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Changes in the Magnetization of a Double Quantum Dot
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From accurate measurements of the energy states in a double quantum dot, we deduce the change in
magnetization due to single electron tunneling. We observe crossings and anticrossings in the energy
spectrum as a function of magnetic field. The change in magnetization exhibits wiggles as a function
of magnetic field with maximum values of a few effective Bohr magnetons in GaAs. These wiggles
are a measure of the chaotic motion of the discrete energy states versus magnetic field. Our results
show good agreement with a numeric calculation but deviate significantly from semiclassical estimates.
[S0031-9007(98)06132-8]

PACS numbers: 73.23.—b, 07.55.Jg, 85.30.Vw

Orbital magnetization of small electron systems hagulate the magnetization. The advantage of our method
become an important issue in the field of mesoscopicss that the background magnetization of the whole het-
for instance, in relation to the issue of persistent currentgrostructure [11] is not measured so that we can concen-
in rings [1]. Altshuleret al. [2] have pointed out that trate on our mesoscopic system. As we explain below,
a nonzero orbital magnetization can be present in anwe actually measure changes in the magnetizafiof.
mesoscopic electron system, regardless of the precid®de find that AM induced by one electron tunneling
geometry. The point of interest is that the magnetizatiorbetween the two dots is of order one effective Bohr mag-
measures the cumulative motion of the occupied quantumeton, wgaas = e/i/2mauas = 0.87 meV/T, which we
states as a function of magnetic field. Generally, thigletermine with an accuracy df.1ug,as- The magni-
motion is chaotic, except for very specific conditions oftude of AM and the typical period of wiggles iAM as a
separable geometries [3]. The statistical properties of th&unction of B are in good agreement with numerical cal-
chaotic motion are supposed to be universal in the sensmilations but, importantly, our results deviate from semi-
that they do not depend on the details of the microscopiclassical estimates.
structure. Direct measurements of the magnetization of a Figure 1(a) shows our double dot device. The metal-
mesoscopic object is a challenging task, since it requireic gates (1, 2, 3, andF) are fabricated on top of a
the detection of tiny magnetic moments [4]. GaAs/AlGaAs heterostructure with a 2DEG 100 nm

In quantum dots, the chaotic nature can be measureoelow the surface. The 2DEG has a mobility of
in electron transport [5]. For instance, fluctuations in2.3 X 10° cn?/Vs and an electron density of.9 X
the Coulomb peak heights have been measured arid® m2? at 4.2 K. From the density and the effec-
successfully explained by random matrix theory (RMT)tive massmg,as = 0.067m,, follow the Fermi energy
[6,7]. Because of the noninteracting character of RMT,Er = 6.9 meV and the Fermi wave vectokr =
it has not been possible to describe the results of severall X 103 m~!. Applying negative voltages to all of
studies on peak spacings (addition energies) [8]. Herdhe gates depletes the electron gas underneath them
we report on an experimental study of the magnetizatiomnd forms two weakly coupled quantum dots with an
of a quantum dot. We show that semiclassical estimatesstimated size of 170 by 170 nm for the left dot and
cannot explain our results, implying that a system with130 by 130 nm for the right dot [lithographic sizes are
~50 electrons is too small to be described by RMT. (320 nm)? and (280 nm)?]. These dots contain about

We measure the energy evolution ver®iof energy 60 and 35 electrons, respectively. The sample is cooled
states near the Fermi ener@y:. The resolution is high in a dilution refrigerator to 10 mK. Noise enhances
enough that, for the first time, avoided crossings in thehe effective electron temperature in the 2D source and
spectrum of a quantum dot can be resolved. We then olgrain contacts to~80 mK. We measure the current in
tain the magnetization by taking the derivative of energyresponse to a dc voltagé,, applied between the source
with respect toB. Although this magnetization includes and drain contacts. The tunnel coupling between the dots
only contributions from states ned, this part largely and to the reservoirs can be controlled with the voltages
determines the total magnetization [1]. Measurements ofn gates 1, 2, and 3. The experiments are performed in
single-particle states versus have previously been re- the weak coupling limit, meaning that mixing between
ported on single quantum dot devices [4,9,10], but haveguantum states in one dot with states in the other dot or
not been analyzed in terms of their magnetization. In thign the leads is negligible.
paper, we address @uble qguantum dot system which  In the weak coupling limit, transport is governed by the
allows for a much better energy resolution compared tghysics of Coulomb blockade. We label the number of
single dots. From the energy dependenceBowe cal- electrons in the left and right dots §#,, N,). Tunneling
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N; + 1, N., and N, + 1, we choose a source-drain
Ievs“ voltage which is just smaller than the smallest of the
charging energies of the individual dots. The measured
charging energies arBc st = 1.2 meV for the left dot
and Ecyigne = 1.8 meV for the right dot. We sweep
0.6 um the gate voltages over small ranges and focus on a
(©) particular charging transition; i.e., transitions between
(N; + 1,N,) and (N;, N, + 1) only. Since we discuss
only one transition at a time, we can, for simplicity,
[ leave out the Coulomb energies from the discussion and

