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One- and two-dimensional quantum transport in thin gold wires

S. Friedrichowski and G. Dumpich
Experimentelle Tieftemperaturphysik, Gerhard-Mercator-Universita¨t-GH-Duisburg, Lotharstrasse 1, D-47058 Duisburg, Germany

~Received 23 April 1998!

We report on magnetoresistance~MR! measurements of thin gold wires of various widths,w between 50 nm
and 50mm prepared by electron-beam lithography. The MR is measured at temperatures betweenT51.5 and
25 K using a4He-bath cryostat where magnetic fields up toB55 T can be applied perpendicular to the film
plane. Varying the widths of the gold wires we find the ‘‘strength’’ of the MR being proportional tow21

consistent with one-dimensional~1D! behavior and constant for wires of larger widths indicating 2D behavior.
This allows analyzing the MR data of the various gold wires using detailed theoretical calculations concerning
1D and 2D quantum transport. We obtain the phase coherence length and its temperature dependence, which
is almost independent of whether the gold wires show 1D or 2D quantum transport behavior. This additionally
confirms the analysis of the MR data and exhibits that the phase coherence length displays intrinsic scattering
properties.@S0163-1829~98!06136-0#
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I. INTRODUCTION

The quantum mechanical properties of electrons, i.e.,
wave character of electrons modifies their transport beha
by weak electron localization~WEL! and enhanced electron
electron-interaction~EEI! effects.1 These effects, which are
well known and well understood precisely allow us to d
scribe quantum transport of electrons in one, two, and th
dimensions~1D,2D,3D! by theoretical calculations.2,3 How-
ever, from the experimental point of view it is rather difficu
to accurately define conditions where thin metallic films
wires behave 1D- or 2D-like with respect to quantum tra
port. One expects that 1D or 2D behavior occurs if the wi
w of thin wires or the thicknesst of thin films are much less
than the phase coherence lengthLf , which is the relevant
length scale for the interference of electron waves.4 How-
ever, sinceLf strongly depends on temperature as well as
disorder~typically Lf decreases with increasing temperatu
and disorder!, the phase coherence lengthLf can become of
the order of the thicknesst of the films or the widthw of
wires ~Lf't, Lf'w!. In these cases it is rather difficult t
define precisely the dimensionality of the samples with
spect to quantum transport.

For thin gold films that are highly inhomogeneous~i.e.,
with large voids and open channels! we have shown that the
presence of 2D quantum transport can additionally be c
trolled by measuring the MR applying magnetic fields p
pendicular as well as parallel to the film plane, since for
films the MR is strongly anisotropic, but for 3D samples it
isotropic.5

In this paper we report on the temperature and magne
field dependence of the resistance for thin gold wires of v
ous widthw prepared by electron-beam lithography~EBL!
onto GaAs. We find that 1D quantum transport can clearly
separated from 2D phenomena by systematically varying
width w of thin gold wires. This precisely allows to analys
the MR data using theoretical calculations for 1D and
quantum transport. From the analysis we find the phase
herence lengthLf being almost independent of the widthw
of the wires, i.e., independent of whether 1D or 2D quant
transport occurs.
PRB 580163-1829/98/58~15!/9689~4!/$15.00
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II. EXPERIMENT

Thin gold wires of various widthw are prepared by EBL
onto GaAs substrates at room temperature. For EBL we
a scanning transmission electron microscope~STEM! with
an external interface board. The position of the elect
beam is computer controlled using a home-designed s
ware. For the lithography process a thin polymethylmetha
lat ~PMMA! layer (t5200 nm) is spun off onto a GaAs sub
strate that can be mounted into the specimen holder of
STEM. The desired layout is written by a digitized vecto
scan technique without using beam blanking. The typi
layout consists of the actual nanostructures~wires, networks,
dots, etc.! as well as the contact pads for measuring the e
trical resistance. Both structures are produced in one run,
at different magnification ranges. The area of the act
structure is about 40340mm, whereas the areas of the co
tact pads are about 232 mm. After exposing the PMMA it is
developed in a mixture of isopropanol~ISO! and methyl-
isobutylketon~MIBK !. The resulting structure~mask! can be
controlled by an atomic-force microscope~AFM!. After de-
positing a thin gold layer~typical thicknesst;25 nm! onto
the mask, the resist is removed by rinsing the sample
acetone.

