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An essential property of layered systems is the dynamical nature of the screened Coulomb interaction.
Low-energy collective modes appear as a consequence of the layering and provide for a superconducting-
pairing channel in addition to the electron-phonon-induced attractive interaction. We show that taking into
account this feature allows to explain the high critical temperatufes 26 K) observed in recently discov-
ered intercalated metallochloronitrides. The exchange of acoustic plasmons between carriers leads to a signifi-
cant enhancement of the superconducting critical temperature that is in agreement with the experimental
observations.

DOI: 10.1103/PhysRevB.66.100501 PACS nunider74.70.Dd, 74.20.Mn

Screening of the Coulomb interaction takes very differentthe theory of superconductivity as a single constant pseudo-
forms in layered conductors and three dimensidB8l) iso-  potentialu*. The situation is very different in layered con-
tropic metals. We show that the dynamic screening in layereductors: incomplete screening of the Coulomb interaction re-
systems can lead to a Coulomb-induced enhancement of tiseilts from the layering® The response to a charge
superconducting pairing and might be an essential additiofluctuation is time dependent and the frequency dependence
to the usual electron-phonon contribution. This importantof the screened Coulomb interaction becomes important.
feature results from the existence of low-energy electronicThis leads to the presencelofv-energy electronic collective
collective modes characteristic for layered materials. modes: the acoustic plasmons. It is this particular feature of

The aim of the present paper is to explain the nature of théayered materials that brings about an additional contribution
superconducting state in layered intercalated metalloto the pairing interaction between electrons.
chloronitrides It has been shown that intercalation of me-  The order parameten (k,w,) of the superconducting
tallic ions and organic molecules into the parent compoundtate is described by
(Zr,Hf)NCI leads to a superconductor with rather high criti-
cal temperature T.~26 K).! Based on experimental
studies™" and band-structure calculatidiist was concluded Ak, wn)Z(K, wp)
that (i) electron-phonon mediated pairing is insufficient to
explain the highT.'s observed and thdii) there is no evi- - . +
dence for the presence of strong correlations; the system can :Tm;_w (277)3F(k,k ;op— o) F (K op),
be described within Fermi-liquid theory. In addition, these
compounds do not have magnetic ions which excludes a 1)
magnetic mechanism as well. No explanation has been sug-
gested so far as to what pairing mechanism can allow to + M- ) , » .
reach the observed critical temperatures. The theory prg¥hereF =(C1C=k,) is the Gor'kov pairing function and
posed below shows that such higl's can be obtained by Z(k,w,) is the renormalization function, defined by
including the additional pairing contribution arising from the
interaction of carriers with acoustic plasmons; this is the

3

manifestation of the dynamic screening effect of the Cou- T o d3k’
lomb interaction. Z(k,wn)—1= P f (2m)3
The description of layered conductors can be made by
neglecting the small interlayer hopping in a first approxima- XT (KK ;0p— 0n) G(K, o). (2

tion. On the other hand, it is essential to take into account the

screened interlayer Coulomb interaction which has an impor-

tant dynamic part. Indeed, it is known that for usual 3DG=(c] ,cy,) is the usual Green function, arfd the total
materials this interaction can be considered in the static limiinteraction kernelw,=(2n+1)7T. We use the thermody-
since electronic collective modes are very high in enétigg  namic Green’s-function formalisrtsee, e.g., Ref. 22 The
optical plasmon energies are of the order 5—-30 eV in metalsf . for layered superconductors is obtained by solving the set
see, e.g., Ref. 20Therefore, the Coulomb repulsion enters of Egs. (1) and(2) self-consistently.
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The interaction kernel is composed of two paits; I' g,
+I'¢, where

L on(d;In—m|)=|g,(a)|?D(q, ©)
V()
1“c(q:|”—m|)=m- (4)

The first term,I",,, is the usual pairing contribution result-
ing from the electron-phonon interactiorD(q,n—m)
=0Q2(q)[ wn— om)?+Q3(q)] ! is the phonon temperature
Green'’s function, andl ,(q) the phonon frequency; summa-
tion over phonon branchesis assumed. The second contri-
bution to the interaction kernel,., is the Coulomb part
written in its most general form as the ratio of the bare Cou.,
lomb interactionV (g) and the dielectric functiore(q,w,
—wy,). Both functions have to be calculated for a layered
structure.

The Coulomb interaction for conducting layers separated

by spacers of dielectric constasf, can be written in the
form't13

eZ

2

Ae
fMQ\ ( )
whereq(q,) is the in-plangout-of-plang component of the
wave vector. In the last expressioN(Eg) is the 2D elec-
tronic density of statesDOS) at the Fermi energ¥g, and

Ve(a:9,) =R(q),0,)/(2keq)) with

sinh(qL)
coshiqL)—cogq,L)"

L is the interlayer spacing and,=e?/fv2¢), is the dimen-
sionless Coulomb interaction constant-(is the Fermi ve-
locity). The dielectric functiore(q, w,,— w,,) has been calcu-
lated for a layered systéii'® in the random-phase
approximation(RPA). It has been shown there that the plas-
mon spectrum contains anisotropic banas= w,(q;,d,)
that can be labeled bg, and which are the low-frequency
acoustic modes.

