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Effect of Nyquist noise on the Nyquist dephasing rate in two-dimensional electron systems
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We measure the effect of externally applied broadbd@® MHz-10 GHz Nyquist noise on the intrinsic
Nyquist dephasing rate of electrons in a two-dimensional electron gas at low temperatures. Within the mea-
surement error, the phase coherence time is unaffected by the externally applied Nyquist noise, including
applied noise temperatures of up to 300 K. The amplitude of the applied Nyquist noise is quantitatively
determined in the same experiment using a microwave network analyzer.
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The problem of understanding electron-electron interacthermally fluctuating electromagnetic fields is a more impor-
tions in the presence of disorder is a difficult and long-tant and fundamental issue, as much of our understahding
standing issue in modern physics. It is generally believecelectron-electron interaction in disorded systems is based on

that electron-electron interactions in disordered systems cafi® hypothesis that thermally fluctuating electromagnetic

be modeled as the interaction between an individual electroﬂeldS can cause decoherence, which hagunatil now) been

; .- irectly tested.
and the fluctuating electric field produced by all the oth(_ar In the work critical of the quantum fluctuation

noise. Our experiments provide a surprising challenge to thiﬁypo_thesisr’, itis proposed 'that external microwave radiation
' VQ-\at is not completely shielded from the sample generates

fundgmental .assumptlon that h{;\s not ever been 'Fested: fectric fields within the sample with sufficient amplitude to
test it experimentally by applying Johnson/Nyquist noisec, se decoherence, even though they may not be strong
from an external circuit, and we findurprisingly no affect  anough to cause appreciable heating. An additional, related
on the electron-electron interaction rate, measured throug8et of experiment§~**has sought to more quantitatively un-
weak-localization methods. derstand the effect of microwave electric fields on the coher-
Weak-localization measurements use the magnetoresignce of electrons by intentionally applying a fixed amplitude,
tance of disordered conductors to determine the time scal@onochromatic rf or microwave field. This is typically done
over which electrons maintain quantum coherence before irby “irradiating” the sample, allowing the leads to act as
teracting with their environment. In this paper, we addressantennas and transform propagating free space microwaves
the question: What is the mechanism of electronic decoheiinto local voltages accross the sample. Since the sample size
ence in disordered two-dimension@D) conductors? One in the experiments is usually much less than the electromag-
mechanism is the so-called Nyquist mechanism of electronnetic wavelength, the microwave electric field is presumed to
electron interactions involving small energy transfer. Thisbe uniform along the length of the sample. Thus, “irradiat-
mechanism is believed to be equivalent to the interaction oflg” the sample in those experiments is believed to be
an electron with the time and space dependent ﬂuctuatingan'Valent to driving a microwave voltage globally accross
electromagnetic field§.e., the Nyquist/Johnson noijspro- e complete sample. These experiments, by and large, agree

duced by all the other electrons in the systetrence the with the calculations in Ref. 2 for theowerdependence of

name Nyquist dephasing. If this physical picture is Correct,decoherence due to a monochromatic field, although the ex-

then applying a temporal fluctuating electric fielde., act value of the exponent in the power law is still an open

Nyquist/Johnson noigdrom an external circuit should effect 'Sjgﬁéyg??hgeé);g?ﬁ;@ea%fpltigg ggl%hzsl’tlﬂcg)urg?[estigg?jeex
the coherence time measured by weak localization in th . . ! ! 4 :
same way as the fluctuating eleg{[ric field produced by th ensively in recent theoretical papérshas still not been

. : . qhoroughly experimentally investigated.
sample itself. We have performed this experiment, and ™", experiment can be viewed in some sense as an exten-

