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Destruction of superconductivity in the narrow-band metal K3C60
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~Received 24 October 1996!

Transport data on K3C60 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 in K3C60, which gives rise to an extreme sensitivity to disorder and
correlation effects.@S0163-1829~97!06206-1#
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Disorder and electron correlations can have profound
fects, changing the ground state of a material from meta
to insulating @referred to as a metal-insulator~M-I !
transition#.1 The disorder creates localized states at the b
edges. By varying the composition of a material, the Fe
energyEF can be swept from a region of extended states
midband into a region of localized states. Alternatively, o
can imagine studying the effects of introducing disorder
fixedcomposition. For conventional three-dimensional~3D!
wide-band metals or superconductors, whereEF lies at mid-
band, disorder causes only minor, albeit important effec2

Although disorder decreases the electron mean free path
electron correlations affect the temperature dependenc
the resistivity, the conductivitys(T) extrapolated to zero
temperature, remains nonzero. In ion-damaged Nb3Sn, for
example, the magnitude of the resistivity increases and
superconducting transition temperature decreases with
creasing disorder;3 the temperature coefficient of resistivit
changes from positive to negative atr~300 K!'100mV cm,
a characteristic value for metallic glasses. In spite of th
changes, Nb3Sn remains superconducting even when it
amorphous.

In fact, there is no known homogeneous 3D supercond
tor where it is generally agreed that it has been driven in
lating by disorder alone. For most materials, the width of
conduction band is so much larger than the potential fluc
tions due to disorder that localized states appear only at
band edges, far fromEF . In addition, screening is usuall
sufficient to reduce correlation effects. Instead, the M-I tr
sition is typically studied in 3D by varying composition
which changesEF . For 3D amorphous NbxSi12x, for ex-
ample, as the Nb concentration is reduced from 20 to
at. %, the material evolves continuously from supercondu
ing to metallic@s~T→0!Þ0# to insulating@s~T→0!50#. At
the transition, tunneling data indicate that the density
states atEF is suppressed by correlation effects.4 Granular
systems such as Al have been driven insulating by disor
but this material is macroscopically inhomogeneous, cont
ing regions of Al separated by insulating Al oxide whic
presumably become intermingled. It has also been claim
that InOx undergoes an insulator to superconductor transi
upon annealing the disordered insulator, but with the cav
that there is no known well-defined InOx superconductor
~and, in fact, ordered InOx is an insulator!, raising the possi-
bility that the observations are related to precipitation o
percolating path of In, a known superconductor. In 2
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where the consequences of disorder are much greater,
are well known examples of systems driven insulating
disorder alone, both conventional metals and the high-Tc su-
perconductors, generally considered to be dominated by
2D nature of the CuO planes.

In this paper we will demonstrate that K3C60, although a
3D metal and superconductor when the lattice is ordere5

undergoes a transition to an insulating state with increas
disorder. In many respects K3C60 is an unconventional metal
Due to weak van der Waals bonding between C60 molecules,
the conduction band is narrow,'0.5 eV,6 an order of mag-
nitude smaller than conventional metals. Electron corre
tions are significant, with a correlation energy on the orde
1.0–1.8 eV.7,8 The electron density in K3C60 is low @431021

cm23 ~Ref. 9!# making screening less effective than in co
ventional metals. The room-temperature resistivity of K3C60,
'1.5 mV cm, is four times larger than the Ioffe-Regel limi
implying a mean free path shorter than the intermolecu
spacing. The resistivity, which should saturate near the Io
Regel limit, does not appear to do so up to'800 K in
K3C60.

10 The short mean free path and lack of resistiv
saturation have led to suggestions thatAxC60 ~A alkali! be-
longs to a class of materials to which the independent e
tron picture does not apply and to which new concepts
both the normal and superconducting states must
developed.11,12

AxC60 forms a series of line compounds with stab
phases atx50,1,3,4,6~0 is the empty band; 6 is filled!.5 In
the standard growth technique, a C60 film is grown first and
the alkali is subsequently deposited and annealed ab
room temperature~typically <200 °C!, diffusing into inter-
stitial sites of the lattice. A film grown at otherx will phase
separate into a mixture of stable phases. Below room t
perature, however, the ability of potassium to diffuse is s
nificantly reduced and metastable phases or composit
may be trapped.

