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Intrinsic Decoherence in Mesoscopic Systems

P. Mohanty, E. M. Q. Jariwala, and R. A. Webb

Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742
(Received 17 December 1996

We present measurements of the phase coherencerjjriresix quasi-1D Au wires and clearly show
that 7, is temperature independent at low temperatures. We suggest that zero-point fluctuations of
the phase coherent electrons are responsible for the observed saturatipn ¥e introduce a new
functional form for the temperature dependence and present the results of a calculation for the saturation
value of 4. This explains the observed temperature dependence of our samples as well as many 1D
and 2D systems reported to date. [S0031-9007(97)03022-6]

PACS numbers: 73.23.—b, 03.65.Bz, 72.70.+m, 73.20.Fz

Perhaps the most fundamental property of a particle ified by several papers where the Aharonov-Bohm phase
any quantum system is the time over which the phasef the electron wave function is used to compute the
coherence is maintained in its wave function. It is wellmean square value afys, which is then related to the
understood that coupling the quantum system to an erresistance of the phase coherent volume of the system
vironment [1] can cause a reduction in the construcusing the fluctuation-dissipation theorem [2,3]. Also
tive interferences of all possible Feynman paths due tonany experiments have claimed to find agreement with
changes induced in the environment by the particle andthis form over some temperature range [7,8], but at lower
or by phase randomization in the particle’s wave functiontemperatures they observe a much weaker temperature
caused by the environment. In condensed matter elecependence or an approach to a complete saturatiog.in
tron systems, the components of the environment which In this Letter we report an extensive set of experiments
can cause decoherence are the electron-phonon (EP), ttesigned to understand what sample parameters control
electron-electron (EE), and magnetic impurity interactionghe magnitude and functional form of the temperature
[2]. In addition, under certain conditions dephasing cardependence of,. We also observe the saturation in
occur in the absence of any inelastic process [3]. Elastie, at low temperatures, and show that it is not due to
scatterings from nonmagnetic impurities are known not tcheating or magnetic impurities as frequently suggested.
cause phase randomization [4]. The standard approadie propose that zero-point fluctuations of phase coherent
for determining the phase coherence timgin diffusive  electrons are responsible for the observed saturation.
1D and 2D systems is to fit weak localization theory toThis is fundamentally different from previous attempts
the measured change in resistance as a function of matp include intrinsic fluctuations in mesoscopic systems
netic field near zero field [2,5]. Theoretically, this mea-where only the zero-point motion of impurity ions was
suredr4(7) should increase with decreasing temperatureonsidered [11]. We show that all our data can be
becoming infinite in very large systems7t= 0 because surprisingly fit by one universal form that includes the
both the EP and EE interactions produce g~ 1/T?  zero-point decoherence time. This form fits most 1D and
wherep varies between.5 and3 [2,3,5,6]. Yetin every 2D data reported over the last 15 years. We present the
published experiment performed down to very low tem-results of the first calculation of this decoherence time.
peratures, the phase coherence time is universally found All our samples were fabricated from pure gold con-
to approach a temperature independent and finite valugining less than 1 ppm of magnetic impurities and pat-
[7-10]. The temperature at which this saturation occur¢erned into wires whose width, thickness, length, and
varies by orders of magnitude ranging from 10 K in somedisorder varied considerably as shown in Table I. A typi-
GaAs devices to as low as 20 mK in a 2D Au film. cal weak localization measurement for a 1D Au wire at

There have been many different theoretical approachekl mK is shown in the inset of Fig. 1. We fit this data to
aimed at understanding the temperature dependence thfe standard 1D form including both the singlet and triplet
74 [2,3,6]. At temperatures below which the phononsterms to obtain the phase coherence lenggh[2]. The
are important, Altshuleet al.[6] have shown that the phase coherence time is obtained fyy = L%b/D- Our
EE process with large energy transfer should dominateamples are 1D with respect g, and L7, but most are
with 74 = 7., « Ly, where Ly = \/AiD/kgT, and D 3D with respect to the elastic mean free path Figure 1
is the classical diffusion coefficient i dimensions. displaysry(7) from 11 mK to 7 K for one of our samples.
Subsequently, it was suggested that at low temperaturéBelow 200 mK the temperature dependence mgf is
an EE process with small energy transfer will dominateslower than expected from any theory [5], and clearly satu-
the temperature dependence of the scattering rate witfates below 40 mK. Attemperatures above 2 K, the EP in-
74 = 7y © 1/T?3 [6]. This latter form has been veri- teraction begins to dominate the temperature dependence
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TABLE I. Parameters of the samples shown in Figs. 1—-4.

