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We report muon spin relaxationrSR) and magnetization measurements, together with synthesis and char-
acterization, of the Li-intercalated layered superconductaofddfNCI and Li,ZrNCI with/without cointercala-
tion of THF (tetrahydrofurajp or propylene carbonate. The three-dimensional superfluid demgity* (su-
perconducting carrier density/effective mpss well as the two-dimensional superfluid densityy/m?,
[two-dimensional(2D) area density of superconducting carriatsplane effective magshave been derived
from the u SR results of the magnetic-field penetration depthobserved with external magnetic field applied
perpendicular to the 2D honeycomb layer of HfN/ZrN. In a plofgfversusng,p/m%,, most of the results lie
close to the linear relationship found for underdoped higheuprate(HTSC) and layered organic BEDT
(bis(ethylenedithig) superconductors. In [ ZrNCI without THF intercalation, the superfluid density aRdfor
x=0.17 and 0.4 do not show much difference, reminiscent 8R results for some overdoped HTSC systems.
Together with the absence of dependencd& obn average interlayer distance among ZrN/HfN layers, these
results suggest that the 2D superfluid density,/m}, is a dominant determining factor fdr. in the inter-
calated nitride-chloride systems. We also repo8R and magnetization results on depinning of flux vortices,
and the magnetization results for the upper critical fielg, and the penetration depth. A reasonable
agreement was obtained betweeSR and magnetization estimates )af We discuss the two-dimensional
nature of superconductivity in the nitride-chloride systems based on these results.
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I. INTRODUCTION HfNCI intercalated with alkali-metal atom@.i, Na, K).>?
Systems based on ZrNCIl have superconducting transition
Layered superconductors, such as high-cuprates temperatures <15 K, while those based on HfNCI have
(HTSO or organic BEDT (bis(ethylenedithip) systems, T.<25.5 K. These systems can be cointercalated with or-
have been a subject of extensive research effort for decadeganic molecules, such as THgetrahydrofurapor PC (pro-
These systems show rich novel phenomena, including supepyrene carbonajeThe parent compounds ZrNCI and HfNCI
conducting fluctuations, pancake vortex, complicated vortexare insulators which have a layered structure as shown in
phase diagrams, and interlayer Josephson effects. High- Fig. 1(a@). Zr(Hf)-N honeycomb double layers are sand-
cuprate superconductors have been investigated extensiveljiched by ClI layers, and composite @¢N)-(ZrN)-Cl lay-
as prototypical layered superconductors. The cuprates haveess form a stacking unit. Adjacent stacking units are bonded
merit that their carrier concentration can be controlled byby weak van der Waals force. Alkali-metal atoms and polar
chemical substitutions and/or oxygen contents. On the othesrganic molecules such as THF or PC can be cointercalated
hand, it has not been easy to control the interlayer distance imto the van der Waals gap of the parent compounds as
cuprates. In general, superconductivity of these layered syshown schematically in Fig. (). Intercalated alkali-metal
tems is deeply related to in-plane features as well as interatoms are supposed to release electrons intdf¥N double
layer couplings. For overall understanding of superconduclayers, which makes the system metallic and superconduct-
tivity in these systems, it would be essential to elucidateng. On the other hand, intercalated organic molecules ex-
interplay between in-plane and interplane properties. Despitpand interlayer distance without changingHf)-N honey-
extensive research effort, however, detailed roles of dimeneomb double layers. So we can control two separate
sionality are yet to be clarified in these systems. parameters, carrier concentration and the stacking unit dis-
Recently, superconductivity was discovered in ZrNCI andtance, in a single series of nitride chlorides with the common
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In general, a strong dependenceTgfon the carrier den-
sity is not expected in conventional BCS theSrwhere T,
(— is determined by the mediating boshonor energy scale
. and the density of states of carriers at the Fermi level which
govern the charge-bosdglectron-phononcoupling. For 2D
metals, the density of states does not depend on the carrier
density in the simplest case of noninteracting fermion gas.
. 13- Therefore, the BCS theory has a fundamental difficulty in
187 A explaining the observed correlations. In contrast, an explicit
. =g 5% ,JT:T "‘\,./‘R THE dependence of . can be expected for the condensation tem-
m ””””” : peratureTg in Bose-Einstein BE) condensation of a simple
(grf) L \ \ \ R Eose gas, as well as for the Kosterlitz?T?ouléﬁ) transi-
ion temperaturel (1 for a 2D superfluid® In BE and KT
transitions, the transition temperature is determined simply
by the number density and the mass, since the condensation
is decoupled from the formation of condensing bosons in
FIG. 1. (Color onliné Schematic figures of the crystal structure these two cases. The universality of thg versusns/m*
of Hf(Zr)NCI (a) without intercalation andb) cointercalated with ~ relationship observed beyond the difference of systems, such
Li and THF. The stacking unit thickness-€,/3, wherec, is c-axis ~ a@s cuprates, fullerides, organics, etc., may be related to this
lattice constantis also shown. feature. Pictures proposed to explain the correlations be-
tweenT,. and the superfluid density in the cuprates include
superconducting slab. This unique feature could allow studerossover from Bose-Einstein to BCS condensafioff and
ies of layered superconductors from a new angle. phase fluctuation® In the present work, we extend our
In this paper, we will present synthesis and characterizastudy to intercalated nitride-chloride systems, seeking further
tion of a series of intercalated ZrNCI and HfNCI samples,insights into such phenomenology.
together with studies of their superconducting properties us- We have also determined the upper critical fielg, of
ing muon spin relaxationSR), magnetization, and resis- nitride-chloride systems from magnetization and resistivity
tivity measurements. A part of this work was presented in aneasurements. Although it is not easy to deterntig in
conferencé, where we reported uSR results in layered superconductors due to the strong superconducting
HfNCI-Li o s THF3, showed that T, and the two- fluctuations, Ha@t al*° developed an approach to overcome
dimensional2D) superfluid density in this system follow the such difficulty using a model for reversible diamagnetic
correlations found in cuprates and BEDT systems, and dismagnetization of type-ll superconductors which have high
cussed that this feature likely comes from departure fronvalues. Herek is the Ginzburg-Landau parameter defined as
BCS condensation, which can be understood in terms othe ratio of the penetration depihto the coherence length
crossover from Bose-Einstein to BCS condensation. Subsé&- In this model, one calculates the free energy including the
quently, Touet al? reported a NMR Knight shift study which supercurrent kinetic energy, the magnetic-field energy, as
inferred a rather small density of states at the Fermi level irwell as the kinetic-energy and condensation-energy terms
HfNCI-Li-THF, and discussed difficulty in explaining the arising from suppression of the order parameter in the vortex
high transition temperatur&. in terms of the conventional core. This method has been successfully applied to various
BCS theory. Touet al® also reported a rather high upper high-T. cuprate superconductors. We will apply this model
critical field H,,(T—0)~100 kG, for the field applied per- to superconducting HZr)NCI in the temperature and field
pendicular to the conducting planes, from magnetization andegion where the effect of superconducting fluctuations is
NMR measurements. negligible.
Extensiveu SR measurements of the magnetic-field pen-
etration depth\ have been performed to date in.various Su- Il SYNTHESIS AND CHARACTERIZATION
perconducting systems, such as HTSE& fullerides!**®
and 2D organic BEDT systeni8.Universal nearly linear The parent compounds HfNCI and ZrNCI were synthe-
correlations have been found betweknand the muon spin  sized by the reaction of Zr or Hf powder with vaporized
relaxation rate o(T—0)x1/\2xng/m* (superconducting NH,CI at 600°C for 30 min in N flow.>! The resulting
carrier density/effective magén the underdoped region of powder was sealed in a quartz ampule and was purified by a
many HTSC systems and in some other exoticchemical vapor transport method with temperature
superconductord’ Such correlations are seen also in HTSCgradient? For the purification, an end of the ampule with
superconductors having extra perturbations, such aprereacted powder was kept at 800°C and the other end,
overdoping!?” (Cu,Zn substitutions® or spontaneous where purified powder is collected, at 900 °C for three days.
formation of nanoscale regions with static stripe spinNo impurity phase was detected in the purified powder from
correlations®?°In all these systemd., follows the correla-  x-ray diffraction.
tions with superfluid density found for less perturbed stan- Since a Li-intercalated sample is sensitive to air, interca-
dard HTSC systems. These results indicate that the supeation was performed in a glove box. We used three interca-
fluid density is a determining factor fdr, in the cuprated!  lation method®® to prepare a variety of samples.

