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Bad Metals Made with Good-Metal Components
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We have grown thin stable films of a good metal, Ag, that have characteristics of bad metals: high
resistivity, strong temperature dependence of resistivity, and lack of resistive saturation. For films of
different thickness, the temperature-dependent resistance and the Hall effect resistance provide evidence
that the apparent bad metallicity is a consequence of the microstructure of the film rather than the
result of new physics. This microstructure, which we characterize with scanning probe techniques,
occurs on length scales comparable to the mean free path, thereby changing the sign of the classical
magnetoresistance from positive to negative. [S0031-9007(98)07453-5]

PACS numbers: 73.50.Jt

Many of the most exciting new materials discovered inperature in a vacuum lower thaf~’ Torr and at a rate of
the past two decades can be classified as “bad metalsl’A per minute. The thicknesg, was determined by mon-
Distinguishing characteristics of metals in this category in4toring the amount of deposited mass with a quartz crystal
clude an anomalously high resistivity scale and the absengaonitor calibrated with the thickness measured by AFM.
of resistivity saturation at high temperature [1]. TheseBy measuring resistanc& situ, during deposition, we
characteristics imply an electronic mean free pathyhich ~ were able to identify films by their location in the sequence
is shorter than the physically reasonable length scales iof the stages of growth (Fig. 1). Initially, the growth pro-
the problem and are seen in materials such as alkali-dopexteds by nucleation of isolated Ag clusters. These clusters
Ceo [2], high-T. superconductors [3], and the itinerant fer- grow by surface diffusion of the arriving adatoms. Even-
romagnet SrRu@[4]. When! is shorter than the inter- tually, the cluster sizes become large enough to coalesce
atomic spacing or the inverse Fermi wave vectgi!,  and form discrete, continuous paths. Finally, the film be-
the Boltzmann theory of transport is not self-consistentomes homogeneous, a medium of well-connected micro-
[5]. This boundary of self-consistency has been drawrscopic grains. The films discussed below are too thin to
with several criteria (i.e., the loffe-Regel limitzl >  show classical size effects in the resistivity, a regime where
1 or the Mooij limit p < 100-150 € cm) [6,7], and the electronic transport in Ag is well understood [10], but
good metals deviate from a metallic temperature depen-
dence of resistivity at or near these demarcations [8,9]. Thickness (A)

We have studied thin films of a good metal, silver (Ag), 0 200 400 600
which can be made to mimic bad metals. Prepared with W y "
the proper microstructure, these films have extremely high 10 M%“\%
effective resistivities and anomalously large temperature o 10°¢ R ;
dependences of their resistivities, but their Hall effect re- 5 ,f  Nucleaton %  Coalescence iHomo-

mains that of bulk Ag. The residual resistivity and tem- & 10 b jgeneous
perature dependence of resistivity are linearly related—a  10*f M ‘

single multiplicative scale factor maps the resistivity data
for a given film onto that of a thick silver film. Most in-
triguingly, these films have a negative magnetoresistance _. o’
which is quadratic in the applied field. This magnetoresis- % )
tance has the same magnitude as the classical magnetore 2
sistance,AR/R ~ —(w.7)?, where w, is the cyclotron 10' o
frequency andr is the scattering time, but with the op- {5
posite sign. Using microscopic imaging techniques, scan- 1 10 100 0.002 0.008
ning electron microscopy (SEM), atomic force microscopy (d-d,) (A) 17d (A"
(AFM), and electrlostatlc fo_rce microscopy (EFM), we arer|. 1. Resistance as a function of coverage for a 560-A-thick
able to characterize the microstructure that leads to thesgn (top panel). Below 100 A, nucleation of isolated grains.
transport anomalies. The anomalous magnetoresistancergom 100 to 200 A, growth of isolated islands. From 200 to
determined to be a consequence of microstructure ha#00 A, coalescence of islands. From 400 to 500 A, crossover
ing characteristic length scales comparable to the electrof‘ELC"'j‘SS'Cal size effect. From 500 A on, classical size effects.
e bottom right panel shows classical size effect scaling of
mean fr_ee pat_h. . . resistivity, p — po for 1/d — 0. The bottom left panel shows
The films discussed in this paper were grown by therpower law scaling of resistance with deviation from critical
mal evaporation of Ag onto glass substrates at room tenthicknessR ~ (d — d.)”", n = 1.3 = 0.1, andd. = 192 A.
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thicker than quench-condensed films used to study weak 6000
localization [11]. s
Both the coalescence and homogeneous regions can be 1 4 dp/dT