Sample w t L R/L d D X103 0P reale a Aep
(nm) (nm)  (um) (Q/pm) (m?/s) (ns) (ns) (nsK?)
Au-1 60 25 57.9 29.14 3 9.0 3.41 0.72 0.61 6.8
Au-2 110 60 207 1.46 2 61.2 4.19 4.58 0.89 4.9
Au-3 100 35 155 9.31 3 12.0 2.24 2.91 0.85 6.1
Au-4 60 25 57.9 31.29 3 8.37 1.56 0.77 0.77 12.0
Au-52 190 40 18.9 191.7 3 0.27 0.45 - 0.74 10.7
Au-6 180 40 155 2.91 3 18.8 3.39 7.9 0.80 10.5
1D-Si° 440 2DEG 100 1219 2 7.2 0.11 0.11 0.138 NA
1D-SiP 200 2DEG 100 2777 2 6.9 0.039 0.025 0.087 NA
1D-nGaAs” 53 2DEG 2.5 1.25 x 10* 2 4.8 0.0035 0.0084 0.094 NA
1D-GaAs 70 2DEG 1.9 5.85 X 10° 2 55.0 0.014 0.012 0.074 NA
2D-Aud - 7.6 - Ro =24 Q 3 2.2 4.8 2D 0.37 NA
2D-AuPc® - 12 - R =38 Q) 3 2.3 6.55 X 107* 2D 0.48 5.7
2D-AuPc® - 16 - Ro =153 Q 3 0.4 0.012 2D 0.29 12.0

*Reference [18]. PPookeet al.[8]. °Hiramotoet al.[9]. “Mueller et al. [10]. °©Lin et al. [7].

of 74. Inthis paper we will assume that the scattering timethan predicted from any theory. The temperatures at
due to phonons is given by,, = A.,/T? with p =3  which these samples begin to deviate from the theoretically
which is the most easily justified form [6]. We have expected form differ from one another, but they all show
measured over twelve different 1D Au wires with varying the same qualitative behavior.

width from 35—-210 nm, thickness from 20—135 nm, and We believe that heating is not responsible for the ob-
length from19-4120 wm. D varied by more than a factor served saturation for three reasons. Our experiments were
of 250, ranging from 0.00027 t6.07 m*/s. Our low done in the regime where; is independent of current. In
temperaturd.4 varied by more than a factor of 40, from addition, we have measured the temperature dependence
0.43-18 um, increasing with increasind. Figure 2 of the change in resistivity p.. due to the EE interaction
displays the temperature dependence &fT') for four of  in a finite magnetic field sufficient to destroy weak local-
our samples representing a broad range of disorder. Fdazation. As shown in the inset of Fig. 2 we find that the
our samplesy4(T) > h/kgT, the thermal time, over the correctionA p still remains temperature dependent down to
entire data range. At low temperatures, all eyf7) data  our lowest temperatures, even thoughclearly saturates.
show saturation or a much weaker temperature dependengée straight line is the theoretically expected behavior,

Ap.e = (2¢*R?>wt/hL*)\JhD/kgT [5], demonstrating
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FIG. 1. Temperature dependencergffor sample Au-1. The T(K)

broken lines are the functional forms expected from previous

theories. The solid line is a fit to Eqg. (1) with phonons. TheFIG. 2. Temperature dependence of for four Au wires.
inset shows the typical weak localization data taken with 2 nASolid lines are fits to Eq. (1) with phonons. The inset is the
at 11 mK with a fit to the standard 1D theory. EE contribution toA p with the theoretical prediction.
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that the electrons are still in good contact with the thermathe intrinsic electromagnetic environment [16] seen by the
bath. Finally, we have placed some of our samples in @hase coherent electrons should cause intrinsic dephasing
second dilution refrigerator with higher levels of shieldingand lead to a finite temperature saturationrgf. We
of the external electromagnetic environment at the samplbave discovered that, at low temperatures, one very simple
site and find exactly the same, (7). form fits the temperature dependencergfT) for all our

