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From the Kondo Regime to the Mixed-Valence Regime in a Single-Electron Transistor
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We demonstrate that the conductance through a single-electron transistor at low temperature is in
quantitative agreement with predictions of the equilibrium Anderson model. The Kondo effect is
observed when an unpaired electron is localized within the transistor. Tuning the unpaired electron’s
energy toward the Fermi level in nearby leads produces a crossover between the Kondo and mixed-
valence regimes of the Anderson model. [S0031-9007(98)07897-1]

PACS numbers: 75.20.Hr, 72.15.Qm, 73.23.Hk

The effect of magnetic impurities on metals—the and empty states of the droplet are neglected. Adding the
Kondo effect—has been studied for half a century, andirst electron takes an energy referenced to the Fermi
enjoys continued relevance today in attempts to understaridvel in the leads, but the second electron requéges-
heavy-fermion materials and hidgh- superconductors. U, where the extra charging ener@y (1.9 = 0.05 meV
Yet it has not been possible to experimentally test then our SET) results from Coulomb repulsion. In the
richly varied behavior predicted theoretically. The theorydiagram of Fig. 1(b)ey < 0, butey + U > 0, so there
depends on several parameters whose values are not indg-one electron in the orbital. However, this electron can
pendently tunable for impurities in a metal, and are oftertunnel into the leads, with raté/, leading to Lorentzian
not evena priori known. On the other hand, it has beenbroadening of the localized-state energies with full width
predicted [1-5] that a single-electron transistor (SET)at half maximum (FWHMY'. The energy, can be raised
should be described by the Anderson impurity modelpy increasing the negative voltaye on a nearby electrode
and hence should also exhibit the Kondo effect. A SET[the middle left “plunger gate” electrode in Fig. 1(a)], and
contains a very small droplet of localized electrons, analoI” can be tuned by adjusting the voltages on the gates that
gous to an impurity, strongly coupled to conducting leadsform the constrictions. Two other important energies (not
analogous to the host metal. We have recently showshown) are the spacing between quantized single-particle
that when the number of electrons in the droplet is oddlevelsAe = 400 neV and the thermal broadening of the
and hence one electron is unpaired, the SET exhibits theermi level in the lead&7T = 8-350 ueV. The Kondo
Kondo effect [6] in electronic transport. This observationtemperaturelx is a new, many-body energy scale that
has since been confirmed [7,8] with additional quantitative
detail. As we show in this Letter, in SET experiments one
can tune the important parameters and test predictions o (a)
the Anderson model that cannot be tested in bulk metals.
We focus here on the equilibrium properties of the model
for which the theory is well developed.

In our SET, a droplet of abod electrons is separated
from two conducting leads by tunnel barriers. A set of
electrodes [Fig. 1(a)], on the surface of a GAAKGaAs
heterostructure which contains a two-dimensional electron
gas (2DEG), is used to confine the electrons and create thi
tunnel barriers. The 2DEG is Qe_pleted beneath the eleg 5 1 (a) Electron micrograph of the SET. The litho-
trodes, and the narrow constrictions between electrodegaphic diameter of the gate-enclosed central region is 150 nm.
form the tunnel barriers. Details of the device fabrication(b) Schematic energy diagram of the SET, showing an elec-
and structure are given elsewhere [6]. tron droplet separated by tunnel barriers from conducting leads.

In the Anderson model, the SET is approximated as aince the number of electrons in the droplet is odd, the (in-

. . . Set) local density of states exhibits a sharp Kondo resonance at
single Ic_)callzed state, coupled by tun_nellng to two electrony .’ Fermi level. The broad resonance at energyepresents
reservoirs. The state can be occupiedny= 0, 1, or 2 3 transition fromny = 0 to ng = 1, while the one at, + U
electrons with opposite spin; couplings to all other filledcorresponds to a transition fromy = 1 to ng = 2.

(b) r
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emerges for a singly occupied Anderson impurity [9]. It —eo/T
is essentially the binding energy of the spin singlet formed o¢s5—4—=2.-9 2 4 6 8 10 12
between the localized, unpaired electron and electrons ~ 100mK i ;;Z
in the surrounding reservoir&l'x =~ 4-250 peV in our — 200mK i £,
SET, depending on the other tunable parameters. 04r  — 300mK ! 210

The conductanc& of a SET is analogous to the resis- T oo £ s ]
tivity p of a bulk Kondo system. Although one thinks i %
of the increase in resistivity at low as the hallmark of 0.3 : !

1

the Kondo effect, transport properties have proven more«%
difficult to calculate than thermodynamic properties. For &
T < Tk, p is theoretically and experimentally known
to equalpy — ¢T? (Fermi liquid behavior) [10], and for
Tk < T < 10Tk, p is roughly logarithmic inT [11,12], 0.1b
but the crossover region has only recently been success
fully treated [13].

