High bias transport and magnetometer design in open quantum dots
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We report transport measurements as a function of bias in open semiconductor quantum dots. These
measurements are well described by an effective electron temperature derived from Joule heating at
the point contacts and cooling by Wiedemann-Franz out-diffusion of thermal electrons. Using this
model, we propose and analyze a quantum dot based sensor capable of measuring absolute magnetic
field at micron scales with a noise floor 6f110 nT/A/Hz at 300 mK. Non optimized measurements
reported here are-2 orders of magnitude above this floor. 98 American Institute of Physics.
[S0003-695(98/00904-9

Quantum dots have been studied extensively as controly, ) along with the corresponding measurements of
lable systems in which quantum phenomena can be probeg(B,T,,|..=0.5 nA). The close agreement of even the fine
with transport measuremeritsMost experiments are per- features of measurements made in these two configurations
formed at low bias, typically less than 20V for dots with  allows us to accurately assign an effective temperaflig,
total conductanceg=e?/h (“open” dots), however many to each bias current, shown in Fig. 2 fop=340 and 580
proposed applications will require higher bias to producemK. This effective temperature can be interpreted as the
easily measurable signals. Experiments in quantum dots islectron temperature in the dot since inelastic electron-
the tunneling regimeg<e?/h) have exploited the nonlinear electron collisions, the primary thermalization mechanism in
conduction of quantum dots at high bias for energy levelthe temperature range of this experiment, occur at & rate
spectroscopy.In open dots, conduction remains essentiallyrg(j:[w(kBT)2/4hEF]In(EF/kBD, which is comparable to
linear, and the primary effect of the increased bias is to heatr greater than the rate at which electrons escape from the
the electrons in the dot. In a quantum dot sensor, the optidot, 75*=NA/#7% whereN is the number of open channels
mum bias is a balance between increased signal from higim each point contactA=2#%2/m*A is the mean spin-
bias and loss of quantum interference and increased noistegenerate single-particle level spacing, &pds the Fermi
from the elevated electron temperature. In this letter, weenergy. For our dot, Er=6.3meV, N=1, and A
present measurements of high bias transport in open quar=1.8 ueV, giving 1p=1.2 ns, 7,,=1.2 ns atT=340 mK,
tum dots in thermal equilibrium, and show that the data ar@nd7.e=0.17 ns aff =1 K. While 7.~ 7 at base tempera-
well described by an effective electron temperature. We theire, as the effective temperature increases, decreases,
app|y this effective temperature model to a quantum doﬁ”OWing the electrons to thermalize in the dot over most of
magnetometer, using this result to investigate optimal desigihe experimental range. This is in contrast to recent experi-
parameters, and compare it to alternative technologies for
micron scale magnetometry.

The measurements were made ifHe cryostat over a
temperature range 340 mK-1.5 K with a quantum dot of area
A=4.0um? (Fig. 1 inse} defined by electron beam lithog-
raphy on a GaAs/AlGaAs heterostructure using Cr/Au gates
160 nm above the two-dimensional electron gasbility
w=1.2x10° cn?/V s and densityn,=1.8x 10'* cm™2?). We
measured conductanags | i/ V, as a function of magnetic
field B, cryostat temperatur€,, and rms current biak,;,s,
in two different configurations. The first configurati¢ha”
in Fig. 2 upper insgtused standard current-biased ac lock-in
techniques at 200 Hz to measugeat several cryostat tem-

g (e’

peratures with ;s fixed at 0.5 nA, s_mall_ enoggh not to af- O 8B, T,=340 mK, I;;,) Vb p?l

fect transport(l ,;,c=0.5 and 1 nA give identical results at [L—— o(B, Ty, Ijs = 0.5 nA) ]

base temperatureThe second configuratioff b” in Fig. 2  E— 1;( T') Y ;
m

upper inset measuredg for several values of ;s at Ty
=340 and 580 mK using lock-in detection of a 43 Hz SQUare: g 1. Magnetoconductance(B, To=340 MKl ), for |y.=0.5 (a), 3

wave excitation. (b), 7 (c), and 12 nA(d) (open circley with corresponding(B, T, pias

Figure 1 shows measurements @B, To=340 mK, =0.5nA) for To=340(a), 410 (b), 680 (c), and 990 mK(d) (solid lineg
showing the equivalence between bias and temperature. Each pair of curves
has been offset for clarity. Inset: micrograph of measured device with shape
3E|ectronic mail: cmarcus@leland.stanford.edu distortion gates/y; andV, labeled.
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The large magnetoconductance of a quantum dot around
B=0 due to quantum-enhanced backscattefimgak local-
ization) can be used to measure absolute magnetic field with
spatial resolution on the order of the dot size. The effective
temperature model can be used to help predict the perfor-
mance of such a magnetometer and to select the optimum
operating parameters. The device measured above was far
from optimum with rms voltage noisg"?~ 150 nV/\/Hz re-
ferred to input, essentially independent of bias. This trans-
lates to a magnetic field noisBy?=SY% y~10 uT/\Hz
wherexy=dV/dB is the voltage response of the quantum dot.
Approximately 20% of this noise is due to the amplifier and
other extrinsic factors, and the rest is due to the dot itself.