For the resistance measurements we use a dc-f
terminal technique where typical currents ofI 51 mA are
applied. The sensitivity of our setup allows us to determ
the resistance with a resolution ofDR/R'131025. The
temperature can be varied between 1.5 and 300 K usin
4He-bath cryostat, where magnetic fields up to 5 T can be
applied perpendicular to the film plane.

III. RESULTS

Figure 1 shows a secondary electron micrograph~SEM!
of five gold wires used for our resistance measurements
the ~four! contact pads prepared by EBL onto GaAs~dark
areas!. Leads glued onto the gold pads~not shown! connect
the wires to the current source and the voltmeter. As one
see from Fig. 1 the wires have a length ofL532mm and a
width of w546 nm. The thickness of the gold wires and t
pads aret525 nm as determined by a calibrated~Tolansky!
9689 © 1998 The American Physical Society
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quartz microbalance. To check the ‘‘quality’’ of the go
wires we investigated the wires by SEM at higher magn
cations~as used for the micrograph in Fig. 1! and moreover
by TEM, since we are able to prepare the gold wires o
thin carbon layers. We find the gold wires being continuo
without cracks or voids for a typical thicknesst525 nm as
used for the present structures. The wires are polycrysta
with typical crystal diameters ofFk510 nm.

From the geometry and the total resistanceR of the wires
we determine the resistivitiesr that are of the order ofr
'10mV cm at room temperature. Using Drude’s law w
find—with the Fermi velocityvF(Au)51.393106 m/s and
the electron densityn(Au)55.931028 m23—the electron
mean free path being aboutl e;10 nm, which is consisten
with our structural information (l e'Fk). To compare the
resistance data among the various gold wires we define
resistance per square byRh5R(w/ l ), which typically varies
between 2V/h,Rh,12V/h for the present gold wires.

Figure 2~a! shows the resistance per squareRh versus
temperatureT on the logarithmic scale for a gold wire wit
t520 nm andw551 mm ~Au1!. The dots indicate the ex
perimental data for various magnetic fieldsB applied perpen-
dicular to the film plane. As one can see from Fig. 2~a! the
resistanceRh increases belowT55 K with decreasing tem-
perature exhibitingRh; ln T-behavior. Applying a magnetic
field the resistanceRh increases~positive magnetoresis
tance! for all temperaturesT,12 K, whereas the slopes o
the Rh(ln T) curves become forB>0.05 T constant as indi
cated by the straight lines in Fig. 2~a!. The value of the slope
as given by DG5@Rh(1 K)-Rh(10 K)#/Rh

2 (10 K) is
DG51.6431025(h/V), which has the typical order o
magnitude for 2D quantum corrections.6,7 The inset shows
the ‘‘slope’’ DG as a function of the applied magnetic fie
indicating thatDG saturates forB.0,1 T.

Figure 2~b! shows the resistance per squareRh of a thin
gold wire with t525 nm andw546 nm~Au2! versus T on
the logarithmic scale for various magnetic fields applied p

FIG. 1. SEM micrograph of a nanostructured gold film prepa
by electron-beam lithography onto a GaAs subtrate. Five wires w
a width of w546 nm are connected in parallel to four broad co
tacts for measuring the electrical resistance. The length of the w
is 32 mm.
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pendicular to the film plane. As one can see from Fig. 2~b!
the resistanceRh decreases forB,0.05 T logarithmically
with decreasing temperature. Applying magnetic fields oB
.0.05 T the resistance logarithmically increases with d
creasing temperature. AboveB50.2 T the ‘‘slope’’ DG
saturates as shown in the inset. Figures 3~a! and 3~b! show
the magnetoresistance data as defined bydG(B)5@Rh(B)
2Rh(0)#/Rh

2 (0) versusB on the logarithmic scale of the
gold wire Au1 and the wire Au2, for various temperatur
between 1.5<T<25 K. As one can see the MR is positiv
for both wires, but there are two remarkable features that
rather different among the two gold wires. For the gold w
with the large widthw551mm the maximum value ofdG at
the lowest temperature (T51.5 K) is of the order ofdGmax

'4031026 V21, whereas for the small gold wire (w
542 nm) it is aboutdGmax'100031026 V21, which is 25
times larger. Second, whereasdG(B) exhibits for the
‘‘wide’’ gold wire ~Au1! a pronounced maximum a
B'1 T, it shows for the small gold wire~Au2! above
B'0.5 T an almost field independent~saturation! behavior
for all temperatures. Please note the different scales
dG(B) in Figs. 3~a! and 3~b!.

