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Destruction of superconductivity in the narrow-band metal K;Cq
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Transport data on 4Cg, prepared with different amounts of disorder are presented, indicating that as the
disorder is increased the material undergoes a superconductor-insulator transition, a result which does not
occur in conventional wide-band metals. We speculate that this behavior is a consequence of the narrow
conduction band and low electron density igGg,, which gives rise to an extreme sensitivity to disorder and
correlation effects|S0163-18207)06206-]

Disorder and electron correlations can have profound efwhere the consequences of disorder are much greater, there
fects, changing the ground state of a material from metalli@re well known examples of systems driven insulating by
to insulating [referred to as a metal-insulato(M-1) disorder alone, both conventional metals and the Higku-
transition.! The disorder creates localized states at the bangerconductors, generally considered to be dominated by the
edges. By varying the composition of a material, the FermD nature of the CuO planes.
energyEr can be swept from a region of extended states at In this paper we will demonstrate that®;,, although a
midband into a region of localized states. Alternatively, one3D metal and superconductor when the lattice is ord@red,
can imagine studying the effects of introducing disorder atundergoes a transition to an insulating state with increasing
fixed composition. For conventional three-dimensio(&iD) disorder. In many respects;&q is an unconventional metal.
wide-band metals or superconductors, whegelies at mid-  Due to weak van der Waals bonding betwegg i@olecules,
band, disorder causes only minor, albeit important effects.the conduction band is narrow=0.5 eV® an order of mag-
Although disorder decreases the electron mean free path, amitude smaller than conventional metals. Electron correla-
electron correlations affect the temperature dependence ¢ibns are significant, with a correlation energy on the order of
the resistivity, the conductivity(T) extrapolated to zero 1.0-1.8 eV/® The electron density in 4Cq is low [4x10?
temperature, remains nonzero. In ion-damagedSKbfor  cm 3 (Ref. 9] making screening less effective than in con-
example, the magnitude of the resistivity increases and theentional metals. The room-temperature resistivity g€k,
superconducting transition temperature decreases with in=1.5 m() cm, is four times larger than the loffe-Regel limit,
creasing disordet;the temperature coefficient of resistivity implying a mean free path shorter than the intermolecular
changes from positive to negative @B00 K)=~100 u{l cm,  spacing. The resistivity, which should saturate near the loffe-
a characteristic value for metallic glasses. In spite of thes®egel limit, does not appear to do so up 4800 K in
changes, N{Bn remains superconducting even when it isK;Cq.2° The short mean free path and lack of resistivity
amorphous. saturation have led to suggestions tBaCg, (A alkali) be-

In fact, there is no known homogeneous 3D supercondudongs to a class of materials to which the independent elec-
tor where it is generally agreed that it has been driven insutron picture does not apply and to which new concepts for
lating by disorder alone. For most materials, the width of theboth the normal and superconducting states must be
conduction band is so much larger than the potential fluctuadeveloped!*?
tions due to disorder that localized states appear only at the A,Cq, forms a series of line compounds with stable
band edges, far fronkq. In addition, screening is usually phases ak=0,1,3,4,6(0 is the empty band; 6 is filled In
sufficient to reduce correlation effects. Instead, the M-I tranthe standard growth technique, g,@Im is grown first and
sition is typically studied in 3D by varying composition, the alkali is subsequently deposited and annealed above
which changesEg. For 3D amorphous Ni$i;_,, for ex-  room temperaturétypically <200 °O, diffusing into inter-
ample, as the Nb concentration is reduced from 20 to 1Gtitial sites of the lattice. A film grown at otherwill phase
at. %, the material evolves continuously from superconductseparate into a mixture of stable phases. Below room tem-
ing to metallic[o(T—0)#0] to insulating[c(T—0)=0]. At  perature, however, the ability of potassium to diffuse is sig-
the transition, tunneling data indicate that the density ofnificantly reduced and metastable phases or compositions
states afEg is suppressed by correlation effeét&ranular may be trapped.
systems such as Al have been driven insulating by disorder, Samples in this study are prepared by codeposition of K
but this material is macroscopically inhomogeneous, containand G, which ensures mixing even at low deposition tem-
ing regions of Al separated by insulating Al oxide which peratures. KCq, films, which are air sensitive, are grown and
presumably become intermingled. It has also been claimetheasured in an ultrahigh vacuum environment using well-
that InQ, undergoes an insulator to superconductor transitiordegassed K(SAES Getters and G, (MER Corp., 99.9%
upon annealing the disordered insulator, but with the cavegture. Typical base pressure isx20™ % Torr and 5<10°8
that there is no known well-defined InGsuperconductor Torr during growth. The substrates, amorphous silicon
(and, in fact, ordered InQOss an insulatoy, raising the possi- nitride-coated Si, are mounted at the end of a copper cold
bility that the observations are related to precipitation of afinger of a He cryostat. Two radiation shields, one at 77 K
percolating path of In, a known superconductor. In 2D,and one at the substrate temperature, surround the sample
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FIG. 2. Temperature dependence of resistivity aClg code-