Samples in this study are prepared by codeposition o
and C60, which ensures mixing even at low deposition tem
peratures. KxC60 films, which are air sensitive, are grown an
measured in an ultrahigh vacuum environment using w
degassed K~SAES Getters! and C60 ~MER Corp., 99.9%
pure!. Typical base pressure is 2310210 Torr and 531028

Torr during growth. The substrates, amorphous silic
nitride-coated Si, are mounted at the end of a copper c
finger of a He cryostat. Two radiation shields, one at 77
and one at the substrate temperature, surround the sa
3866 © 1997 The American Physical Society
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55 3867DESTRUCTION OF SUPERCONDUCTIVITY IN THE . . .
space. The substrate temperature is determined by a
brated Si-diode epoxied next to it. Thin-film thermomete
~T>40 K: Pt;T>40 K; amorphous Nb-Si! deposited directly
onto a few substrates indicate a temperature difference
tween the Si diode and the substrates of<2% for 4
K<T<400 K ~with the radiation shields closed; when the
are open during depositions above 77 K the difference
creases to'2.5%!; the Si-diode temperature is therefo
used throughout this study. Calibrated crystal monitors
each source provide feedback for rate control and allow
determination of the film composition. Growth rates a
;1.0 Å/s. The films, ranging in thickness from 700 to 20
Å, are deposited onto prepatterned, 120-Å-thick Pt volta
and current leads for dc four-probe resistance measurem
~Fig. 1, inset!. To ensure that the data represent 3D b
properties, each codeposition is continued until the resisti
is independent of film thickness.

Figure 1 illustrates the resistivityr of KxC60 as a function
of x for different deposition temperatures during film growt
Tdep. Tdep controls the amount of disorder in the films, wi
greater disorder for films grown at lowerTdep. Each symbol
depictsr ~measured at 175 K forTdep<250 K and 393 K for
Tdep5393 K! of a differentsample of average concentratio
x.13 For comparison between the standard growth techniq
which can be used only at higher deposition temperatu
and the technique of codeposition used here, we also indi
r for a single sample~solid curve! grown at 393 K by first
depositing 1000 Å of C60 and subsequently doping with K
The resistivity is continuously monitored during K depo
tion. For increasing K concentration,r drops as the fraction
of the metallic x53 phase increases. The codeposi
samples grown atTdep5393 K ~open circles! closely track
the solid curve, indicating that at high temperatures, fil
grown by the two techniques are similar, as expected.

At lower Tdep, r of all samples is higher than for sample
grown at 393 K. ForTdep>192 K there is a distinct minimum

FIG. 1. Composition dependence of resistivity for KxC60 code-
posited at various substrate temperatures~r measured at 175 K for
Tdep<250 K and at 393 K forTdep5393 K!. Dashed curves through
data are guides to the eye. Samples withr below the horizontal
dashed line show at least an onset to superconductivity. Solid c
indicatesr(x) for a sample grown at 393 K by the standard, sequ
tial technique. Inset: schematic of sample~dashed line! and lead
configuration for resistivity measurements.
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in r(x) at x'3. By Tdep5175 K,r for x'3 is more than 103

larger than in films grown atTdep5393 K; the variation ofr
with compositionx is also qualitatively different than a
higher deposition temperatures. At even lowerTdep, r.103

V cm ~Tdep<77 K; data not shown!. The horizontal line at
r51021 V cm indicates, to within a factor of 2, the valu
below which samples show at least an onset to supercon
tivity.

Concentrating on the samples with the lowest resistivity
each deposition temperature~i.e., x'3!, we display in Fig. 2
r as a function of measurement temperature for 1
K<Tdep<393 K. AsTdep is lowered from 393 to 192 K, the
magnitude ofr increases, the superconducting onset te
peratureTonset is reduced, and the transition width increas
ForTdep<175 K, even samples withx'3 are insulating. The
inset to Fig. 2 shows that over the limited temperature ra
of measurement, the conduction follows the Efros-Shklovs
behavior for variable range hopping with strong electron c
relations, sa exp@2(T0/T)

1/2#.14 In situ reflection high-
energy electron-diffraction~RHEED! measurements on
K3C60 indicate qualitatively that disorder is increased f
lower Tdep yet with no dramatic structural differences b
tween samples grown above and below 192 K. After hig
temperature annealing, thex'3 insulating samples recove
their metallic and superconducting behavior while thex'6
samples, with a filled conduction band, remain insulating,
expected~Fig. 3!. Residual disorder is reflected in the low
Tonset and higher resistivity of the annealedx'3 sample
compared to those grown at high temperatures.

The transition from metallic to insulating behavior an
Tonset track with the magnitude of the resistivity. The corr
lation is apparent in Fig. 4, wherer(T) is plotted for all
samples, irrespective of concentration or deposition temp
ture. Data from Fig. 2 for samples withx'3 are indicated by
dashed lines. The Ioffe-Regel value for K3C60 ~sIR

21'0.4
mV cm! indicates the resistivity corresponding to a me
free path l equal to an intermolecular spacing, such th
kFl52p, where kF is the Fermi wave vector.15 Note that
samples withr~20 K!.1003sIR

21 are still metallic and super
conducting.

The experimental results in Figs. 1–4 can be summari

ve
-

FIG. 2. Temperature dependence of resistivity of K3C60 code-
posited at various substrate temperatures. Inset:s vs T21/2 for a
sample grown at 175 K.
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3868 55WATSON, ALLEN, DENLINGER, AND HELLMAN
as follows. By reducing the film growth temperature, K3C60
evolves from a superconductor into an insulator. Anneal
the x'3 disordered, insulating samples recovers the su
conducting state.