quantitatively identified. The lower right-hand panel of 5000 . p (HQrcm/K)
Fig. 1 shows the resistivity as a function of inverse thick- e
nessd . For thickness greater than 450 A, resistivity is ] 0 o
linear ind~!, in agreement with classical size-effect theo- 40004 ©° 2K &
ries of [12,13]. Extrapolation of the solid line to the ori- ° o
gin (d — «) gives pp = 5.9 u{) cm, a reasonable value ] oo
for films grown under these conditions. The lower left-
hand panel of Fig. 1 shows a linear dependence of the log
of resistance on the log @f/ — d.), whered. is a criti-
cal thickness. In the thickness range < d < 400 A 2000 - oo
the resistance is a power law in thickne&s,— d.)~".
This scaling of resistance as a power law in a thick-
ness difference has been previously observed in thin gold
films and interpreted in terms of percolation theory [14] 10009=— ki =1

: oo
The bad-metal films in this paper have thicknesses vary- 1 ameeesssse et emo—e—o—o—
ing between 280 and 330 A and are all from this coales-

. . . 0 emes

cence regime, relatively far from the percolation threshold, T T T T T
d.. The actual resistance of a film in this regime is very 0 100 200 300
sensitive to the details of growth: substrate preparation, Temperature (K)

rate of growth, base pressure, etc. These variables 1G. 2 Resistivity as a function of temperature for a series of
fect the critical coverage at which coalescence occur Ag films grown at room temperature. The film with the lowest

However, by monitoring the resistance during the growthegistivity is the 560 A thick film whose growth is shown in
process, we can controllably arrest the growth process tBig. 1. ltsdp/dT is that of bulk silver. As the films become

produce stable films with reproducible transport propertieghinner and approach the critical thickness for coalescence, both
that can be further characterizes situ Po anddp/c{T increase with a common scale factor. The inset
The temperature-dependent resistivity is shown in Fig. Z°Ws the linear relation afp /dT with po.
for a series of Ag films grown in the coalescence regime.
Both the residual resistivity, and the temperature de- some geometric renormalization to account for the sample
pendence as measured by an approximately linear resisthomogeneity is not surprising, but that this term could
tivity slope dp /dT are significantly enhanced relative to be of order 1000 in a 300-A-thick film is surprising. The
bulk behavior, represented by the 560-A-thick film with conduction paths must be very thin, narrow, and twisting,
growth characteristics shown in Fig. 1 and which is alsdout at the same time they are composed of material hav-
the bottom-most curve in Fig. 2. As can be seen in theng the conductivity of bulk Ag metalA less dramatic
inset of Fig. 2,09 is directly proportional talp/dT. This geometric enhancement may be occurring in the alkali-
proportionality suggests that there is a common source fanetal-doped fullerenes, where Refs. [2,15] indicate phat
the renormalization that gives rise to anomalously highandd p/dT of Rb;Cg are roughly a factor of 2 higher than
resistivity scales. The discrepancy arises because resigp anddp /dT of K3Cq. Clearer examples of this geomet-
tivity is calculated by multiplying the measured sheet re-ric effect are seen in sintered bulk samples of YBaO,
sistanceR by the measured film thickness With this  [16] and thin epitaxial films of Ba ,K,BiO3 [17]. In the
procedure we are using a thickness and aspect ratio whichBCO case the microstructure of a sintered pellet is analo-
seriously overestimates the effective thickness of the filngous to partially connected Ag grains. In epitaxial BKBO
and underestimates the contribution of the longer paths théitms there are strains that are induced by changes in oxy-
the currents must follow. The resistivity is therefore en-gen stoichiometry which may introduce cracking and, as a
hanced by the microscopic geometry of the film, not byresult, complicated current paths.
any change in the physics of conduction. The simple act Characterization of the surface topography with scan-
of rescaling the resistivity calculation by the correct geo-ning electron microscopy and atomic force microscopy has
metrical factor will cause all of the curves in Fig. 2 to col- provided insights into the nature of microstructure that is
lapse onto a single curve representing transport in bulkesponsible for the strong geometric renormalization of the
material. This interpretation is consistent with our findingresistivity. The AFM micrographs show films composed
that the Hall coefficients of our samples are unchangedf grains with an average diameter of 500 A which ap-
This simple phenomenon, proportional enhancemepiof pear to be densely packed on the surface of the substrate.
anddp/dT, is a signature of tortuous conduction pathsCareful examination of the topography on length scales
and extremely thin links enhancing the calculated resistiveomparable to the grain size shows that, while some gaps
ity. That films in the coalescence regime would requirebetween grains extend to the substrate, the vast majority
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do not, suggesting a film that is already well connected. 0.30 —=