Equations(1) and(2) can be cast into the following ma-
trix form nearT. (see our paper, Ref. 15

R(q,d,) = (6)

> 2 Kom(la)®m(ky) = 7@, (k,), (7
m k;

whereq,=k,—k; are the wave-vector components normal to
the conducting layers an@(k;) =A(k;)/v2m+1 is the

reduced order parameter. In the case of a layered supercon>

ductor, the matriXK takes the form

1 1
K -
n,m(lqz|) NZ \/m\/m
AMD(n—m)+D(n+m+1)]
+ N Te(In—=ml;[a) +Ti(In+m+1[;|a,)]
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2n

—u* 0(Q— |wp|)— 5n,mp20 [AD(n—p)

+ACFL(IH—IDI;quI)]]- (8

n—m is shorthand for the difference of Matsubara frequen-
cies w,— w,=27T(n—m) [with T=kgT/Q; we consider
an Einstein phono},(g)=Q]. Q. is the cutoff used to
define the pseudopotential*, andN, is the number ofj,
points considered in the Brillouin zone. All but the static
Coulomb repulsionw* are temperature-dependent quantities.
The critical temperature of the superconducting phase tran-
sition T, is reached when the highest eigenvalugyis1.
c(n,|qz|) is the frequency-dependent contribution of the
screened Coulomb interaction arising from acoustic plas-
mons. It has been shown by Morawiz al'* that the DOS
of the low-energy collective modes is peakedyat 7 and
g,=0. Furthermore, it was demonstrated thatdhe O term
is repulsive and can therefore be included into the pseudo-
potentialx* .*> The main plasmon contribution to the pairing
is thus obtained fog,= #/L and has the form

dg V(@)
0 \J1-? e(q.n— m)’

where q=qj/2kg, and g.=min{l|w,— wy|/4E¢} divides

the (w,q) space into the regione>qug andw<qug. The

first region corresponds to the dynamic response and con-
tains plasmon excitations, including the acoustic plasmon
branches. In the second region the response can be treated in
the static approximation and represents the usual repulsive
part of the screened Coulomb interaction. We calculate the
value of the critical temperature from Eq3)—(9).

In order to demonstrate the importance of dynamic
screening for superconductivity we calculdtg for the fol-
lowing set of realistic parameterd:=15A, A=0.5, Q
=70 meV, ey=3, vg=5x10" cm/s, u*=0.1, andm*
=m,. As will be seen below, these values are close to those
found in metallochloronitrides. With these parameters, the
Coulomb interaction constant defined earliekjs=0.6. One
can, therefore, use RPA in first approximation and neglect
vertex corrections.

With use of aforementioned values for the three quantities
N\, ©Q, and u* one can, in a first step, calculate the value
Te. ph wh|ch is the critical temperature in the absence of dy-
namic screenlngl(C 0). One obtainsT.,p=12 K. If we
now take into account the effect of dynamic screening and
calculate T, using all parameters given above, we obtain
T.=25 K. This demonstrates that the valueTafin layered
superconductors can be drastically affectedhanced by
the dynamic part of the screened Coulomb interaction.

We now apply our approach to a specific case among
intercalated metallochloronitrides, namely, the compound
Lio 4 THF),HfNCI which has aT.=25.5 K. We selected
this compound as a study case because there has been rela-
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tively detailed experimental and theoretical work done on TABLE I. Determination ofT. (T ) in presenceéabsencgof
this layered material. From Refs. 5 and 6 the interlayer disthe contribution due to dynamic screening of the Coulomb interac-
tancelL and characteristic phonon frequen@yare equal to  tion. The parameters are those taken fog HTHF), HINCI; .~
L=18.7 A and Q=60 meV, respectively. The effective —0-1.{1=60 meV,m*/m=0.6, Er=1 eV, andL=18.7 A.

mass and Fermi energy have been estimated from bang\—

structure calculation®Accordingly, m*/m,=0.6 wherem, e Tepn () Te 0
is the free-electron mass aiitt=1 eV. Finally, according 0.5 2.2 11 24.9
to Ref. 6 we takeu* =0.1. Selecting the values,;=1.8 and 0.4 1.95 4.3 25.3
A=0.3 and calculatingl; with Egs. (3)—(9), we obtainT, 0.3 1.8 0.5 24.6

=24.5 K, which is close to the experimental valu ab-

sence of the plasmon part'{=0) we obtainT; ph=0.5 K coupling constank. Such measurements, along with optical

which indeed confirms that the conventional electron-phonoRjata, would allow to carry out more detailed calculations of

mechanism cannot explain the high critical temperature obT_ for specific metallochloronitrides.

served in this material. In absence of such experimental data, we present in Table
We point out that the calculation just performed for | a few typical examples of calculatdd for various realistic

Lig 4o THF)yHfNCI makes use of reasonable, but still adjust-values of the parameteds and ey in Lig 49 THF), HfNCI.

able parameters andey . A more detailed analysis requires Note that in all cases the optical plasmon energg=a0 is

the experimental determination of these quantities prior twf the orderwp op(q=0)=1-1.3 eV, in agreement with

our calculation. It would thus be of interest to perform tun-band-structure calculation estimates. A more detailed analy-

neling measurements which would allow to determine thesis of other metallochlorinitrides will be described else-

function o?(Q)F(Q) [F(Q) is the phonon density of states where.

whereasy?(Q) describes the couplifgand correspondingly In conclusion, the dynamical screening of the Coulomb

N (along with u*; see, e.g., Refs. 16 and )17Another interaction is an essential feature of layered structures that

method to determine. requires to measure the electronic provides for an additional contribution to the pairing and

heat capacity. Indeed, as is known, the Sommerfeld constaigads to a drastic enhancementTQf. The theory presented

contains the renormalization factorrI. while the magnetic here enables us to give an explanation for the high critical

susceptibility is unrenormalize@ee, e.g., Ref. 37Compar-  temperatures observed in intercalated layered metallochlo-

ing these two quantities one can extract the value of theonitrides.
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