These observations suggest that K3C60, a 3D metal at
fixed composition, can be made insulating with increas
disorder. Conventional wide-band metals have a finite d
sity of extended states atEF , whether they are disordered o
even amorphous. It appears that the conduction band
K3C60 is sufficiently narrow and the electron density suf
ciently small that disorder accompanied by correlations
completely alter the nature of the ground state of the syst
This transition in K3C60 is a striking example of the extrem
sensitivity of alkali-doped C60 to disorder and correlations.

In 3D superconductor-semiconductor mixtures like am
phous NbxSi12x ~Ref. 4! or in 3D superconductor-insulato
mixtures,16 the concentration of a metallic component is t
controlling variable for driving the transition. For these m
terials, a concentration range is always observed where
ground state is metallic@i.e., s~T→0!Þ0#. For KxC60, the
transition can be driven in two ways, either by varying t
disorder, the central result of this paper, or by varying co
position. When disorder drives the transition, it appears
K3C60 is either superconducting or insulating asT→0, with
no intervening metallic state~Fig. 2!. It has been predicted
that 3D materials can undergo a direct transition from a
perconducting to an insulating state.17 Additional experi-
ments will be required, however, before we can rule out
possibility that K3C60 has a metallic ground state with diso
der intermediate to that in films grown at 175 and 192
When the concentration is varied away fromx53, the mate-
rial also evolves from superconducting to insulating~Fig. 4,
solid curves!. A plot of s(T) suggests that samples withr at
4 K between 0.1 and 1V cm are best fit withs01AT1/21BT
with nonzeros0, implying extended states atT50 with no
indication of superconductivity. Lower temperature measu
ments would however be needed to definitively conclu
whether or not a metallic state is found between the su
conducting and insulating states.

Two possible sources of the disorder driving this sup

FIG. 3. r(T) of KxC60 samples~x.3, solid curve;x'6, dashed
curve! grown atTdep5175 K before and after a 5 hanneal at 400 K.
For comparison, data for K3C60 grown at 393 and 250 K are als
shown.
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conductor to insulator transition are grain boundaries a
local defects, including in particular statistical fluctuations
the number of K ions neighboring each C60. Ex situ x-ray
measurements of C60 films grown on amorphous silicon ni
tride indicate that the grain size decreases from'300 Å for
Tdep5393 K to<45 Å for Tdep577 K. Transmission electron
microscopy and RHEED data support this trend. The gr
boundaries are the regions of maximum disorder, i.e.,
regions where the electrons experience the maximum po
tial fluctuations. For a conventional wide-band metal, t
potential fluctuations at grain boundaries are screened
act only as additional scatterers. However, in K3C60, with its
narrow conduction band and low electron density, it is p
sible that electrons can be trapped at grain boundaries. K3C60
may be similar to semiconductors with narrow impuri
bands such as doped polycrystalline silicon, where elec
traps at grain boundaries are a well-established phen
enon.18 Simple electron traps, however, might be expected
simply shift the minimum resistivity up fromx53. Granular
K3C60 films grown above room temperature by many r
search groups including ours have a relatively small te
perature coefficient of resistivity,dr/dT, compared to the
larger, positivedr/dT of single-crystal data.10 This differ-
ence between large- and small-grained samples may b
initial indication of the destructive effects of disorder at t
grain boundaries.

Alternatively, for lowerTdep, increased statistical fluctua
tions in local electron concentration could create superc
ducting and nonsuperconducting regions, despite an ave
x53 composition. It is possible that in a disordered structu
incomplete charge transfer occurs, although this seems
likely given the large electronegativity difference between
and C60. Recent experiments on Na2CsxC60 andA32xBaxC60
~A alkali! found that C60 with either two or four donated
electrons per C60 are not superconducting, inconsistent wi
one electron band theory;19 ESR measurements suggest th
they are weakly metallic with a low density of states.20 We
emphasize that the possibility that statistical fluctuations m

FIG. 4. r(T) samples codeposited at several deposition temp
tures and for many concentrations~Tdep5393 K: 1.1<x<3.5; 250
K: 1.6<x<3.6; 207 K: 2.4<x<3.3; 192 K: 2.9<x<3.1; 175 K:
2.2<x<5.6!. Dashed curves:x'3 ~also shown in Fig. 2!. sIR is the
Ioffe-Regel value~Ref. 15!.
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55 3869DESTRUCTION OF SUPERCONDUCTIVITY IN THE . . .
be important in K3C60 is yet another indication of its uncon
ventional nature. Aside from additional scattering, cha
transport in conventional wide-band metals is insensitive
compositional fluctuations on a microscopic length scale
the present case, where electronic length scales are so
~r.Ioffe-Regel limit even for single crystal K3C60 implies a
mean free pathl,a0!, it is not clear what microscopic lengt
is required.

In conclusion, we have shown that for K3C60 disorder is
capable of driving a superconductor to insulator transiti
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We speculate that due to its narrow conduction band an
electron correlations, K3C60 shows a sensitivity to structura
or chemical disorder which does not occur in conventio
wide-band materials.
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