(@)
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TABLE I. Synthesis methodsee the text for detailsstacking unit distancec/3), superconducting transition temperatiigeestimated
from magnetization, magnetic-field penetration depth s T—0) at zero temperature limit estimated from TSR, Ginzburg-Landau
parameter, upper critical field at zero temperaturg,|(0), coherence length at zero temperatégg(0), and nagnetic penetration depth
at zero temperaturk,y, »y(0) estimated from reversible magnetization for intercalated HfNCI and ZrNCI systems reported in the present
work. TF-.uSR and magnetization measurements were performed under the magnetic field paralle axithe

Sample Synthesis method Col3 Te Nabusr(T—0) K Hczyc(0) &a40) Napm(0)
A) (K) A) () A) (R)

Lig4ZrNCI (i) n-Butyllithium 9.4 14.2 3700 56 4.7 83 4700

LigZrNClI (i) secButyllithium 9.4 12.5 3900

LigZrNClI (i) tert-Butyllithium 9.4 11.7

Lig 1eTHF 0ZINCI (i) THF 133 144 5200 76 4.2 88 6700

Lig 1P Co1ZNCI (i) PC 13.3 14.6

Lig 24THFy 1 HfNCI (iii) 8 mM Li-Naph 13.3 25.5

LigsTHF sHNCI (iii) 100 mM Li-Naph 18.7 25.5 3900

(i) Li-intercalated ZrNCI samples were prepared by soakcalated ZrNCI specimens which were examined ©$R
ing parent ZrNCI powder in three kinds of butyllithium so- measurements. The values pfM/H are of the order for
lution. We used 2.0 (mol/l) n-butyllithium solution in cy-  ideal perfect diamagnetism 3/8x for spherical samples and
clohexane, 1.8 sechbutyllithium solution in cyclohexane, —1/47 for long cylindrical samples with the field parallel to
and 1.M tert-butyllithium solution in pentane for this pur- the cylinder axis. The determination of the absolute values of
pose. In this order, reducing ability becomes stronger ang,, however, can be affected by such factors as nonspherical
therefore higher concentration of Li atoms can be intercasample shape, sample morphology, and residual field in a
lated into the parent compound. We used solution which consuperconducting quantum interference dey8®UID) mag-
tained butyllithium corresponding to more than 2, 5, and 5Snetometer. These factors might have caused deviation of
equivalents of ZrNCl fom-, sec, andtert-butyllithium to  some of the zero-field-cooled shielding values yofrom
avoid the dilution of butyllithium in the intercalation process. — 1/44.

(it) We performed cointercalation of Li and organic mol-  |n Table I, we summarize the composition, synthesis
ecules into ZrNCl by soaking Li intercalated ZrNCI powder method, distance between adjacent stacking @it of the
[prepared by the methd@d usingn-Butyllithium solution] in  c-axis lattice constant,, see Fig. 1, and the superconduct-
enough THF or PC. ing transition temperatur€, for these samples. The stacking

(iii) Li- and THF-cointercalated HfNCI samples were pre- ynjt distance is 9.4 A for the Li-intercalated samples pre-
pared by soaking HfNCI powder in various concentrationspared by the method) without cointercalation of organic
(2.5-100 nM) of lithium naphthalenéLi-naph) solution in  molecules. This value is almost the same as that for uninter-
THF. Since phase separation was often observed in thgalated parent compourél.3 A) without Li. With increasing
samples prepared by the meth@id), we selected single- |j concentrationx from 0.17 to 0.6(in the samples without
phase samples for the measurements in this study via chagpintercalation of organic moleculesT. decreases from

acterization fromil as well asc-axis lattice constant. 14.2 K to 11.7 K. Figure @) shows thex dependence 6f
The Li- and THF-cointercalated HINCI sample with the

largestc-axis lattice constant according to the methad) , , .

was prepared at Hiroshima University, while all the other H=50e
samples at Columbia University. Table | shows a list of these P »
samples.