In contrast to the AFM images, SEM micrographs, taken ke

with the incident electron beam normal to the surface of % Q2 2 NN

the film, show the topography of a globular, percolative 0.25 o0 % \\

cluster with a clear separation between the conducting sil- ] \°\0 3 .

ver and the nonconducting intergrain material. Both mi- k ™~ %5 50

croscopy techniques have problems measuring the thinand & 0204 ¢ ™~ N, TK

narrow gaps between grains; AFM is limited by the small = ] "W\o\\ \ T(K)

but finite size of the scanning probe tip, and SEM is in- E - ™~ \

sensitive to thin layers on an insulating substrate. Neither & 0.157 °'°'°°\c\ \"\ \ 2

technigue measures the electrical coupling between grains. E | oo, "~ \

To understand this coupling, we have employed electro- & ~, \\\

static force microscopy [18,19]. T 0.104 ™~ \\ 10
Electrostatic force microscopy images the local surface o { oo ™~ \ 25

potential, weighted by the effective, local capacitance be- \\o\ ° 40

tween the cantilever and the sample [18]. With the sample 0.05+ cenoo \\ 50

grounded, the EFM micrograph (taken simultaneously with \\o\ 75

AFM data) shows features that are related to the topog- \o\

raphy of the sample via the changing capacitance. With 0.00+ ° [100

a bias applied to the sample, the EFM signal changes. T — T

The features, which still contain topographical informa- 0 2 4 6 8

tion, separate into two domains, one at low potential, the Applied Field (T)

other at high.  While we have not yet been able to Com_FIG. 3. Change in resistance with applied magnetic field at