FIG. 1. Composition dependence of resistivity fogGg, code- . i ;)
posited at various substrate temperatures. Insets T for a

posited at various substrate temperatigemeasured at 175 K for
Taep=<250 K and at 393 K foff 4e,=393 K). Dashed curves through sample grown at 175 K.

data are guides to the eye. Samples withelow the horizontal | .

dashed line show at least an onset to superconductivity. Solid curv P(X) atx=~3. By Tye;=175 K, p for x~3 is more than 10
indicatesp(x) for a sample grown at 393 K by the standard, sequendarger than in films grown af 4,,=393 K; the variation ofp
tial technique. Inset: schematic of samgtiashed ling and lead ~ With compositionx is also qualitatively different than_at
configuration for resistivity measurements. higher deposition temperatures. At even lowg, p>10°

Q cm (Tye<77 K; data not shown The horizontal line at
space. The substrate temperature is determined by a cafi=10"* ) cm indicates, to within a factor of 2, the value
brated Si-diode epoxied next to it. Thin-film thermometersbelow which samples show at least an onset to superconduc-
(T=40 K: Pt; T=40 K; amorphous Nb-$ideposited directly tivity.
onto a few substrates indicate a temperature difference be- Concentrating on the samples with the lowest resistivity at
tween the Si diode and the substrates ©2% for 4  each deposition temperatufiee., x~3), we display in Fig. 2
K=<T=400 K (with the radiation shields closed; when they p as a function of measurement temperature for 175
are open during depositions above 77 K the difference inK<Ty¢;<393 K. AsT g, is lowered from 393 to 192 K, the
creases to~2.5%)); the Si-diode temperature is therefore magnitude ofp increases, the superconducting onset tem-
used throughout this study. Calibrated crystal monitors foperatureT ,,.:iS reduced, and the transition width increases.
each source provide feedback for rate control and allow dor Ty.;<175 K, even samples witk~3 are insulating. The
determination of the film composition. Growth rates areinset to Fig. 2 shows that over the limited temperature range
~1.0 A/s. The films, ranging in thickness from 700 to 20000f measurement, the conduction follows the Efros-Shklovskii
A, are deposited onto prepatterned, 120-A-thick Pt voltagdehavior for variable range hopping with strong electron cor-
and current leads for dc four-probe resistance measurememlations, oo exgd —(To/T)Y?].1* In situ reflection high-
(Fig. 1, inser. To ensure that the data represent 3D bulkenergy electron-diffraction(RHEED) measurements on
properties, each codeposition is continued until the resistivityk;Cg, indicate qualitatively that disorder is increased for
is independent of film thickness. lower Tgep et with no dramatic structural differences be-

Figure 1 illustrates the resistivify of K,Cgg as a function  tween samples grown above and below 192 K. After high-
of x for different deposition temperatures during film growth, temperature annealing, the=3 insulating samples recover
Tgep- Taep CONtrols the amount of disorder in the films, with their metallic and superconducting behavior while #re6
greater disorder for films grown at low&y,,. Each symbol samples, with a filled conduction band, remain insulating, as
depictsp (measured at 175 K foF 4;~250 K and 393 K for  expectedFig. 3). Residual disorder is reflected in the lower
T4er=393 K) of a differentsample of average concentration T,,s; and higher resistivity of the annealed=3 sample
x.™* For comparison between the standard growth techniquesompared to those grown at high temperatures.
which can be used only at higher deposition temperatures, The transition from metallic to insulating behavior and
and the technique of codeposition used here, we also indicaik, ¢ track with the magnitude of the resistivity. The corre-
p for a single samplésolid curvg grown at 393 K by first lation is apparent in Fig. 4, wherg(T) is plotted for all
depositing 1000 A of g, and subsequently doping with K. samples, irrespective of concentration or deposition tempera-
The resistivity is continuously monitored during K deposi- ture. Data from Fig. 2 for samples wii3 are indicated by
tion. For increasing K concentratiop,drops as the fraction dashed lines. The loffe-Regel value for@g, (ojr-~0.4
of the metallic x=3 phase increases. The codepositedn() cm) indicates the resistivity corresponding to a mean
samples grown al4,;=393 K (open circleg closely track free pathl equal to an intermolecular spacing, such that
the solid curve, indicating that at high temperatures, filmskgl =27, wherekg is the Fermi wave vectdr. Note that
grown by the two techniques are similar, as expected. samples withp(20 K)>100X o5 are still metallic and super-

At lower T, p Of all samples is higher than for samples conducting.
grown at 393 K. FoiT 4,>192 K there is a distinct minimum The experimental results in Figs. 1-4 can be summarized
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FIG. 4. p(T) samples codeposited at several deposition tempera-
tures and for many concentratiofiBy=393 K: 1.1=x=<3.5; 250
K: 1.6=<x=<3.6; 207 K: 2.4x<3.3; 192 K: 2.8=x=<3.1; 175 K:
2.2<x=<5.6). Dashed curvexx~3 (also shown in Fig. R o is the
loffe-Regel valug(Ref. 15.