IV. DISCUSSION

It is rather likely that the different features of the M
behavior are due to the occurrence of 1D or 2D quant

d
h
-
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FIG. 2. Resistance per squareRh vs temperatureT within the
range 1.5,T,20 K in the presence of magnetic fields ofB
<0.5 T perpendicular to the film plane for two different samples~a!
Au1 with width w550.8mm and~b! Au2 with width w546 nm.
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transport phenomena, depending on the width of the wi
To check for which width 1D or 2D transport is expected
occur we fabricated a series of gold wires of various wid
w and measured the magnetoresistance. Figure 4 show
‘‘strength’’ of the magnetoresistancedGmax, which is given
by the maximum value ofdG(B) at a given temperatureT
plotted versus the widthw of the gold wires. The filled
circles represent the data for various wires atT51.5 K, the
open circles atT510 K, and the filled squares atT520 K.
As one can see from Fig. 4 we find atT51.5 K for wires
with widths below w51 mm dGmax;w21 and abovew
51 mm dGmax5const. At higher temperatures the same b
havior occurs, however, the ‘‘cross-over’’ fromdGmax

;w21 to dGmax5const shifts to lower widths. This behavio
can easily be explained within the framework of 1D and
quantum transport. For 1D transport the conductivity is~by
definition! given bydsd51[dGw. In the case of 2D trans
port one findsdsd52[dG, wheredG[@Rh(B)2Rh(0)#/
Rh

2 (0) is determined from the experimental dataRh(B).
From this it follows thatdGmax;w21 anddGmax5const for
wires with 1D and 2D transport properties, respectively. W
thus find from our experimental data~Fig. 4! that, e.g., atT
51.6 K gold wires with widthsw,1 mm behave 1D like,
whereas wires withw>1 mm are two dimensional with re
spect to quantum transport. This shows that a distinction
tween 1D and 2D quantum transport can simply be obtai
by analyzingdGmax as a function of the widthw of thin gold
wires. Figure 4 additionally shows that as going to high

FIG. 3. Magnetoresistance for two nanostructured gold films~a!
Au1 and ~b! Au2 at various temperatures in the range 1.5<T
<25 K. Full lines are best fits according to the theory~a! given by
Eq. ~1! for 2D systems and~b! given by Eq.~2! for 1D systems.
Please note the different scales fordG in both plots.
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temperatures the range for which the wires behave 1D
becomes smaller. Our further analysis shows that this is
to the fact that the phase coherence lengthLf becomes
smaller for higher temperatures.

According to Fig. 4 we find that the gold wire Au1 with
width of w551mm behaves 2D like with respect to qua
tum transport.7 We thus analyze the magnetoresistance d
of Fig. 3~a! using theoretical expressions for the MR in 2
as given by Hikami, Larkin, and Nagoka:8

dG~B'!5
e2

2p2\ F f S B1

B D2
3

2
f S B2

B D1
1

2
f S Bf

B D G ~1!

with B15Be1Bso1Bs , B25Bi14/3Bso12/3Bs , Bf5Bi
12Bs and f (x)5C(x11/2)2 ln(x) with C(x) the digamma
function. The characteristic magnetic fieldsBj are correlated
via L j

25\/4eBj to characteristic diffusion lengthL j where
the suffixese, i, so, ands correspond to elastic, inelastic
spin-orbit, and magnetic scattering processes. Using Eq~1!
and choosing appropriate parametersBj we are able to de-
scribe our experimental MR data in Fig. 3~a! in a perfect
manner. This is shown by the straight lines in Fig. 3~a! which
representdG(B) as given by Eq.~1! for various tempera-
tures betweenT51.5 andT512 K. For the fitting process
we treat the characteristic fieldsBso, Bs , and Be as being
temperature independent. Thus, if these fields are fixed f
given temperature~e.g.,T51.5 K! and kept constant, there i
only one ‘‘free’’ parameter,Bf , which is available to fit
dG(B') using Eq.~1! to the experimental MR data in Fig
3~a! for all temperatures.