We have also studied the effects of magnetic impuritiesAu samples,

on 74(T) by ion implanting Fe, the dominant magnetic FomlD 7
impurity in Au, after measuring the fulk,4(7) in the T = To tanl{—o} = 79 tanr{aw :|
clean sample. In Fig. 3, we compare the temperature kpTLrLg TokpT
dependence ofr, for one sample before and after 1)
implantation of ~2.8 ppm of Fe. The effect of adding
magnetic impurities is to lower the magnitude of the phas
coherence time, butotto cause saturation in (7). The
low temperature data is clearly temperature depende
in agreement with previous experiments [12,13]. In

addition, the saturation of, found in experiments on (E)"' = 74/l = (ro/h) tanh(h/2ksTr4) and according

;emlc.o_ndugtor wires [8,9] cannot be due to magneugo electron-electron theories involving large energy trans-
impurities since these structures are thought not to conta 74 — e = L [5]. « is a constant which only varies
L) ee .

any of these impurit_ies. The inset of Eig. 3 shows the IOWfrom 0.6 to 1.1 for all our samples. At higher tempera-
temperature b_ehaV|or afp(7) fo.r th? implanted sample tures where phonons become important for dephasing, the
after subtracting the EE cont_rlbutloﬁp?e determmed_ otal phase coherence time is the inverse:-@f .

from the clean sample before implantation. The straigh he solid lines drawn throughll our Au 74(7) data i:lpis—

line is the expected behaviakp ~ logT for an AuFe g , X .
Kondo systemp[14] containinglzl 3 ppgr]n of Fe [15] played in Figs. 1-3 are excellent fits to Eq. (1) including
' ' i %honons.

For the reasons given above, we are confident that th If Eq. (1) truly describes the temperature dependence

saturation int, observed for all our clean Au samples : .
; f the phase coherence time for our samples, it should
represents a fundamental quantum mechanical effect. W

believe that the origin of the observed saturationrjn apply to all 1D and 2D mesoscopic systems fabricated

) . . f{om metals and semiconductors. Figure 4 displays some
is that the zero-point fluctuations of the phase coheren . ;
fepresentative examples of the previously observed satu-

electrons are playing an important role in the dephasingation behavior ofr4 in a variety of 1D and 2D systems

process. It is predicted that at low temperatures the . .
. . . . where the saturation temperature varies from 20 mK to
mean square voltage in an electrical resistor will be

finite at T = 0 due to the zero-point fluctuations of the 10 K. For 2D Au [10] and AuPd [7] experiments, Eq. (1)

electrons [1]. We propose that zero-point fluctuations oiﬁts the reported phase coherence time extremely well with
’ prop P the constantx reduced only by a factor ofr due to the

whereD = vrl,/d, 7y is the measured saturation value,
@nd LY = yD7,. Equation (1) could have been antici-
rE)ated once the connection to the fluctuation-dissipation
ﬁeorem [16] has been made because the inverse of the
average Einstein energy of the phase coherent electrons is
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FIG. 3. Temperature dependencergfbefore (diamonds) and

after (boxes) Fe implantation. The solid line is a fit to Eqg. (1)FIG. 4. Temperature dependence of in a 2D-Au, 1D-Si,
with phonons. The inset shows the (@) dependence oAp 1D-GaAs, and 2D-AuPd experiments. The solid lines are our
due to magnetic impurities with a theoretical fit. fits using Eq. (2).
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change in dimensionality [5,6]. Similarly, for low mobil- a wide variety of systems including 1D wires (both semi-
ity 1D Si MOSFETSs [8] and for high mobility 1D GaAs conductors and metals), and 2D films can be fit quite well
heterostructures [9] we find that Eq. (1) must be modifiedo the form given in Eqg. (1) essentially with only one ad-
by replacingLr with the actual widthw of the sample justable parameter,, the zero temperature phase coher-
and reducinga by 72. The substitution ofw for Ly  ence time. Our approach allows us, for the first time, to
is generally made because the thermal diffusion length itheoretically calculate, for any 1D mesoscopic system
much larger than the sample width. Amazingly, as showrfrom only R/L and D, and the agreement between the
in Table I, the fits to Eq. (1) describe all the publishedcalculated value and measured valuergfis extremely
data extremely well including the high temperature parigood in our as well as others’ experiments.
of the data and give us further confidence that this zero- We thank G. Bergmann, N. Giordano, T. Hiramoto,
point dephasing mechanism correctly describes the esseand M. Pepper for permission to use their data shown
tial physics of the phase coherence time for all mesoscopim Fig. 4. We also thank C. Van Haesendonck, B.L.
samples. Hu, A. Raval, and S. Washburn for helpful discussions.
It is now possible to calculate the value@f contained This work is supported by the NSF under Contract
in Eg. (1) using a combination of previous approachesNo. DMR9510416.
Starting from the fluctuation-dissipation theorem and in-
tegrating the fluctuations in the low temperature limit of
Einstein energy over frequency we can obtain a single ef-