present the results in this paper. _ sion of the experiments discussed above. Instead of applying
Recent experimertsneasuring the magnoteresistance of fixed amplitude, monochromatic microwave field, we apply
Au metal wires have observed a saturation of the phasey proadband, fluctuating field. Since the fields generated by
coherence timery, as a function of temperature at low tem- the electrons in the sample are not fixed amplitude, mono-
peratures, although not all Au wires seem to show the effect.chromatic fields, but themselves are broadband and fluctuat-
As a possible explanation for this observation, a proposaling, and since it is these fields that are thought to be impor-
that quantumfluctuations in the electromagnetic field causetant for understanding the electron-electron interaction in
decoherence has generated much theoretical discus$ion, disordered systems, we argue that it is important to experi-
some critical and some supportive. In this paper, we do notnentally test the effect of broadband fluctuating electric
directly address the issue of whether quantum fluctuationfields on the quantum coherence of electrons in disordered
[which dominate at frequencies abokgT/h (Ref. 9] can  conductors.
cause decoherence, but rather whethermally fluctuating The central result then of this paper is to ask the following
electromagnetic fieldevhich dominate at frequencies below question: What is the effect of broadbato0 MHz—-10
kgT/h) can cause decoherence. In some sense, the effect @Hz) thermal fluctuations in the electric field centered
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In order to determine the amplitude of the applied fluctu-
| coax ating electric field, we consider the effective circuit diagram
¢ Sample —» G shown in Fig. 1. We studied this circuit model in detail in

2 (T=03K) & another publication! and found it to be valid up to 10 GHz.

E*—XL res. (300 K) In this experiment, as in our recent publication, measure

. o < the coupling of the sample to the coaxial cable with a micro-
gl v 2 — wave network analyzer by measuring the microwave reflec-
i e @ ) @ tion coefficient defined as
de ground external sample Z éw) _ 50 Q
effective sample r (w): sampl . (2)
grfground 6 6 Zsample(w)+50 Q
Vnz(w)=4kBTcﬁRe(Zm(m)) We find that the circuit model in Fig. 1 for the sample de-

. . ~ scribes the coupling to the sampleefined as +|I'|?) to
FIG. 1. Schematic of sample geometry and equivalent circuitwithin 20% over almost the entire frequency range consid-

around w~7-;1, e, f~(2777'¢)_1, with  noise g(r)egizwnh a sample resistance of 15D and capacitance of

temperatur® (amplitudé of up to 300 K on the decoherence
rate measured by weak localization of electrons in 2D? Thi§ ;e as the characteristic impedance of the coax, it is a
amplitude corresponds to a total power of 10 BVEven  iandard result from transmission line thelSpat the effec-
though this power level does not cause any observable hea(k,e external impedance “seen” by the sample is
ing in this or related expe_rilmen{%,we argue below that it rverna(@)=50 O, which is real and frequency indepen-
should be enough to significantly suppress the coherence, ﬁent, even if there is loss in the coax. If the coax is lossless,
the modern theory of the equivalence of the electron-electrog, o yhe equivalent circuit in Fig. 1 can be used to calculate
interaction and scattering off of fluctuating fields is correct. o qise voltage at the terminals of the sample, with the
: —14 ; - ,

In the experiment§—*that irradiate the samp]e_from frge alue of T¢¢¢ given by the temperature of the external resis-

space and allow the leads to act as antennas, it is techmcal&r (300 K). The external circuit acts as a noise source with

I i h ion in Fig. 1 i -
coupling efficiency to the sample, especially over a broa oltage given by the equation in Fig. 1, and a source imped

; i nce given byZ.,iermar- Thus, the amplitude of the voltage
range of frequencies. In our experiment, we use a much Morg . ations at the terminals of the sample are
quantifiable(and measurabjecoaxial coupling scheme indi-

Since the resistance of the external resistor has the same

difficult to quantitatively control, model, or even measure the,

cated schematically in Fig. 1 and detailed in Ref. 18. We ) Zsampid @) |2
apply the fluctuating voltage globally along the length of the Vi(w)=4kgTer 50 O |z5-57> )|
two-dimensional electron-gd8DEG) sample by terminating e

the room-temperature end of the coaxial cable shown in the =kgTet50 Q(1-[I()[%), &)