The chemical composition was determined by inductively 6 8§ 8 6eeeEe0n0d
coupled plasma atomic emission spectroscO@P-AEM) E AN AkARA
and CHN elemental analysis. The powder samples werez

pressed into pellets under uniaxial stress and sealed in celly, oaf * ** .
made of Kapton film and epoxy glue for x-ray measure-

ments. The x-ray rocking curve of (0Opeaks for cleaved o o o coscscecy® 0 @ LipyZiNCI
surface(inside a pelletshows a peak with half-width at half - O m LigZtNCl
maximum of ~8°, which indicates that the bulk of the NN L L A & TgrsTHE e NCl
samples have well-aligned preferred orientation and are suit 025 . B = 20

able for studies of anisotropic properties. Essentially similar
rocking curves were also observed for as-prepared surfaces
of pellets. FIG. 2. (Color onling Magnetic susceptibility vs temperature

The superconducting transition temperature of themeasured inH=5 Oe in the field-cooling(FC) and zero-field-
samples was determined from measurements of magnetioling (ZFC) procedures in the specimens of intercalated ZrNCl
susceptibilityy. In Fig. 2, we show the results gf in inter- ~ which were used in the&eSR measurements.

Temperature (K)
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Intercalacted Zr(Hf)NCI . uSR: EXPERIMENT
30 ' ' ' ' Our uSR experiments were performed at TRIUMF, the
Ll THE g HENC Canadian National Accelerator Laboratory located in Van-
22 HfNCI @ Li, ;THF , HENCI couver, Canada, which provided a high intensity and polar-
®Li__zrNCI ized beam of positive muons. Each pressed pellet sample,
20 o with thec axis aligned, was sealed in a sample cell which has
< Ot 2ZrNel a Kapton window and mounted in a He gas-flow cryostat
‘;15 r N 4 ALy ZrNCl 7 with thec axis parallel to the direction of muon beam. Trans-
— (®) A L, gTHF0gZrNCI verse external fieldTF) was applied parallel to the beam
10 F ZrNCl . direction, while muons are injected with their initial spin
% Lig gPCo ZrNCI o . . I
polarization perpendicular to the field/beam direction. Low-
5 I o momentum(surfaceé muons with the incident momentum of
29.8 MeVt were implanted in the pellet specimens. The
0 ! ! ! ! average stopping depth, 100—200 mgicrassured that the
0.0 0.2 0.4 0.6 0.8 1.0 majority of muons are stopped within the specimen, after
Li concentration x going through Kapton windows of the cryostat and the
Intercalacted ZrNClI sample cell.
30 | | Plastic scintillation counters were used to detect the ar-
@Li, ,ZrNCI rival of a positive muon and its decay into a positron, and the
25 F A . decay-event histogram was obtained as a function of muon
OLIMZrNCI . . s . .
residence timé which corresponds to the time difference of
50 LAsZrNCl 4 the muon arrival and positron decay signals. The time evo-
- [Liy THF g sZrNCI lution of muon spin direction/polarization was obtained from
< 5 L ALi, PC, ZrNCI . * i the angular asymmetry of positron histograms, after correc-
& Q tion for the exponential decay exp{r,), where 7,

=2.2 us is the mean lifetime of a positive muon. Details of

10 n . .
M SR technique can be found, for example, in Refs. 35-37.
5 | | The asymmetry time specti(t) were fit to a functional
form:
O | |

15

5 10
Stacking Unit distance C/3 (A)

A(t)=A(0)exp — o?t?/2)cog wt+ ¢b),

where A(0) is the initial decay asymmetry d&=0. The

muon spin precesses at the frequenciesy, Hey:, Where
is the gyromagnetic ratio of a muon 42

X 13.554 MHz/kG) anH ., denotes the transverse external
magnetic field. As shown in Fig. 4, for an example of
Lig41ZrNCl, this oscillation exhibits faster damping in the
superconducting state due to inhomogeneous distribution of
internal magnetic fields in the flux vortex structure. In
in Li,ZrNCl and LL,HfNCI samples, with/without cointerca- pressed pellet samples of random or oriented powder, this
lation, obtained in the present study. In Fig. 3 and Table |, weelaxation can usually be approximated by a Gaussian decay
find that (1) T, shows a slow reduction with increasing  which defines the muon spin relaxation rate
and(2) for closex values,T. does not depend much on the  For systems except for ZrNCI-Li-THF, the SR results
stacking-unit distance,/3 [see Fig. 8)]. These results are were analyzed by assuming a single-component signal,
qualitatively consistent with the reported results in the Li, K,which shows a reasonable agreement to the data as in Fig.
and Na doped ZrNCI samples with/without cointercalation of4(b). In ZrNCI cointercalated with Li and THF, the relative
organic molecule$! Decrease off . with increasing charge value of the shielding susceptibility was significantly lower
doping is reminiscent of the case of overdoped higheu-  than those of other samples, as shown in Fig. 2. Although it
prate superconductors. is not clear, this reduced susceptibility could possibly imply

To the best of our knowledge, this is the first report ofa finite fraction of superconducting volume. As a precaution-
success in Li-THF intercalation into ZrNCI bgec and  ary measure, by fitting selected low-temperature signals in
tert-butyllithium. The stacking unit thickness is 13.3 or 18.7 field-cooled and zero-field-cooled procedures to an asymme-
A for the methodgii) and (iii). As has been reported, is  try function having two-component signals, we estimated
almost unaffected by the expansion of the stacking-unit disan upper limit of the relaxation rate for the superconducting
tance from~9.4 A to ~13.3 A for the samples with Li con- fraction. This upper limit is showrin Figs. 6 and ¥ by
tent x~0.17 [see Fig. 2b)]. Systems based on HfNCI has the error bar placed to the right side of the main point for
T.=25.5 K, nearly a factor of 2 higher than that for interca- o which was obtained for a single-component asymmetry
lated ZrNCl. function.

