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

S. Friedrichowski and G. Dumpich
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(Received 23 April 1998

We report on magnetoresistan®@R) measurements of thin gold wires of various widtivdyetween 50 nm
and 50um prepared by electron-beam lithography. The MR is measured at temperatures bEtakénand
25 K using a*He-bath cryostat where magnetic fields upBte:5 T can be applied perpendicular to the film
plane. Varying the widths of the gold wires we find the “strength” of the MR being proportiona¥ tb
consistent with one-dimension@dlD) 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[S0163-1828)06136-0

I. INTRODUCTION Il. EXPERIMENT

Thin gold wires of various widthv are prepared by EBL
nto GaAs substrates at room temperature. For EBL we use
scanning transmission electron microsc¢f&EM) with

The quantum mechanical properties of electrons, i.e., th
wave character of electrons modifies their transport behaviogt

by weak electron Iocalizatio(WElL) and enhanced electron- 5, external interface board. The position of the electron
electron-interactiodEEI) effects. These effects, which are poam is computer controlled using a home-designed soft-

well known and well understood precisely allow us to de-are. For the lithography process a thin polymethylmethacy-
scribe quantum transport of electrons in one, two, and thregyt (PMMA) layer (t=200 nm) is spun off onto a GaAs sub-
dimensions(1D,2D,3D) by theoretical calculation’® How-  strate that can be mounted into the specimen holder of the
ever, from the experimental point of view it is rather difficult STEM. The desired layout is written by a digitized vector-
to accurately define conditions where thin metallic films orscan technique without using beam blanking. The typical
wires behave 1D- or 2D-like with respect to quantum trans{ayout consists of the actual nanostructugeses, networks,
port. One expects that 1D or 2D behavior occurs if the widthdots, etc). as well as the contact pads for measuring the elec-
w of thin wires or the thicknessof thin films are much less trical resistance. Both structures are produced in one run, but
than the phase coherence length, which is the relevant at different magnification ranges. The area of the actual
length scale for the interference of electron watésow-  structure is about 4040 um, whereas the areas of the con-
ever, sincd. , strongly depends on temperature as well as orfact pads are about22 mm. After exposing the PMMA it is
disorder(typically L , decreases with increasing temperaturedeveloped in a mixture of isopropandSO) and methyl-
and disordex, the phase coherence lendtl) can become of isobutylketon(MIBK). The resulting structurénask can be
the order of the thicknessof the films or the widthw of ~ controlled by an atomic-force microscop@FM). After de-
wires (L ,~t, L,~w). In these cases it is rather difficult to positing a thin gold layeftypical thickness~25nm onto
define precisely the dimensionality of the samples with re-the mask, the resist is removed by rinsing the sample in
spect to quantum transport. aceFtonet.h ist N dof
For thin gold films that are highly inhomogeneo(i., term(i)rqal tZCf:i?cI}Suznv(\:/ierrgeglsptijéglm(?:rrsenﬁeb;:ie : ar(;- our-
with large voids and open channglge have shown that the K

. applied. The sensitivity of our setup allows us to determine
presence of 2D quantum transport can additionally be CONfa resistance with a resolution &fR/R~1x10-5. The

”0"39' by measuring the MR applyin'g magnetic.fields per'temperature can be varied between 1.5 and 300 K using a
pendlcular as well as para!lel to t_he film plane, since for_ 2,D4He-bath cryostat, where magnetic fields @p5 T can be
iﬁslglfotgiiSMR is strongly anisotropic, but for 3D samples it is applied perpendicular to the film plane.