layout in Fig. 1 with a 50R resistor. From the fluctuation- where we have inserted the definitionIdf If there is loss in
dissipation theorem, the resistor generates a noise voltagre coax, then the voltage fluctuations generated by the ex-
with spectral density given by ternal resistor will get attenuated, while the coax itself will
V2= Ak TR 1) generate some noise. Mathematically, we lump this effect
n BI T into a frequency dependent effective temperature for the
whereT is the physical temperature of the external resistomoise source, so that E€J) is still valid with this redefini-
(300 K) andR is the value of the external resistor (3@).  tion of To¢;. We calculateTl .+ by modeling the loss as uni-
The spectrum of these fluctuatidris white up to frequen- formly distributed along the length of the coax, and the tem-
cies of orderkgT/h. perature profile along the coax as linear.
The sample studied is a GaAs/[&a, ,As modulation- The resultant applied fluctuating voltage determined from
doped heterojunction grown by molecular-beam epitaxy. Ahe measurectoupling, themeasuredccoax loss, and Eq=3)
hall bar mesa is lithographically defined with four ohmic are shown in Fig. 2(The measured coupling ant.¢; are
contacts from diffused Ni/Au/Ge. The sample density andshown in the insets for referengdy numerically integrat-
mobility are 1.25¢10'* cm™2 and 600000 cflVs, re- ing the spectral density of the voltage fluctuations over the
spectively, with a corresponding sheet resistance of roughlfrequency band, we find that thetal power coupled into the
80 /sq. Two additional capacitive contacts are provided tasample is roughly 10 pWByYy comparison, without coax loss
allow for the application of high-frequency fields; these areand with perfect coupling the coupled power would be
evaporated Al gates. The gate-2DEG separation is aboligTAB~40 pW) Since wedirectly measurehe coupling
5000 A and the gate area is about 0.25 o that the to the sample at each frequency, this power can be consid-
capacitance value is about 50 pF. At frequencies abovered experimentally determined to within at worst a factor of
roughly 100 MHz, the capacitor does not effect the rf volt- 2.
age. The dc current and voltage leads are several centimeters The important quantity that determines the change in the
long gold wires of diameter 5Qum, which act as inductive quantum phase of an electfors the electric field. In our
blocks at frequencies above roughly 100 MHz. The physicakéxperiment, the externally applied fluctuating electric field is
temperature of the sample is held at 300 mK for the entiresimply the voltage divided by the sample lengthZ mm).
experiment. From Fig. 3, we finEgx; appr~ 10~ "V/m/\/Hz. The intrinsic
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plied fluctuating field should have sufficient amplitude to
effect the coherence time, . The total fluctuating electric-
field strength inside the sample will be the sum of the intrin-
sic and the externally applied fields, added in quadrature due
to their fluctuating natureEg, = Efyinsic+ Eaxt appl-
Although sample resistances close to 80 allow for
good characterization of the microwave coupling, they make
300K Ioa measurement of weak localization difficult because of the
' small resistance changes that must be resolved. Small probe
100 P one currents must be used to avoid sample heating. For that rea-
0 ' son the measured magnetoresistance data is somewhat noisy.
° G * g We plot in Fig. 3 the measured magnetoresistance for two
m¢=1 A _ cases: when a 300-K external resistor is applied and when no
w/kyT=1 @t ~1 . . .
f=1/(2n1,) external resistor is applied(The latter was a separate
¢ cooldown where the coax connector was disconnected from
L IR I \ the sample. The end of the coax was plugged to prevent stray
1 2 3 4 5 6 7 8 9 10 radiation couping to the sample from the end of the coax.
Frequency (GHz) The slight asymmetry is due to mild magnetic properties of
the coaxial connector; the magnetoresistance traces measured
FIG. 2. Applied fluctuating voltage. on the same sample in a different mount with no connector
were symmetric.
fluctuating electric field generated by the sample itself fluc- TO determiner,, we perform a least-squares fit of the
tuates on many length scales. For a typical lerigiie can  Peak to the following functional forrf~
estimate the typical electric-field strength over that length
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from Eq. (1) for the voltage over that lengtiiwith R ﬁziRS (EJFE +1¢(E+E)
=RggL/W), and E=V/L: E*~4 kgTRyq/(WL)~1/L. R mh 2 HJ) 2"\2 H

Thus electric fields fluctuating over shorter length scales 3 (1 (Hy+Hy)

have higher amplitudes, but it is only those fields that are - (_+ u” (4)
uniform over at least ;=D r,, that cause decoherente. 2712 H

Therefore among the internally generated fluctuating electrig jore H is the applied magnetic fieldy is the digamma

fields it is those fields with wave vectorL =, which are g, tion andH, =1#/4e L?, wherei represents the scattering
most influential in causing decoherence. For the sample stud. ., .1+ ism. and. = /D, the corresponding length. This
ied in our experiment from the above equation we estimate %orrespond’to tl&ltransp(lnrt se-spin orbit and¢=.phase
typical field strength over a length, inside the sample of ’ !