For the gold wire Au2 with a width ofw546 nm we
expect from Fig. 4 to find 1D behavior. We thus analyze o
MR data using an expression that is given by Altshuler a
Aronov:9

dG~B'!5
e2

p2\ F3

2
ABw

B2
A~B2 ,Bw!

2
1

2
ABw

Bf
A~Bf ,Bw!G ~2!

FIG. 4. Maximum value of the magnetoresistancedGmax vs the
width w for various gold wires at three different temperaturesT
51.5, 10, and 20 K. Full lines represent the theoretically expec
behavior for 1D and 2D systems.
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9692 PRB 58BRIEF REPORTS
with Bw5\/(4ew2) and B2 , Bf as defined above an
A(Bj ,Bw)5@11B2/48BjBw#21/221. Assuming thatBso, Bs
are temperature independent we fitdG(B') as given by Eq.
~2! to our experimental data in Fig. 3~b! using suitable pa-
rametersBj . The straight lines drawn close to the expe
mental data show that an excellent description of the M
data within the concept of 1D magnetotransport is possib

The fitting processes as discussed above allow to de
mine various characteristic magnetic fieldsBj or correspond-
ingly the diffusion lengthL j . We note that there are n
further parameters involved to determine, e.g., the phase
herence lengthLf from Bf5Bf(T), sinceLf is given by
Lf

2 5\/4eBf , which contains only universal constan
(\,e). Figure 5 shows the phase coherence lengthLf versus
temperature in a double-logarithmic plot for the wide go
wire ~Au1! and the small gold wire~Au2!. First, it is remark-
able to note that the absolute values forLf obtained for the
wide ~Au1! and for the small~Au2! wire are within a factor
of 2 the same. Moreover, even the temperature depend

FIG. 5. Log-log presentation of the phase coherence lengthLf

vs temperature resulting from the fits to the MR data in Fig. 3
the broad wire~Au1! exhibiting 2D behavior and the the small wir
~Au2! exhibiting 1D behavior. Full lines represent different pow
laws for different temperature regions.
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of Lf(T) is equal for both gold wires. This additionally con
firms that our analysis of the MR data within the concepts
1D and 2D quantum transport is correct.

From Fig. 5 we find at high temperatures (T.5 K)
Lf(T);T21.5 and at low temperatures (T,3 K) Lf;T20.5

as indicated by the straight lines. The crossover region m
be characterized by aLf;T21.0 law. This temperature be
havior ofLf(T) is typical for thin gold films that are homog
enous~with no voids and cracks!.10 As mentioned above, we
find the resistivitiesr0 for both gold films—independent on
their width w—to be almost the same, which involves th
fact also that the diffusion constantsD;1/r0 are quite simi-
lar. From this it follows that the phase coherence tim
tf(T) as given bytf5Lf

2 /D are independent on the size o
the width of the gold wires. Since magnetic scattering can
neglected in the present temperature region,11 it follows
~with Bs!Bi! according to Eq. ~1! Bi5Bf or Li(T)
5Lf(T). Thus we directly determine fromLf;T20.5 and
Lf;T21.5 the temperature dependence of the inelastic s
tering times exhibitingt i;T21 andt i;T23 behavior. This
can be well explained by theoretical calculations as resul
from electron-electron and electron-phonon scattering p
cesses, respectively.12 Moreover, since the observed tem
perature dependence of the scattering timest i(T) is indepen-
dent on the widthw of the wires; i.e., independent of whethe
1D or 2D quantum transport occurs, we conclude that
present scattering data reveal the intrinsic properties of
gold wires.

V. CONCLUSION

We are able to prepare thin gold wires of various widt
between 50 nm and 50mm by electron-beam lithography
Magnetoresistance measurements allow precisely to dis
guish between 1D and 2D quantum transport at low temp
tures by systematically varying the widths of the wires. Fro
the detailed analysis of the MR data we obtain a wid
independent phase coherence length and from its temper
dependence the intrinsic electronic scattering properties
thin gold nanowires.
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