FIG. 3. (Color online Dependence of ., as determined from
the susceptibility, oria) Li concentratiornx and on(b) stacking unit
distancec,/3 in Li,ZrNCI and Li,HfNCI with/without cointercala-
tion of THF or PC.
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FIG. 4. (Color online The time spectra of muon asymmetry
A(t) measured in lg;ZrNCl at (a) T=19 K (aboveT.) and (b)
T=2.5 K(well belowT.) under the transverse external field of 500 |5, 5. (Color onling Temperature dependence of the muon
G. The apparent precession frequency in this graph is modified frorgpin relaxation rater(T) in (@) Hf(Zr)NCI cointercalated with Li
the actual precession frequency by the use of a rotating referencgomg and THF, anéh) Li, ZrNCI without cointercalation. The up-
frame. The solid lines show a fit to Gaussian decay envelope. per panel(a) shows the results obtained in the field cooliffeC)

and zero-field coolingZFC) procedures, while the results in the
IV. uSR: SPECTRA AND RELAXATION RATE lower panekb) were obtained in the FC procedure. Dashed lines are
guides to the eyes.

Temperature (K)

Figure 4 shows time spectra of muon decay asymmetr
for a representative sample above and belqw In the nor-
mal state abové@, the oscillation shows a small relaxation o= — ‘/gﬁ_ggb for (oop<op).
due to nuclear dipole fields. We denote this relaxation rate as
o,. Below T., the relaxation becomes faster due to addi-
tional field distribution from the flux vortex lattice. For each Note that this procedure makes the error bar rather large
specimen, the zero-field SR spectra obtained above and aroundo=0.
well below T, did not show any difference. This assures that  Figure a) shows the temperature dependence of the re-
the temperature dependence of the relaxation rate observegkation rates for the samples cointercalated with organic
in TF is due to superconductivity alone, and also implies thafnolecules having expanded interlayer distance. With de-
there is no detectable effect of time-reversal symmetryreasing temperature, the relaxation rate begins to increase
breaking, contrary to the case of WPRef. 3§ and  pejow the superconducting transition temperaffiye At the

39
SrRuO,. , _ flux-pinning temperaturél,, the zero-field-coolingZFC)
The effect of the superconducting vortex lattice can be

. i ) curve begins to deviate from the field-coolitfgC) curve. In
obtained by subtracting th's normal—stgte background o 7pc procedures, flux vortices are required to enter the
from the observed relaxation rate,,. Since the nuclear

dipolar broadening and superconducting broadening of thépecimen from its edge and move a large distance before
internal fields do not add coherently, here we adopt quadratice‘r’lChlng their equilibrium position. Below the pinning tem-

. . . _PeratureT,, this long-distance flux motion could be pre-
subtraction to obtain the relaxation ratedue to supercon vented by the flux pinning, resulting in a highly inequilib-

ductivity as rium flux lattice and more inhomogeneous field distribution
at muon sites. This behavior has been observed in earlier
o=\ol—o> for (og=0p) SR studies of HTSE? BEDT,'® and some other systems.
In both systems shown in Fig(&, we find thatT, is much
and lower thanT., which is a characteristic feature for highly 2D
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superconductors. TheSR results ofl, for the present sys- 30 T T T

tems agree well with those from magnetization measure- i THE. NG

ments discussed in Sec. VII. i THE. ~7eNCl
We performed FC measurements using a wide range s Li v ZiNCL _

of external transverse magnetic field$.,;, and found Li, ,ZtNCl Iy

no significant dependence af on H.,; from 40 G to (BEDT-TTF),- R

1000 G, as shown in Fig. 5. In TESR measurements in Cu(NCS), —

highly 2D superconductors, such as Bi2212 or 20 i

(BEDT-TTF),Cu(NCS),, application of a high external P

magnetic field transforms 3D flux vortex structure into 2D _ _~—Cuprates

pancake vortices, since higher field implies stronger coupling? {5 o

of flux vortices within a given plane and higher chance for & -— %

the vortex location in each plane to be determined by randorr o

defect position on each plafeThe absence of field depen- e

dence in our measurements implies that corrections for the 101 ol 7

2D vortex effect is not necessary in the present study. This Reod

situation is expected for our axis aligned powder speci- e

mens. The relaxation rai@(T) shows a tendency of satura- 5 Pl

tion at low temperatures in all of the measured samples ol bd

nitride-chloride systems in the present study. This behavior is /"

characteristic fois-wave superconductors. However, experi-

ments using high-quality single crystals are required for a %0 0'2 0'4 0'6 0.8

conclusive determination of the superconducting pairing ' ' ' ' '

symmetry. In the case of HTSC cupratdsyave pairing was 6 (T — 0) (usec™)

established only afte SR results on high-quality crystals of _ _

YBa,Cu;0, became availabl® .FIG. 6. (Color onling Correlqtlons betweeff. and the muon
Figure §b) shows the temperature dependencerdfor spin relgxanon rater(T—0) of intercalated HZr)NCI (present

the samples without organic cointercalant. The dependenckor®). highT. cuprates(Ref. 6, and (BEDT-TTF)-Cu(NCS)

of o on temperaturel and field H,; of the field-cooling (Ref' 1.6' The ho”.zomal axis f‘. proportional ‘to the three-

results was essentially similar to that for specimens withdmensional superfluid density,/m™ in the ground state. The re-

cointercalation in Fig. &). In these systems, we determined sults of o for the cuprates, obtained using unoriented ceramic speci-

the pinning t tUIE. b tizati t mens, are multiplied by a facter 1.4 for the comparison with those
. € pinning tempeérature, by magnetiza |9n MeAasUrements ¢, nitride-chloride and BEDT systems obtained using single
instead of byuSR, and show the results in Sec. VII.

crystals and oriented ceramic specimens.