-7y) /\/— : h breaking. The elastic mean-free path dtg are related, so
Eintrinsic~ 10" V/m/yHz.In —our experiments, then, ¢ there are effectively three free parameters in the theory

Eext appr~ Eintrinsic, from which we conclude that the ap- e |n performing a two-parameter fitolding ., fixed),
we find the fit results ofr, and 7, to be independent of the

(x107) spin-orbit scattering time, as long as, is sufficiently larger
—S— With noise applied than 7, and 7,. This is consistent with the results of
o0 f T Nonobeaplied g Dresselhaué! who studied the spin-orbit scattering rates in
i Predicted form GaAs 2DEG's in detail. In Fig. 3, we plot the fitted results
Y 3\ for factor of 1.5

change in 7, for a two-parameter fit, keepinbl, fixed at 0.013 G, the

value predicted by the Dresselhaus data for our density. We
find a value of 34 ps and 37 ps fey, in the presence and
absence of the externally applied Nyquist noise,
respectively’® (We find a value of 13 ps for,, in both cases,

in reasonable agreement with that value of 22 ps calculated
from the measured value &;,.) The value ofr, cannot be
said to have changed within the measurement error.

From the data shown in Fig. 3 we can estimate Hj;aﬂ
changed by no more than 50%. To illustrate this point, we
plot the predicted curve for a factor of 1.5 char{gerease
in rgl; this change is clearly ruled out by the experiment.
The same conclusion applies if we perform a three-parameter

.10 5 0 5 10 fit (varying 7., 74, andr,) or a one-parameter fivarying
Field (Gauss) only 7, and using estimated values fef; and 75,). Thus,

the experimental conclusion is robust and independent of the

FIG. 3. Weak-localization curve. particular curve-fitting procedure used. We measure the mag-
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netoresistance when the physical temperature of the external In conclusion, we have not observed any changejn

resistor is changed from 300 K to 77 K, and find a similar
lack of change inr, with the change in applied noise volt-
ages. To an experimental resolution of Ge¥/h, we also find

under the application of broadband, fluctuating fields with an
amplitude which, according to our own arguments and those
of Refs. 1,2,24, should be enough to significantly suppress

no change in th&=0 conductance under these changes inthe coherence time, if the hypothesis that the electron-

externally applied noise.
We know of only one rigorous, testable calculatbof

electron interaction in disordered systems is equivalent to the
interaction of a single electron with broadband, fluctuating

the effect of broadband externally applied noise on coherelectric fields is correct. At present the reason for this dis-

ence, which seems to predict that in the presence of extern
circuit noise with noise temperatufig,*® and with good cir-
cuit coupling as we have in this experiment, the measuyed
should be comparable to the value that one would measure

grepancy is unknown. One possibility is that the hypothesis
is in some way flawed. Another possibility is that, in our

experiments, the electron motion is not entirely diffusive in

the frequency range aroune- T;l , Which has always been

the absence of such noise if the physical temperature of thessumed in calculations ef, . In other experiments on simi-

electrons was equal td,. For the experiment considered
here, that would imply that our measured valuergfin the

lar samples/ we found the motion to be ballistic at frequen-
cies higher thanr, *, which is in the 10-GHz range for the

presence of 300 K of noise should be essentially zero, fulllsamples measured here. More calculations are needed to in-
suppressing the weak-localization peak, in contradiction toestigate this unexplored regime wherg~ 7, .
what we observe. However, that calculation assumes good The advice and support of J. P. Eisenstein are gratefully

coupling all the way up to frequencies of ordgyTy/h. In

our experiment, that is many tetrahertz, and we do not haveabs

good coupling all the way up to that frequency.
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