FIG. 3. p(T) of K,Cgo sampledx=3, solid curvex~6, dashed
curve) grown atT ;=175 K before and aftea 5 hanneal at 400 K.
For comparison, data for 4Cqq grown at 393 and 250 K are also
shown.

as follows. By reducing the film growth temperature,d¢,

evolves from a superconductor into an insulator. Annealing:onductor to insulator transition are grain boundaries and
the x~3 disordered, insulating samples recovers the supefipcq) defects, including in particular statistical fluctuations in
conducting state. the number of K ions neighboring each CEx situ x-ray
._measurements of & films grown on amorphous silicon ni-
%ride indicate that the grain size decreases freB00 A for
n"I'G,ep=393 K to=<45 A for Tye=77 K. Transmission electron
even amorphous. It appears that the conduction band i icroscqpy and RHEED data suppc_)rt this t_rend. The grain
K4Cqo is sufficiently narrow and the electron density suffi- ogndanes are the regions of maximum dlsord_er, e, the
ciently small that disorder accompanied by correlations cafe9ions where the electrons experience the maximum poten-
completely alter the nature of the ground state of the systenii@! fluctuations. For a conventional wide-band metal, the
This transition in KCq, is a striking example of the extreme potential quctu:_:tglons at grain boundaries are scrger}ed and
sensitivity of alkali-doped g to disorder and correlations. ~act only as additional scatterers. However, #Cl, with its

In 3D superconductor-semiconductor mixtures like amornarrow conduction band and low electron density, it is pos-
phous NI;)ESil,X (Ref. 4 or in 3D superconductor-insulator sible that electrons can be trapped at grain boundarig;K
mixtures'® the concentration of a metallic component is themay be similar to semiconductors with narrow impurity
controlling variable for driving the transition. For these ma-bands such as doped polycrystalline silicon, where electron
terials, a concentration range is always observed where thHgaps at grain boundaries are a well-established phenom-
ground state is metallifi.e., o(T—0)#0]. For K.Cqo, the  enon'® Simple electron traps, however, might be expected to
transition can be driven in two ways, either by varying thesimply shift the minimum resistivity up from=3. Granular
disorder, the central result of this paper, or by varying comK;Cq, films grown above room temperature by many re-
position. When disorder drives the transition, it appears thasearch groups including ours have a relatively small tem-
K3Cqo is either superconducting or insulating &s-0, with  perature coefficient of resistivitydp/dT, compared to the
no intervening metallic statéFig. 2). It has been predicted larger, positivedp/dT of single-crystal datd’ This differ-
that 3D materials can undergo a direct transition from a suence between large- and small-grained samples may be an
perconducting to an insulating stadte Additional experi- initial indication of the destructive effects of disorder at the
ments will be required, however, before we can rule out thegrain boundaries.
possibility that KCgo has a metallic ground state with disor-  Alternatively, for lowerT, increased statistical fluctua-
der intermediate to that in films grown at 175 and 192 K.tions in local electron concentration could create supercon-
When the concentration is varied away fram 3, the mate- ducting and nonsuperconducting regions, despite an average
rial also evolves from superconducting to insulatiifgg. 4, x=3 composition. It is possible that in a disordered structure,
solid curves. A plot of o(T) suggests that samples wighat  incomplete charge transfer occurs, although this seems un-
4 K between 0.1 and @ cm are best fit withr0+AT1’2+ BT likely given the large electronegativity difference between K
with nonzerooy,, implying extended states dt=0 with no  and Gg. Recent experiments on Mas,Cqq andA;_,Ba Cqg
indication of superconductivity. Lower temperature measurefA alkali) found that G, with either two or four donated
ments would however be needed to definitively concludeslectrons per g, are not superconducting, inconsistent with
whether or not a metallic state is found between the supemne electron band theoly;:ESR measurements suggest that
conducting and insulating states. they are weakly metallic with a low density of statédNe

Two possible sources of the disorder driving this superemphasize that the possibility that statistical fluctuations may

disorder. Conventional wide-band metals have a finite de
sity of extended states &t , whether they are disordered or
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be important in KCqq is yet another indication of its uncon- We speculate that due to its narrow conduction band and to

ventional nature. Aside from additional scattering, chargeelectron correlations, 4Cg, Shows a sensitivity to structural

transport in conventional wide-band metals is insensitive tar chemical disorder which does not occur in conventional
compositional fluctuations on a microscopic length scale. Inyide-band materials.
the present case, where electronic length scales are so short

(p>loffe-Regel limit even for single crystal §Cqo implies a We gratefully acknowledge R. C. Dynes, S. Kivelson, J.
mean free path<a,), it is not clear what microscopic length Ostrick, L. Merchant, and members of the UCSD highly
is required. correlated-electron focus group for many insightful conver-

In conclusion, we have shown that for®;, disorder is  sations, and K. Kavanagh for TEM measurements. This work
capable of driving a superconductor to insulator transitionwas supported by NSF DMR-9208599.
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