<eoeom

V. uSR: COMPARISON WITH OTHER SYSTEMS

AND SUPERFLUID ENERGY SCALES dicular to the conducting plane could be very different. For

the geometry withH.,; perpendicular to the conducting
The uSR relaxation rate due to the penetration depth iglane, related to the in-plane penetration depth as in the
related to the superconducting carrier density effective  present study, the superconducting screening current flows
massm*, the coherence length and the mean free patlas  within the plane, resulting in the more effective partial
screening ofH.,; and the shorteh compared to the case
ng 1 with He,; parallel to the planes. In the present work, our
m* 1+ &N specimen has a highly orientedaxis direction within+/
—8°, and we regard our specimen as equivalent to single-
The proportionality tong/m* comes from the fact that this crystal specimens in terms of anisotropy. A theory/simulation
effect is caused by the superconducting screening currentyork*® shows that for unoriented ceramic specimens of
and consequently reflecting the current density in a similahighly 2D superconductors, value afshould be reduced by
way to the normal-state conductivity of a metal which isa factor of 1/1.4 from the value for single crystals observed
proportional to the carrier density divided by the effectivewith H,,. applied perpendicular to the conducting planes.
mass. As will be shown lateg, is estimated to be 80—90 A in In Fig. 6, in a plot ofT. versus the low-temperature re-
the present nitride-chloride systems. The mean free path cafexation ratec(T—0)«ns/m*, we compare the results of
not be determined at the moment, since a high-quality singléhe present nitride-chloride systems with those from cuprate
crystal is not yet available. In this situation, we proceed withand organic BEDT superconductors. The point for the BEDT
the following arguments by assuming that the system falls irsystem was obtained imSR measurements using single-
the clean limit ¢<I). Clean limit has been confirmed in crystal specimen¥ The shaded area denoted as cuprates
many other strongly type-Il superconductors, such as the cuepresents the universal linear correlations found for unori-
prates and BEDT systems. ented ceramic specimens of underdoped yttrium barrium
In highly anisotropic 2D superconductors, the penetratiorcopper oxide'YBCO) systems: we multiplied the relaxation
depth measured with the external field parallel and perpernrate in these YBCO by a factor of 1.4 to account for the
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16 20

difference between single crystal and unoriented ceramic A — : | 0 100
specimens. The data points lie in possibly two different
groups having different slopes in tfie/o relation. The first S
group with a higher slope includes the present nitride- Tr
chloride systems with cointercalation of organic molecules 80l £ 4 g0
and the BEDT system, all of which have highly 2D character .~ Cuprates
as demonstrated by their depinning temperafligebeing < T ~
nearly a 1/3-1/2 off .. The second group includes YBCO %
cuprates and nitride-chloride systems without organic coint- 30k E_7 i
ercalation, all of which have more three-dimensiof&D) = K
character in the flux pinning property with, closer toT.. ¥ -
The irreversibility and depinning behavior inZrNCl with- & i
out organic cointercalation was studied not p$R but by 20k ; ]
magnetization measurements as described in Sec. VII. Lig sTHF, ;HfNCI

The relaxation rate observed SR is determined by the - e B Lig;5THF 0sZrNC]
3D superfluid densityng/m*, as this is a phenomenon . : ]]:;°~17zzﬂr\11\1c(f1
caused by the screening supercurrent density in bulk speci 10k ~ v (B(EDT_TTF)Z_ _
mens. With the knowledge of interlayer spaciog;, one v Cu(NCS),
can convert 3D densitgs/m* into 2D density on each con- A YBa,CuOy

X 5 % (oriented)

ducting plane a®ig,p/m* =(ng/m*)c;,;. For systems hav- ,
ing double-layer conducting planes, such as the present ni ol I ! 1y) | !
tride chlorides or some family of the cuprates, the average 0 2 4 6% 16 20
interlayer spacing depends on whether or not the double O (T —>0) X cyy (A pssec’)
layer is regarded as a single conducting unit or two. In our 5 R R T T T
previous reports for cupratéSyve treated the double layer as Trap (K)

two single layers. We shall follow this approach here, and . .

define thec;,, to be a half of the stacking unit distance as FIG. 7. (Color onling Correlations betweenl. and o(T

Cint=Co/6. —0)c;i,; of intercalated HiZr)NCI, organic BEDT(Ref. 16, and
In Fig. 7, we show a plot of, versus the 2D superfluid YBa,Cu;0; (YBCO) (Ref. 49, wherec;,; stands for average inter-

densityn.,p/m* represented by the valugT—0)c;,,. We layer distance. We regard the double layers in the nitride chlorides
S int-
include a point obtained in axis oriented ceramic specimen and cuprates as two separate layers, and thus assype,/6 for

- S the nitride chlorides and;,;~6 A for YBCO. The horizontal axis
of YBa,Cu;O; (Ref. 44 (without multiplying a factor 1.4 to is proportional to the 2D superfluid density,p/m*. To the hori-

a S|.nce. thls_ specm}.en hr?d an aln}ors: perfect allgnrﬂent O ontal axis, we also attach the corresponding energy scale, two-
C—QXIS dlrectloD. We ind t 'at most of the data points share 8dimensional Fermi temperatufig,, obtained from the 2D super-
unique slope in Fig. 7. This result suggests two featuiBs:

within the nitride-chloride systems, 2D superfluid density
ne,p/M* is a determining factor foif,; and (2) the 2D In order to do such a conversion, one needs to obtain
superfluid density may even be a fundamental determiningbsolute values of the penetration deptfrom the relax-
factor for T, among different superconducting systems.ation rateo. The numerical factor in this to A conversion
However, the second conclusi¢®) must be taken with cau- in o=\ ~? depends on models used for analyses of relaxation
tion, because, this analysis depends on our treatment regarfimction line shapes, fitting range of data analyses, treatment
ing single versus double layers, and also because recent dath single crystal versus ceramic samples, and some other
on TI2201(Ref. 8. and Bi2201(Ref. 45. cuprates, having factors. The Gaussian decay, which fits most of the data from
very large interlayer distanag,,>12 A, show universal be- ceramic samples quite well, is significantly different from the
havior with the results from YBCOG,;~6 A) onlyina 3D ideal field distributionP(H) expected for a perfect Abriko-
plot as in Fig. 6 but not in a 2D plot as in Fig.?%.In sov vortex lattice in triangular lattice. So, using a theoretical
contrast, the conclusiofl) is more robust, since all the second moment foP(H) in Abrikosov lattice is not neces-
nitride-chloride systems have double conducting layers andarily appropriate for data analyses in real experiments. After
since the predominant 2D character is consistent with thearious simulations and consistency checks, we decided to
absence of dependenceTf on interlayer spacing in nitride adopt a factor which gives =2700 A foro=1 us ! for a
chlorides shown in Fig. ®). triangular lattice. Note that this conversion is for a standard
Since the Fermi energy of a 2D metal is proportional totriangular lattice, contrary to the statements of Tou and
the 2D carrier density,p divided by the in-plane effective co-worker§® who have erroneously cited that we calculated
massm*, asTg=(%2m)n,p/m*, the horizontal axis of Fig. \ for a square vortex lattice. Then we can derivgp/m*
7 can be converted into an energy scale representing supdrom the observed values of and known values of;,;. In
conducting condensate. This conversion from penetratiothe horizontal axis of Fig. 7, we attach the 2D Fermi tem-
depth to the superfluid energy scale was first attempted bgeratureTr,p corresponding to the 2D superfluid density
Uemuraet al.” in 1991 and later followed by other research- obtained in the above-mentioned procedure.
ers, including Emery and Kivelsdt. A 2D superfluid of Bose gas, such as thin films of liquid

fluid density.
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He, undergoes superfluid to normal transition via a thermal 0.1 | | T
excitation of unbound flux vortices, as shown by Kosterlitz H//c
and Thouless K2 For paired fermion systems composed of 0.0
n fermions with massn, forming a superfluid with boson

densityn/2 and mass &, the Kosterlitz-Thouless transition 01k P ) ; _
temperaturel y+ becomes 1/8 of the 2D Fermi temperature g L LY 5 ssc
Trap Of the corresponding fermion system. In the KT theory, — ,| =~ ; / e
the 2D superfluid density at the transition temperaflixe 10kG
should follow system-independent universal behavior: a5l ‘I‘Eg |

namely, ¢.27)ngp/m* at T=Tyr equalsTg,p/8. This uni-
versal relation was first confirmed by an experiment on He
thin films® In systems close to ideal Bose gas, the 2D su- d
perfluid density shows almost no reduction betwden0 ) Lig17ZtNCl
and T=Ty7.%® Thus, in such a case, we would expect the = -
points in Fig. 7[based omg,p/m* (T=0)] to lie on theTy

04k

<

M (G)
(=)o)
—n

K . . i H//c
line. In thin films of BCS superconductors, the superfluid b
density shows much reduction from the valueTef0 to T ’
=Tkt, and the “KT jump of superfluid density” becomes
invisible. This corresponds to the situation where the points 0L o 5 3 ]
in Fig. 7 lie far in the right side of th& line. In Fig. 7, i //’ )4 H= §3§8
most of the points lie about a factor of 2 away from ther 02 ~ 20kG ]
. . . P ~ 7 10kG
line. The linear relation betweem. and ng,p/M*(T=0) g V4 4KG
suggests relevance to the KT transition, as pointed out by 03 7~ /,/ kG o
Emery and Kivelsor® However, the deviation from th&,; / P4
line implies serious difference from the ideal KT situation. 04 e -
Lig ;s THF 0sZrNCI
0.5 ' ' '
. 0 5 10 15 20
VI. MAGNETIZATION MEASUREMENTS: EXPERIMENT
T (K)

Magnetization measurements were performed using a
SQUID magnetometer(Quantum Design at Columbia. FIG. 8. (Color online Temperature dependence of the magneti-
Aligned pressed samples were sealed in quartz ampules. THation of (a) Lig172ZrNCl and (b) Lig 1sTHFg oeZrNCI in external
raw response curve was corrected by the subtraction of thi@agnetic fields applied parallel to theaxis. For the plotted data,
quartz background curve measured in advance. In the normi{le duartz ampule background is corrected and the weak-
state of the superconducting f)NCI samples, as well as ferromagnetic contribution is subtracted.
the parent compounds, Weak-ferrqmagnetic behavior i_s ob- VIl. MAGNETIZATION MEASUREMENTS:
served up to room temperature. This weak-ferromagnetic be- SUPERCONDUCTING PROPERTIES
havior changes by the intercalation. Therefore, we subtracted
the weak-ferromagnetic contribution. We estimated this by Magnetization ~measurements were performed in
extrapolating temperature dependence, assuming the Curiblo1Z'NCl and Li ;sTHF, 0ZNCI with magnetic fields ap-
Weiss law[ M = C/(T— 6)] and fitting the normal-state mag- pl[ed parallel to thec axis. Figure 8 shows the results ob-
netization in the temperature range of B,5T<5T,. In tained after the corrections for_ the quartz ample background
this temperature range, superconducting fluctuations can k?end fpr the yveaktferr(_)magnenc contribution. We. note that a
neglected and the temperature dependence is slightly coftossing point exists in thit(T) curve under various mag-
cave. We only used the data with the extrapolated wea netic flelds f_or each system, which is characteristic of quasi-

two-dimensional superconductdYs.There are reversible

ferromagnetic contribution smaller than 10% of the diamag%emperature regions where ZFC and FC magnetization

netic magnetization to avoid an error from the assumption o urves overlap each other. Below a certain temperatiee
the Curie-Weiss tggnperature_dependence. The model devely,hing temperatur@,), ZFC and FC magnetization curves
oped by Hacet al™ was applied to the analysis of the re- yeyiate. We notice that the reversible region is wider for
versible region. In this model reducédimensionlessmag- | j _ THF, ,ZrNCI. This result is consistent with a picture
netization M’ =M/\2H(T) and field H'=H/\2H(T)  that, by the expansion of the interlayer distance, the inter-
scales as a Single function that contains the Ginzburg—Landqlayer Coup"ng becomes weaker and the pinning of the vorti-
parameterc as a unique parameter. In our analysis, we optices becomes less effective.