fective, sample dependent, average energy. This enerng] R.P. Feynman and F.L. Vernon, Jr., Ann. Phg4, 118
can then be related to the dephasing time [2,3]. In a sepa- (1963). A ’

rate publication we will describe in detail our approach to 5] 5. chakravarty and A. Schmid, Phys. Reps0, 193
solving this problem [17], but a preliminary result (valid (1986).
only for diffusive 1D systems) which describes many of [3] A. Stern, Y. Aharonov, and Y. Imry, Phys. Rev. 4,
the 1D experiments published to date, including ours, is 3436 (1990).
A h2L 2 [4] R. Landauer, Philos. Ma@1, 863 (1970).
Ty = (W) , 2 [5] B.L. AIFshuI(_ar a_nd A.G. Aronov, ir_1EIectron-EIectron
Interactions in Disordered Systeneglited by A. L. Efros

where R/L is the resistance per length, and is the and M. Pollak (Elsevier, Amsterdam, 1985).

effective mass of the electron. The calculated vah§é1§ [6] B.L. Altshuler et al., in Soviet Scientific Reviews. Section
for all 1D experiments are listed in Table I, and are within ~ A: Physics Reviewsdited by |. M. Khalatnikov (Harwood
a factor of 2 or 3 from the measured valgg’. For 1D Academic, New York, 1987), Vol. 9.

systems fabricated from a two-dimensional electron gas[g] %JMUE ankd NNGigrdar.'O' I:Ahy;. Rev.35, 10?7Al %983' o
(2DEG) with L ~ L, itis interesting to note that Eq. (2) (2] D-M. Pooke, N. Paquin, M. Pepper, and A. Gundiach,

N . . J. Phys. Condens. Mattér 3289 (1989).
reduces to(4h/m"D) (/A) where A is the separation 1o\ it al. Appl. Phys. Lett54, 2103 (1989).

between energy Ieyels in the phase coherent vo[ume (f 0] R.M. Mueller, R. Stasch, and G. Bergmann, Solid State
the system. We find the agreement of Eq. (2) with the ~ commun.91, 255 (1994).

measured values quite remarkable considering the extrenjg1] N. Kumar et al., Phys. Rev. Lett.59, 1853 (1987);

sensitivity ofro on D andR/L. An error of only25% in G. Bergmannibid. 60, 1986 (1988).
the width and thickness of a sample can easily propagaf@2] R.P. Peters, G. Bergmann, and R. M. Mueller, Phys. Rev.
to give an error of a factor of 2 im. Lett. 58, 1964 (1987).

In conclusion, we report a comprehensive set of experil13] C. Van Haesendonck, J. Vranken, and Y. Bruynseraede,
ments in 1D gold wires, which clearly shows that the _ Phys. Rev. Lett58, 1968 (1987).
phase coherence time saturates at a finite temperaturl[%g} \lcl ghaggﬁiﬁkhft,\,,agé Egt)ilshR:c\i/iieLfttgf’ éOSSESC}ggg%-d
oS, or external environmental affects. We sugges: thay . - Sl (Academic, New York, 1973) Vol 5.

T . o . 6] E.M. Lifshitz and L.P. Pitaevskii,Statistical Physics,
zero-point fluctuations are responsible for this observe Part 2 (Pergamon Press, Oxford, 1980), 3rd ed.
saturation and introduce both a functional form for the;17] p. Mohanty and R. A. Webb Phys. Rev. B, Rapid Comm.
temperature dependence and a calculation for the satura- * (to be published).
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