In this paper we report on the temperature and magnetic-
field dgpendence of the resistance for thin.gold wires of vari- . RESULTS
ous widthw prepared by electron-beam lithograp{yBL)
onto GaAs. We find that 1D quantum transport can clearly be Figure 1 shows a secondary electron microgrépBM)
separated from 2D phenomena by systematically varying thef five gold wires used for our resistance measurements and
width w of thin gold wires. This precisely allows to analyse the (four) contact pads prepared by EBL onto Gafrk
the MR data using theoretical calculations for 1D and 2Dareag. Leads glued onto the gold padsot shown connect
guantum transport. From the analysis we find the phase cdhe wires to the current source and the voltmeter. As one can
herence length. 4 being almost independent of the width ~ see from Fig. 1 the wires have a lengthlo¥32 um and a
of the wires, i.e., independent of whether 1D or 2D quantunwidth of w=46 nm. The thickness of the gold wires and the
transport occurs. pads ard=25 nm as determined by a calibrat€blansky
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FIG. 1. SEM micrograph of a nanostructured gold film prepared B g 4
by electron-beam lithography onto a GaAs subtrate. Five wires with _ C - ]
a width of w=46 nm are connected in parallel to four broad con- € 2704 -
tacts for measuring the electrical resistance. The length of the wires o C ]
is 32 um. L 4
2700 | -
| 0024+ () Au2 |
qguartz microbalance. To check the “quality” of the gold 2696 po - C 4 i ]
wires we investigated the wires by SEM at higher magnifi- 1 2 5 10 20
cations(as used for the micrograph in Fig) &nd moreover T(K)

by TEM, since we are able to prepare the gold wires onto
thin carbon layers. We find the gold wires being continuous g|G, 2. Resistance per squaRe, vs temperaturd within the
without cracks or voids for a typical thickness 25 nm as  range 1.5T<20K in the presence of magnetic fields &f
used for the present structures. The wires are polycrystalline:g.5 T perpendicular to the film plane for two different samyis
with typical crystal diameters ob,=10 nm. Aul with width w=50.8um and(b) Au2 with width w=46 nm.

From the geometry and the total resistaftef the wires
we determine the resistivities that are of the order op
~10 Q) cm at room temperature. Using Drude’s law we pendicular to the film plane. As one can see from Figp) 2
find—with the Fermi velocityv-(Au)=1.39x10° m/s and the resistanceRy decreases foB<0.05 T logarithmically
the electron densityn(Au)=5.9x10°® m—3—the electron with decreasing temperature. Applying magnetic field8of
mean free path being aboly~10 nm, which is consistent >0.05T the resistance logarithmically increases with de-
with our structural informationl¢g~®,). To compare the creasing temperature. AbovB=0.2 T the “slope” AG
resistance data among the various gold wires we define thgaturates as shown in the inset. Figurés and 3b) show
resistance per square By =R(w/l), which typically varies the magnetoresistance data as defined6yB) =[ R;(B)
between 2/00<R;<12Q/0 for the present gold wires.  —R(0)]/R%(0) versusB on the logarithmic scale of the

Figure 2a) shows the resistance per squd®g versus gold wire Aul and the wire Au2, for various temperatures
temperaturel on the logarithmic scale for a gold wire with between 1.5T<25K. As one can see the MR is positive
t=20 nm andw=51 um (Aul). The dots indicate the ex- for both wires, but there are two remarkable features that are
perimental data for various magnetic fieBspplied perpen- rather different among the two gold wires. For the gold wire
dicular to the film plane. As one can see from Figg)azhe  with the large widthw=51 um the maximum value oG at
resistanceR increases below =5 K with decreasing tem- the lowest temperatureT& 1.5 K) is of the order ofSG™
perature exhibitind;~In T-behavior. Applying a magnetic ~40x10 6 Q! whereas for the small gold wirew(
field the resistanceRy increases(positive magnetoresis- =42 nm) it is aboutsG™®~1000x 10" ¢ O ~*, which is 25
tance for all temperature§ <12 K, whereas the slopes of times larger. Second, wherea8G(B) exhibits for the
the Ry(In T) curves become foB=0.05 T constant as indi- “wide” gold wire (Aul) a pronounced maximum at
cated by the straight lines in Fig(&@. The value of the slope B~1T, it shows for the small gold wirdAu2) above
as given by AG=[Rg(1K)-R(10 K)]/RZD(lo K) is B~0.5T an almost field independefgaturation behavior
AG=1.64x10"°(0/Q), which has the typical order of for all temperatures. Please note the different scales of
magnitude for 2D quantum correctioh$.The inset shows §G(B) in Figs. 3a) and 3b).
the “slope” AG as a function of the applied magnetic field
indicating thatAG saturates foB>0,1T.