concentrate on the alignment of quantum states.
k&k‘K‘(@f is determined by the thermal broadening in the leads,

M rra Figure 1(b) illustrates the case where a quantum state
l of the left dot is aligned with a quantum state in the right
I\
mmm [ [ﬂ the width of the current resonance in the double dot is
it F( | “ determined only by the alignment of the quantum states.

resonant tunneling in a single dot, where the peak width

dot; this is a case where current can flow. In contrast to
[ The measured resonance can be an order of magnitude

V'

Gate voltage on gate 3 (mV) &
2

narrower than the thermal energyT of the reservoirs
[12]. We use this advantage of high energy resolution in
a double dot system to obtain the magnetization with very
§$<_> high precision.
52313V 1 pA The quantum states [dotted and solid lines in Fig. 1(b)]
300 o 600 we deal with are real many-body states of the dot systems.
Magnetic field (mT) General labels for these states aEé’N’ for the left
(d) " ot dcl)t and E[’N” for the right dot, which we simplify to
E; and E;. When sweeping gate 3, the condition for
\/ T tunneling between the lowest possible states, i.e., from
/\ T ground state to ground state,Eé = Ej — aV,3, where
B 5 a describes the influence of gate 3 on the right level. The

situation of Fig. 1(b) corresponds to tunneling from the

FIG. 1. (a) Geometrical layout of a double quantum dot: Thefirst excited state to ground state; i€ = E) — aV,s.
gates are labeled, 1, 2, and 3. Areas that form dots and bulk l [

2DEG are indicated by sourcg, r, and drain. (b) The energy Ihlgjos_t%%sE, <a/nd Ei, i=0,12,..., are separated by
diagram uses black circles to indicate that a certain one-electron - HEV. .

level is filled. Energy states at matching levels indicate that the Figure 1(c) Sh_OW_S a typlqal set of_current traces for
electron can be transferred between the dots, which gives a pealfferent magnetic fields while sweeping the voltage on

in the current. Arrows illustrate the subsequent electron transfegjate 3. The source-drain voltagé,, = 1.2 mV such

Ao T eurrent thiough the double dot Sweeping e g%@at several energy states in each dot are between the
voltage at different magnetic fields. The curves are offset for '\l €NErgies of the two leads. Thbangein peak

clarity. From the leftmost to the rightmost curve, the magneticPOSitions versusB is proportional to the motion of the
field_increases from 300 to 600 mT in 3 mT increments.alignment§[E, — E/] = —asvPek (Note that, if the

g
(d) The first two diagrams show how levels may evolve in l r
each of the two dots as a function of magnetic field. WhenStateSEl andE; have the samé& dependence, the peak

