition metal
nitridochlorides and similar materials are different, ae@&m to require their own distinct means
of pairing.
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