Figure Zb) shows the resistance per squ&e of a thin
gold wire witht=25 nm andv=46 nm(Au2) versus T on It is rather likely that the different features of the MR
the logarithmic scale for various magnetic fields applied perbehavior are due to the occurrence of 1D or 2D quantum

IV. DISCUSSION
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b) Au2 T 1 FIG. 4. Maximum value of the magnetoresista®@™** vs the
800 25 width w for various gold wires at three different temperatufies
~ . =1.5, 10, and 20 K. Full lines represent the theoretically expected
& 60 35 7 behavior for 1D and 2D systems.
> i
o 400 50 - . . .
= 3 temperatures the range for which the wires behave 1D like
200 80 becomes smaller. Our further analysis shows that this is due
s 12 A to the fact that the phase coherence length becomes
o] Litinl Lonl 1l L 41 |||2||5I ] Sma”er folr hlgher tempera:tures' . .
0002 001 01 1.0 10 According to Fig. 4 we find that the gold wire Aul with a

B(T) width of w=51 um behaves 2D like with respect to quan-
tum transporf. We thus analyze the magnetoresistance data

FIG. 3. Magnetoresistance for two nanostructured gold flans  of Fig. 3(a) using theoretical expressions for the MR in 2D
Aul and (b) Au2 at various temperatures in the range<  5q given by Hikami, Larkin, and Nagob?a:

<25 K. Full lines are best fits according to the theygiven by
Eq. (1) for 2D systems andb) given by Eq.(2) for 1D systems. g2 B, 3 1 (B
Please note the different scales 8% in both plots. =— — |- = — f|l —
p 6G(B,) ZWZﬁ[f(B) 2f +2f(B)
transport phenomena, depending on the width of the wires, . _ _ _
. . . With B;=Be+Bgsot Bs, By=Bj+4/3Bg1+2/3Bs, By=B;
To check for which width 1D or 2D transport is expected tO+ZBS andf(x) =W (x+ 1/2)— In(x) with ¥ (x) the digamma

occur we fabricated a series of gold wires of various width ; o PN
w and measured the magnetoresistance. Figure 4 shows mjenctlon. The characteristic magnetic fieBsare correlated
“strength” of the magnetoresistanommax,. which is given 1a L-2=ﬁ/4ij to characteristic diffusion length; where
by the maximum value ob6G(B) at a given temperaturé

the suffixese, i, so, ands correspond to elastic, inelastic,
plotted versus the widthw of the gold wires. The filled spin-orbit, and magnetic scattering processes. Using'Hg.
circles represent the data for various wiresTat1.5 K, the

and choosing appropriate parametBiswe are able to de-
. _ ' _ scribe our experimental MR data in Fig(aB in a perfect
open circles alf=10 K, and the filled squares at=20 K. g . . g .
As one can see from Fig. 4 we find &t 1.5 K for wires manner. 'ggslgs show_n by tge SEtr?'%h; lines n F'g??’Nh'Ch
with widths beloww=1 um §G™>~w~! and abovew representdG(B) as given by Eq or various tempera-
=1 um §GM¥=const. At higher temperatures the same be-

tures betweem=1.5 andT=12 K. For the fitting process
havior occurs. however the “cross-over” fromsgma  We treat the characteristic fieldy,,, Bs, and B, as being
—wlto 5Gmax’:const shi'fts to lower widths. This behavior temperature independent. Thus, if these fields are fixed for a
can easily be explained within the framework of 1D and 2Dg|v|en temel?ratgréa.g.,le.SBK) anﬁl- kﬁp.t cons_tlarkw)tl, trt'eritls
quantum transport. For 1D transport the conductivityhg only one ‘lree_ parameterpb,, which IS avariable 1o T
definitior) given by §o9=*=§Gw. In the case of 2D trans- 8G(B, ) using Eq.(1) to the experimental MR data in Fig.
port one findsdo9=2= 5G, where sG=[Ro(B)—Rn(0)]/ S\ for all temperatures.