mizedH(T), in addition tox as a parameter independentof In the data analyses in the reversible region of
temperature. Resistivity measurements were performed usirlg ; ZrNCI and Li, ;5THF, eZrNCI, we confined to the tem-

a well-aligned pressed sample with four electrodes, which iperature region apart frof,(H) in order to avoid ambiguity
sealed in a cell made of Kapton film and epoxy glue. due to the superconducting fluctuations. As shown in Fig. 9,
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0.03 T T T 5 T T T T T T T
""""" L T Hyo o Hiy
S (N N ® 0, (M) (M)(USR)
(a) Lig 17ZrNC1 4 Bk T Lal™} % e O Lig 7ZtNCl _|
- aie Pl ® -~ @ Lig,sTHFZNCI
0.02 f- H//c i .
o 2K<T<6K = 3r 1
0 6K<T<9K E:
A 9K<T<I12K £
¢ 12K<T< 15K = L, i
\ — theory(k=56)
0.01 |- % ~
1+ -
S 0() 2 4 6 8 10 12 14 16
E 0.00 :
f T (K)
(b) Lig ;sTHF, ,ZrNCI FIG. 10. (Color online Temperature dependence of the upper
critical field Hcp)c and the irreversibility fieldH;,, in Lig,2ZrNCI
0.02k H//c _ and Lip15THFg geZNCI. H¢p)c was obtained from magnetization
O 2K<T<6K measurement&@bbreviated adl in the figurg, andH;,, from mag-
| 6K <T<9K N . )
A 9K <T < 12K netization and TR«SR measurements. The broken lines show a fit
& 12K<T< 15K to the functional form oH, given in the text.
— theory(k=76)

0'01 v . . - . - - -y
magnetization as shown in Fig. 8. Similar results due to criti-
cal fluctuations have been reported in HT8Refs. 48—-5D
and BEDT (Ref. 5)) systems. We obtained the in-plane co-

—_— herence length¢,,(0) and the in-plane penetration depth

Napm(0) using expressions ,(0)= ¢o/27£(0)? and «
- =\/§. These results are also summarized in Table I. We note
. o . ~ thatH,)c(0) and£,,(0) are almost unaffected by the inter-
~ FIG. 9. (Color onling Magnetization as a function of applied |ayer distance. This agrees with the view that the essence of
E!iﬂd Tﬁgra!;lNCt:cl) ;?\?)v(\;n ?r)l(l?helr:e(}?cegé?%frzgigglezging the  superconductivity in HENNCI is dominated in
Tr?élg')solidogurves rlepresent a fit to the model of i¢aal. (Ref 3(). HF(ZN-N honeycomb double layers. The values of the pen-
' T etration depth determined both frogSR and magnetization
the data scale quite well to Hao’s model in the whole reversshow reasonable agreement, although the former 20%
ible temperature range beldly. for both the systems. For all smaller than the latter for both compounds.
the dataM’<H’ and hence the demagnetization factor can In magnetization measurementsee Fig. 8 and uSR
be ignored. This analysis yielded values mofranging be- measurementsee Fig. 5a)], the results become history de-
tween 50 and 8(see Table ), which indicates that these pendent below a pinning temperatdrg for a given external
compounds are extreme type-1l superconductors. In Fig. 1Gjeld He,;. This feature can be expressed by defining the
we show the values of the upper critical fiditl, | (T) ob-  irreversibility field H;, for a given temperatureT as
tained down toT=2 K in this process using Hao's model. He,(T=T,)=Hj,, . Figure 10 also includes;, as a func-
The temperature dependencettf, |(T) fits well to an em-  tion of temperature, determined from magnetization and
pirical formula HcZY”c(O)[l—(T/TC)z], as shown by the wSR measurements. The results obtained from the two dif-
dashed lines in Fig. 10. We emphasize that the low{erent techniques exhibit excellent agreement. ZrNCI super-
temperature limit valuél ., (T—0) can be obtained almost conductors have a quite large reversible region in the&
without any extrapolation using this formula: the resultingplane. The temperature dependence of the irreversibility field
values are shown in Table I. The, . value of ~4-5T in  fits well to a functional formH;,, (T) =H;, (0)(T¢/T—1)",
ZrNCI-Li-THF system is about a factor of 2 smaller than obtained for three-dimensionally fluctuating vortiGésyith
He,~10 T in HfNCI-Li-THF system reported by Toet al>  n=1.5 at low fields belowH~0.4 T. This provides support
These results might indicate thidt, roughly scales witf .. to our assumption of 3D vortex lines which we adopted in
A similar nearly linear relation betwedt., andT. can be our analyses of TF «SR spectra taken beloiW=0.1 T. At
found in theH, values for high¥, cuprate superconductors higher fields, the fitting becomes worse, similar to Ref. 52.
in the optimum doping region. This may be related to a dimensional crossover from 3D to
The critical temperatur&, obtained using Hao's model is 2D vortex fluctuations. More careful measurements are nec-
14.9 K for both samples, which agrees with the estimateessary to conclude this point.
from the onset of diamagnetism due to superconductivity. We In order to provide a cross-check for the results of
notice that aH =55 kG aboveH,(0), adiamagnetic be- H¢»(T), we performed magnetoresistance measurements on
havior due to superconducting fluctuation was observed iy 12ZrNCIl. The temperature dependence of resistivity for
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FIG. 12. (Color online Temperature dependence of the upper
- | critical field H., of Liy1ZrNCI, obtained from magnetoresistance.
) 5 10 15 20 25

Temperature (K) VIII. DISCUSSIONS AND CONCLUSIONS

FIG. 11. (Color onling Temperature dependence of the resistiv- 1 "€ quasi-two-dimensional nature of the superconducting
ity of Lio,ZrNCI under external magnetic field for two sets of the State appears in various superconducting properties of inter-
field and current directions, measured using a four-probe contac€alated HEZr)NCI. T, correlates with a 2D superconducting
The applied fields range from 0 to 9 T, in the intervals of 1 T. carrier densityng,p divided by effective mass* rather than
the 3D counterpart. Diamagnetic magnetization due to super-
conducting fluctuation foH||c is observed at high tempera-

two sets of field and current configurations is shown in Fig.tures and high fields. The crossing point existsNK(T)