pletely s_eparate the two 5'9”3'5 an_d thereby re_solve tr\?arious temperatures, normalized to the resistance at 7 T with
conducting and nonconducting portions of our films, thethe curves offset for clarity. The low-field peak, seen at
structure of the domains is fairly clear. The high potentiallow temperatures, is due to weak localization. The high-
portion of the film is filamentary with domains that tend to Lield bghavior ifS tﬂuadratfi;;-_ T?e iftlSEII SdhOk\)NS fttf:_e tempeﬁ%ﬂ;{e
have a width of 1 to 3 grains. The lower potential portion@€Penaence or the coeiricient exiracted Dby Titiing the high-
of the film is composed of larger structures with an aver{'ELd/S?}?]zto"?\eparabma’ line: with markers, afosl-7)"/H* =
age width of 3 to 5 grains. Although we canrepriori T
determine which is the globally connected conducting por-
tion of the film, it is clear that both domains are tenuoushave straight channels with well-defined boundaries. It is
and interpenetrating on submicron length scales. possible that extensions of theory to include surface asperi-
The most dramatic impact of the microstructure on transties and tortuous paths could model the weak-localization
port is seen in the negative magnetoresistance (Fig. 3pehavior of our system.
measured with the field normal to the sample surface. Our The high-field magnetoresistance is negative and
understanding of these data is based on the recognition thquadratic in the applied field, in contrast to thesitive
transport is dominated by electron flow in narrow tortuousmagnetoresistance seen in bulk Ag and observed in our
channels having a typical width,, on the order of the bulk thickest film (Fig. 1 and bottom-most trace of Fig. 2).
transport scattering length, ~ 300 A. In this configura-  Fitting the high-field data to a parabola, we extract
tion much of the resistance is due to diffusive scattering aa coefficient « [R(H) — R(0)/R(0) ~ —aH?]. The
the channel boundaries. Two regimes can be identified anmagnitude and temperature dependeacéFig. 3 inset)
are discussed below: a low-field weak-localization regimas consistent with the classically expected magnetoresis-
at low temperatures, and a higher-field classical regime d@ance,a = (w.7)?/H?, which we estimate from our Hall
high temperatures. effect and resistivity measurements of a thick Ag film
The low temperature magnetoresistance peak (Fig. Qw.7)> = [HRy/p(T)}? (solid line in Fig. 3 inset). This
can be fitted with the standard functional form for weak lo-shows good qualitative agreement without the use of any
calization in 2D [11], but the parameters extracted from thditting parameters, but does not explain the sign change.
fits are not consistent with the scattering rates implied by The sign change can be understood with a simple clas-
the resistivity measurements. Attempts to include theoretisical model, a narrow twisting channel or wire with dif-
cally predicted [20] flux cancellation that occurs whenfuse boundary scattering. In a straight wire, where the
there is boundary scattering in constrained channels qualéhannel width is less than a mean free path, the major-
tatively account for the higher field scales but do notity of the conductivity comes from electrons that travel
yield consistent scattering times. Experimental work ordown the center of the channel. A small applied mag-
quasi-one-dimensional wires in GaAs-based heterostruaietic field increases resistance because it deflects electrons
tures [21,22] has demonstrated these flux cancellation cotraveling down the center into the sides of the wire. In
rections, but these systems, in contrast to our Ag filmshigh fields,R. < 0.55w, wherew is the channel width,
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straight channels show a negative resistance. In this caseized negative classical magnetoresistance and the under-
the electrons are in cyclonic orbits and for a straight wirelying tortuous microstructure of the films. The observed
can again travel down the center of the wire, unaffectechew phenomenology depends more on how the system is
by the boundaries. This gives rise to reduced backscatteassembled than on what composes it.
ing and negative magnetoresistance. These effects haveWe appreciate the contributions of Fred Sharifi and
been seen in systems with straight channels [23]. In ouHeather Hudspeth in providing and interpreting SEM
Ag films, R, ~ 7 um at 7 T, a value significantly larger images, and we are grateful for the useful insights
than the width inferred from both the transport measurearising from discussions with Dimitri Maslov and Harold
ments (Fig. 2) and the scanning probe characterization8aranger. We are also grateful to Phil Allen for pointing
Our samples are therefore in the low-field regime whereut that BKBO might exhibit similar “bad-metal” behav-
the boundary scattering models for straight channels praer. All scanning probe microscopy was done with a Park
dict positive magnetoresistance. With a curved wire, theScientific Autoprobe CP. This work was supported by
situation differs; all straight paths hit the edges. A circu-the NSF, Contracts No. DMR-9705224 and No. DMR-
lar orbit in a magnetic field can actually allow the electrons9357474, and the National High Magnetic Field
to travel farther without hitting the sides of the wire, pro- Laboratory.
ducing a negative magnetoresistance. Thus, the origin of
this effect is that a small magnetic field helps an electron
around a curve, but would always hinder its travel down a
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