If the dot noise is dominated by factors independent of
bias, as is the case in this experiment, the maximum voltage

02 @ 340mK 0 ' L ' i responsey = — (I ,is/ 9%)dg/dB, determines the best operat-
' B 530mK 0 5 10 A15 20 ing parameters. Thensemble averagéliresponse can be
0.0 . , Ib"”f (mA) , calculated for a chaotically shaped ballistic dot from the
0 5 10 15 20 Lorentzian line shape of the weak localizatibr{g(B))

I, (nA) =(9)g-0—(9)/(1+4B%BY), whose heighf and widtH?

are, respectively, (59)=(g)g-0—{9)g—o~ (€?/h)N/(2N
FIG. 2. Effective temperaturdy as a function of yasfor To=340and 580 +y,), and B.= (pgn)K1/2(2N+ V) 12 where (g)g.o

mK (filled symbolg along with the theoretical value from E({l) obtained (2 ; f AN
by balancing Joule heating and Wiedemann-Franz codéolid lines. Up- (e /h)N is the conductance at Iarge magnetic ﬂ%’

per inset: electrical schematic of the dot and measurement circy@)ftow =2(,DO/2=.h/e is the normal state magnetic flux quantum,
I ias and (b) variablel ,;,, measurements. Lower inset: measurements of the A~ >2 is a constant of order 1 dependent on dot geometry,

voléii/ge rﬁSPOﬂthmatxhat;o=34tQ rT;K(tIJperf] sytrrr]lbol)sfor tvt\)llo values Oft\j/gl ) and(-) indicates an ensemble-averaged quantity. Rdi)
an along wi e theoretical value 1or the ensemble-averaged volta H
respognzséxmi) (solid ling) which differs from measured values dug to UCF.g evdvréd Egvgegsgli;)sne(tiemptz rrar'::'lsreofthtl;loeu%?mdeenps?gﬁgggI%jte
=2whl(A71y). The low temperature (340 mKT<4K)
ments by Linke and co-workers who foullds=eV/kg for  dephasing timer,,, has recently been measured in similar
electrons out of thermal equilibriumr{.> 7p), much higher  devices for a range of dot areas from 0.4 tg.@h?’ with®®
than for thermalized electroi&q. (1)].* 74~[1.4T2 In(73T)+13T]"* for 7, in ns andT in K.
The measured effective temperature can be quantitaSombining these equations and replacihgvith Ty yields
tively modeled by balancing the energy added to the dot byhe theoretical average voltage respon€B,To.,lpiad)
high bias electrons with the energy lost to the environmentwhich has a maximum in magnetic fiejgh.,=x(Bma) at
The power input is Joule heating from the point contactsB,, =BJ(1—(&){g))V42v3. Two measurements of
Piow=12d9. The heating occurs outside the point contacty, . (To=340 mK|l ;,J for different values of the shape dis-
and is not necessarily evenly split between the dot and theorting gate voltage$ Vg1 and Vg, (see Fig. 1 insgtare
lea’; as discussed below our data are best fit assuminglotted in the lower inset of Fig. 2 along with the theoretical
~10% asymmetry in heating. Cooling via the substrate issnsemble averaged value derived abovéymadTo
neglected since the electron-phonon scattering®imenuch =340 mK | biad ). The measured values differ from the en-
longer thanr, for all temperatures studied here. The mainsemble averaged value due to universal conductance fluctua-
cooling mechanism is Wiedemann-Franz out diffusion oftons (UCF) which remain in the unaveraged
thermal electrons. Although originally developed for diffu- measurements:'® While this requires recalibration of the
sive systems, the Wiedemann-Franz reldtidras been sensor for each value afy; and Vg, and for each thermal
predicted and measure(to within a factor of 2°in ballistic  cycle, the UCF can be used to improve the response of the
point contacts. For our geomet(glectrical resistance in se- magnetometer by as much as a factor of 2 by “tuning” the
ries, thermal resistance in parallethe Wiedemann-Franz dot with the shape distortion gates to a configuration with a
relation gives a thermal conductivityy,=4gLoT, with the  high y,n.,. In addition, since the voltage response is symmet-
Lorenz numbelL = (kg/€)?m?/3. Assuming that the reser- ric in magnetic field,B=0 is always indicated unambigu-
voirs are in good thermal contact with the cryostat, thisously. Figure 3a shows the theoreti¢glq as a function of

yields dot area and temperature for the bigeown in Fig. 3b for
p To=300 mK) which yields the highestymay- If the noise is
To=Ta+ dot (1)  not dependent on the bias current, as in the experimental

29Lo case, the maximum of this curve indicates the optimum op-
where Py, is the power heating the dot which, for a sym- erating bias.

metric point contact, is half of the total Joule power. We find ~ The fundamental limit on noise of the quantum dot is set
best agreement with our datas shown in Fig. Rfor Py, by the shot and Johnson-Nyquist noise which combine to
=0.4P\o- Presumably, the deviation of this coefficient give  SY2=akgT*/g  with’”  T*=T[1+ a(elysd
from 1/2 is due to asymmetry in the point contatts. 2gkgT)cothel,ad2gksT) — ] where a=1/4 is the shot
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8 POSARRISRATRASARRE In conclusion, we have measured the effects of high bias
7 _Lo%vh:(')nlasc on transport in open quantum dots and find that an effective

] temperature model balancing joule heating and Wiedemann-
Franz heat conduction fits the data well. We use this model
to establish performance limits for a magnetometer based on
quantum dot technology, to suggest improvements toward
achieving these limits, and compare them to alternative tech-
nologies.
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FIG. 3. Theoretical performance characteristics of the quantum dot magne;
tometer based off ¢ model: (a) Maximum voltage respons€ymay as a
function of dot area and temperature wltfy,s chosen for greatest voltage
response(b) Bias current necessary for best voltage respdeséd line)

and lowest noisébroken ling at 300 mK.(c) Magnetic field noisésé’2 with

I bias @S Shown in Fig. @). (d) Magnetic flux noises!’=AS?.
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