11. High resistivity of the order of 100} cm and negative curves measured at various fields. The reversible region of

slope of the resistivity in t_he normal_state at low temper?f"magnetization becomes larger with the increase of interlayer
tures could be due to grain boundaries and may not be INgistance, suggesting weaker interlayer coupling.

trinsic. The observed superconducting transition is broad- |, gqdition to these results. we note tHRL, Nep/m*
il il S. il

ened b_y superconductmg fI_uctuatlonsZ weakly superypq £ (Hepjc) Show moderate dependence on chemical
gonductmg regions such as grain boundaries, ar_wd.vortex MQoping level which presumably represents the in-plane
tion due to Lorenz force. We notice that the resistive broadnormal-state carrier concentration, while remaining almost
ening is slightly larger forH||c, which is a natural conse- independent of the stacking unit distance. These parameters
quence of significant superconducting fluctuations only forare closely related to the superconductivity mechanism of
H|c. We definedT¢(H) where resistivity shows 50% drop of this layered superconductor. Since the coherence length is a
the maximum value. Figure 12 show.,(T) obtained in  measure for the pair size, independence gfon interlayer

this procedure. These absolute valuesHy(0) for H|c distance implies that interlayer coupling does not affect the
agree reasonably well with those from magnetization meapair formation. It is then possible to consider a picture in
surements, in spite of the unreliable definition due to thewhich fluctuating superconductivity exists within a given
broad resistive transition. The difference between the temlayer, while the layers are coupled weakly by Josephson cou-
perature dependences of the magnetizatiig. 10 and re-  pling to achieve 3D bulk superconductivity.

sistive (Fig. 12 H, data may be due the above-mentioned Contrary to these parameteks,, and T,, exhibit substan-
limitations of the resistive measurements. The anisotropy ratial dependences on the interlayer distance. The reduction of
tio of the upper critical fieldH,, ./Hco)c is roughly 3 as A\, With increasing stacking-unit distance can be understood
shown in Fig. 12. Although we do not have data for theas a simple reduction of the supercurrent density caused by
system with cointercalation of THF or PC, the anisotropylower density of the planes. The strong dependencg,afn

ratio would presumably increase in more 2D systems witlt;,,; iS not surprising: this behavior has been seen in many
larger stacking unit distance. HTSC cuprates.
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Our results show that KZr)NCI with variable interlayer about a factor 2—3 away from th&; line. This factor
distance as well as carrier concentration is suitable for sysagrees reasonably well with the reduction of the superfluid
tematic studies of layered superconductors. In addition, lovdensity from theT=0 value to theT =Ty, value observed
H., value of this compound makes it easier to cover theby Corsonet al>* in Bi2212 system in a similar doping re-
whole superconducting region in thé-T plane, and helps gion. This satisfactory cross-check for the Bi2212 system
our study of vortex phase diagram. indicates that our choice of the conversion factor between

In Figs. 6 and 7, we have compared the results from thend\ was reasonable, and the superfluid density derived by
nitride-chlorides with other layered superconductors. All theu SR is very reliable. Of course, comparisons am@®R
arguments in the previous paragraphs, as well as Fig. 7, givéata for different systems in a relative scale can be per-
an impression that 2D properties are predominantly imporformed without being affected by an ambiguity of their ab-
tant factors of all of these layered superconductors. Recerfolute values of the superfluid density.
uSR measurements on NaCo0,-1.3D,0 (Ref. 53 show We performed uSR measurements on three different
that the newly discovered layered cobalt oxide system, interspecimens based on ZrNCI with Li concentrations 0.15, 0.17,
calated with HO, also follows the trend in Fig. 7. These and 0.4, and found that the results of 2D superfluid density
results suggest that,,/m* may be an important determin- ng,p/m* for these systems do not show much difference
ing factor of T, in all of these layered superconducting sys-among one another. This phenomenon could be explained by
tems. We note, however, that comparison among differentwo different possibilities:(a) not all the Li atoms donate
cuprate systems having various valuesc@f indicates that carriers on the ZrN planes, and the Li concentratiatoes
the 3D interlayer coupling plays an important role in deter-not serve as an indicator of normal-state carrier concentra-
mining T. in the cuprates. Therefore, we have to be rathetion; or (b) all the Li atoms donate electrons to the ZrN
cautious in choosing between 2D and 3D aspects as thglanes, but only a finite fraction of those normal-state carri-
dominant factor for superconductivity. ers participate in the superfluid. The situatidnis similar to

We also note that the observed results in Fig. 7 shovihe case of overdoped HTSC cupratt® where an energy
about a factor 2 deviation from th€c; line. This feature balance in the condensation process seems to determine the
indicates that a simple theory for KT transition, whobe  superfluid density. Further experiments on normal-state
=Tyt is unrelated to the interlayer coupling, is not adequatdransport properties are required to distinguish betwen
to explain superconducting condensation of either the cuand(b) in the nitride-chloride systems.
prates or the nitride-chloride systems. Further experimental In conclusion, we have synthesized and characterized sev-
and theoretical studies are required to determine the origin afral different specimens of intercalated nitride-chloride su-
this deviation. Studies of crossover from Bose Einstein tgperconductors, and perform@dSR and magnetization mea-
BCS condensation, in the case of 2D systems, might provideurements. The superconducting transition temperatyre
a clue for understanding this feature. and the upper critical fieltH ., . exhibit a nearly linear re-

The absolute values of the penetration depttobtained lation with the 2D superfluid densitys,p/m*, while show-
from the uSR and magnetization measurements, show a reang almost no dependence on the stacking unit distance.
sonable agreement. We notice, however, about 20—30 % diffhese features suggest a highly two-dimensional nature of
ference in the values from the two different methddee  superconductivity in the nitride-chloride system.

Table ). «SR and magnetization estimateshobften exhibit
some disagreement of this magnitude, as can be found also in
the cases of HTSC and organic systems. Ambiguity @fith
20-30% would, however, correspond t660% ambiguity

in the estimate of the superfluid density. In this situation, it We are grateful to A. R. Moodenbaugh for x-ray rocking
would be ideal if there were a method to cross-check theurve measurement, Y. Mawatari for discussion about revers-
superfluid density derived fromm SR results in a completely ible magnetization, and H. Stormer for help in resistance
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