2 ) . . For the gold wire Au2 with a width ofv=46 nm we
Erm(rg)tk:is ﬁ(e]cttallrmv:/net?] f{ggm;[?wevv%per:ljméeerﬁaa!fé?(f f) .r expect from Fig. 4 to find 1D behavior. We thus analyze our
0 S It ollows tha a —const fo MR data using an expression that is given by Altshuler and

B,

= W

wires with 1D and 2D transport properties, respectively. WeAron ov®
thus find from our experimental datkig. 4) that, e.g., afl '
=1.6 K gold wires with widthsw<1 um behave 1D like, &2 3 B
whereas wires wittw=1 um are two dimensional with re- S Py .
; s 0G(B,)=— A(B,,By)
spect to quantum transport. This shows that a distinction be- mh |2 B2
tween 1D and 2D quantum transport can simply be obtained 1
by analy.zing5Gmax as a function of the widtiw of thin gold Y i A(B, ,BW)} )
wires. Figure 4 additionally shows that as going to higher 2 VB,
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3000 — T . of L 4(T) is equal for both gold wires. This additionally con-
- 8 firms that our analysis of the MR data within the concepts of
1D and 2D quantum transport is correct.

From Fig. 5 we find at high temperature3 %5 K)
L4(T)~T~**and at low temperature§ €3 K) L,~T %°
as indicated by the straight lines. The crossover region might
be characterized by Bs~T~*° law. This temperature be-
havior ofL 4(T) is typical for thin gold films that are homog-
enous(with no voids and cracks® As mentioned above, we
find the resistivities for both gold films—independent on
their width w—to be almost the same, which involves the

1000
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111 i1t
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L, (nm)

100

e
- . :3; ] fact also that the diffusion constariis~1/p, are quite simi-
- 3 lar. From this it follows that the phase coherence times
30 L ; - '1'0 : o 74(T) as given byr,= Lf,,/D are independent on the size of
T®) the width of the gold wires. Since magnetic scattering can be

neglected in the present temperature regfoit, follows
FIG. 5. Log-log presentation of the phase coherence lehgth (With By<B;) according to Eq.(1) Bi=B, or Li(T)
vs temperature resulting from the fits to the MR data in Fig. 3 for=L¢(T). Thus we directly determine frorh ,~T 05 and
the broad wirgAul) exhibiting 2D behavior and the the small wire L4~T~ - the temperature dependence of the inelastic scat-
(Au2) exhibiting 1D behavior. Full lines represent different power tering times exhibitingr~T~! and 7,~T 2 behavior. This
laws for different temperature regions. can be well explained by theoretical calculations as resulting
from electron-electron and electron-phonon scattering pro-
cesses, respectively. Moreover, since the observed tem-
_ _ perature dependence of the scattering timé€s) is indepen-
with B,=7/(4ew’) and By, B, as defined above and gent on the widthw of the wires: i.e., independent of whether
A(Bj,By,)=[1+B,/488;B,,] "~ 1. Assuming thaBs,, Bs 1D or 2D quantum transport occurs, we conclude that the

are temperature independent wed@ (B, ) as given by Eq. present scattering data reveal the intrinsic properties of the
(2) to our experimental data in Fig(l9 using suitable pa- gold wires.

rametersB; . The straight lines drawn close to the experi-
mental data show that an excellent description of the MR
data within the concept of 1D magnetotransport is possible. V. CONCLUSION

The fitting processes as discussed above allow to deter- \ye are able to prepare thin gold wires of various widths
mine various characteristic magnetic fieBisor correspond-  petween 50 nm and 5@m by electron-beam lithography.
ingly the diffusion lengthL;. We note that there are no Magnetoresistance measurements allow precisely to distin-
further parameters involved to determine, e.g., the phase c@uish between 1D and 2D quantum transport at low tempera-
herence length. , from B,=B,(T), sincel, is given by tures by systematically varying the widths of the wires. From
Lézh/4eB¢, which contains only universal constants the detailed analysis of the MR data we obtain a width-
(f,€). Figure 5 shows the phase coherence lemgjiversus independent phase coherence length and from its temperature
temperature in a double-logarithmic plot for the wide golddependence the intrinsic electronic scattering properties of
wire (Aul) and the small gold wiréAu2). First, it is remark- thin gold nanowires.
able to note that the absolute values Ifigy obtained for the
wide (Aul) and for the smallAu2) wire are within a factor
of 2 the same. Moreover, even the temperature dependence This work was supported by the DFG.
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