these four levels are scanned along each other by sweeping tH&uld not change its position.) We determined the factor
gate voltage this will result in peak positions as sketched in thex = 63 ueV/mV, through independent measurements
rightmost diagram. from which we deduced the energy scale for Fig. 1(c)
that is indicated by the arrow in the lower left inset (
between two dots occurs when certain conditions for theloes not change in this magnetic field range). The energy
Coulomb energies are fulfilled and whemultaneously resolution of El — EIlis ~5 uev.
a quantum state in the left dot aligns with a state in The data in Fig. 1(c) contains several interesting fea-
the right dot [4]. We first discuss the conditions for tures. First, we observe crossings between different peaks
the Coulomb energy. A transition from the left to the as well as anticrossings (two are indicated by arrows).
right dot can occur when the Coulomb energy of havingSecond, pairs of peaks exhibit the saBedependence.
(N; + 1,N,) exceeds the energy diV;,,N, + 1). To These are general features that we observe at many
avoid transport through charge states other thgn  charge transition$N,, N,). We do not know of similar
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observations in other quantum dot experiments. Indepen _g¢7
dent measurements oone of the individual dots also @)
showed states evolving in pairs belddv~ 0.5 T. The 23
observed pairing and (anti)crossing of the peaks in the £
double dot experiments can then be explained as showi
schematically in Fig. 1(d). Suppose two energy states in @
one dot have an anticrossing in th8idependence. Then
two paired energy states in the other dot, having the sam«
B dependence, will both probe this anticrossing. At the
points where two peaks actually cross, two states in the
left dot align with two states in the right dot simulta-
neously (though only one electron can tunnel at a time ~_gq|
due to Coulomb blockade). These considerations explair 800
our observations. The energy difference between paire((b
states can be an exchange energy; e.g., when the high
energy state has spin zero and the lower state has spi <600+
one. In our experiments, we find energy separations be §
tween paired states of typically00 weV being constant
within 20 neV over a field range of 0.5 T. Whether an
exchange energy is giving rise to the energy separation i
yet unclear. However, there have been other indicationsé’
that exchange correlation plays an important role in quan- -3200-
tum dots [10,13]. o
In Fig. 2(a), measurements of the current as the mag:
netic field is increased up to 750 mT are shown in a 0 Jremcam=”
gray scale representation for different electron numberS(C)
(N;,N,). The peak heights tend to vanish with higher \_ 1
magnetic fields, which limits the magnetic field range of
our experiments. In Fig. 2(b), the peak positions are ex- & -1-
tracted and the gate voltage axis is converted to energy =
Note that this data also shows crossings and anticross @
ings. We obtain the change in magnetizatidoyf =
My, 1N, B — MNI,NrHiE;-,, by numerical differentiation:

" g peak
AM = _M = — Ve (1)

Figure 2(c) shows examples afM, in units of wgaas
versus B, for several alignments of different discrete
energy states.AM shows wiggles with an amplitude of 5 .o o 6(1301
the order ofugaas an'd a typical period of 0.3 to 0.4 T. Magnetic Field (mT)

Note that a magnetic field; between 0.1 and 0.2 T

corresponds to one flux quantum penetrating the area ¢fG. 2. (a) Gray scale representation of the current as a

a single dot. Measurements such as those in Figs. function of magnetic field. White is 0 fA, black is150 fA.

and 2 were performed in three separate cooldowns ar{:deaks larger than 150 fA appear broader in the gray scale plot
. ) ecause they are truncated. (b) Peak positions converted to

also for different electron numbers in the two dots. Th€gnergy.  (c) Magnetization changeM in units of pgas. as

magnetization at zero magnetic field is always zero due tealculated from the numbered curves in (b). Solid and dotted

symmetryE;(B) = E;(—B). Atfinite magnetic fields, the lines in one group are taken from pairs: (2,3), (6,7), and (4,5).

sign of AM can be positive as well as negative.

We can estimate the magnitude and the period ofhe wiggles AB can be estimated by equating mag-
magnetization oscillations from semiclassical theory. Thenetic energyAM AB with the mean spacing between
amplitude AM is roughly the magnetic moment of particle-in-a-box statesSAE = 72/%/2mgaasa’.  This
one electron moving through a dot of sizewith mo-  yieldsAB = Bywhi/pra = 0.02 T, which is an order of
mentum pp, M. = I, -+ S = ucaaspra/2h, where magnitude smaller than seen in our experiment.

I, is the current due to one electron encircling an To comprehend this discrepancy, we have performed
area S in the dot. In our casepra/2i =9, and numerical simulations. The results are plotted as solid
thus AM = 9ug.as, Which is several times larger lines in Fig. 3 for three different pairs of levels. We

than what we observe. The characteristic period ofegard the dots as squares with sides of 170 and 130 nm.
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y (W

nerg

B,GaAs
o

Magnetization chang

4953



VOLUME 80, NUMBER 22 PHYSICAL REVIEW LETTERS 1 UNE 1998

crossings of states. For the magnetization, an accuracy of
~0.1ugaas Was achieved. Magnetization traces manifest
the chaotic motion of energy levels in the magnetic
field. The system appears to be too small for this
motion to be described by semiclassical theory. There
is, however, good agreement with the results of numerical
simulations that incorporate the microscopic description
%@E of the dot. We believe that this implies that semiclassical
random matrix theories cannot be applied to describe
the magnetization (or fluctuations in peak spacings) of
. . . quantum dots containing fewer than 100 electrons.
0 200 400 600 We thank Philips Laboratories and C.T. Foxon
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triangles) and another data set (circles). for Fundamental Research on Matter (FOM) and L. P. K.
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