Furthermore, the Anderson model has several interesting
regimes parametrized b§y, = €,/I": the Kondo regime
& < —0.5, the mixed-valence regime-0.5 < &, < 0,
and the empty orbital regimé& = 0, each of which FiG. 2. conductance versus plunger gate volt&geat vari-
has different transport properties. The Kondo regimeous temperatures. The localized-state eneegy= aV, +
describes many systems of dilute magnetic impurities irfonst. The vertical dashed lines mark gate voltages at which
metals, while the mixed-valence regime provides somdVo charge states are degenerate (k.= 0 or & + U = 0)

. . ased on the analysis in Figs. 5(@) and 5(b). Between the
understanding of heavy-fermion compounds [14-16]. W ashed lines the charge state of the site is odd, as portrayed

know of no material described by the empty orbit.al I’egim_ein Fig. 1, and the Kondo effect enhances conductance. Inset:
Although conductance through a SET normalized to itd.inear temperature dependence of peak width extrapolated

zero-temperature valug(7) = G(T/Tk)/Gy is expected back to 7 =0 to extract I' = 295 + 20 wneV. The slope

to be universal in the Kondo regime, where the only smalPf the same temperature dependence gives the constant of
energy scale i€y, it should change a& — 0 (the mixed- proportionalitya = 0.069 = 0.0015 betweene, andV, [18].
valence regime), wher&x and I' become comparable ) )

[13]. The great advantage of the SET is tlkatcan be When the energy of the localized state is far below the
tuned by varyingV, to test the predictions for all regimes Fermi level(& < —1), scaling theory predicts thaf

in the same system. depends exponentially on the depth of that level [17]:

As V, is varied, the conductance of a SET undergoes T = VIU L cerv)Tu 1
oscillations caused by what is usually called the Coulomb K="75¢ ) 1)
blockade. Current flow is possible in this picture only
when two charge states of the droplet are degenerate, i.
€ =0ore + U =0, marked by vgrtlcal_dashed lines in conductance to persist to higher temperatures egas
Fig. 2 as determined by the analysis of Fig. 5 below. Th éand neare, = — U, by particle-hole symmetry) than
conductance between .thes_e dashed lines is expected toRepatween.  In fact, al’ = 0 the conductance should
very small. However, in this range the charge state of th

site is odd, as portrayed in Fig. 1, and the Kondo effec ustain its maximum value all the way between the two
allows additional current flow. Strikingly, at low tem- bserved peaks in Fig. 2 [1,2,6] [see Fig. 5(b) below for

perature (dots, 100 mK; triangles, 800 mK), the conduc-exloeCtedG(eO) atT = 0], but in the valley even our

tance maxima do not even occureat= 0 andey + U = L base = 100 mK > Ty =40 mK.

@ = €0 W Figure 3(a) shows that, for fixeg in the Kondo regime,
0—the Kondo effect makes the off-resonant conductance, =" log(T) over as much as an order of magnitude in
even larger than the conductance at the charge-degener - : :
point [4]. Raising the temperature suppresses the Koné’}%perature, beginning ds.. Thermal fluctuations in

) " calized state occupancy cut off the (g conductance
effect, causing the peaks to approach the positions of thf%r kT = |eol/4, consistent with simulations of thermally
bare resonances. '

. ; . . broadened Lorentzian resonances. éps— 0 [Fig. 3(b)],
The inset of Fig. 2 shows hoW is determined: For : : . )
T = T'/2, the conductance peak is well described by th Tk increases, as evinced by the saturation of the conduc

qonvolution of a Lprentzian 'of FWHM" with the deriv.a- ar_wr%e :\itt 'tﬂg fggﬁﬁ?g&l data for eaaly we use the
tive of a Fermi-Dirac function (FWHMB.52kT). This empirical form

convolution has a FWHM.78T" + 3.52kT, so extrapolat- n R

ing the experimentally measured linear dependence back to G(T) = Go< Tx ) 2)
T = 0 givesT" = 295 + 20 ueV. T2 + T¢)’

0.2

0 T30 < <o <100
Vg (mV)

Note that, becaus¥ is finite, logTk is quadratic iney.
Fhis strong dependence @p causes the Kondo-enhanced
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FIG. 3. Conductance versus temperature for various values

of s in the Kondo regime depends on the spin of the
impurity: s = 0.22 = 0.01 for o = 1/2.

Using the values of;y andTk extracted in this way we
confirm thatG is universal in the Kondo regime. Figure 4
showsG(T) for data such as those of Fig. 3 for various
values ofé¢y ~ —1 (on the left peaks of Fig. 2). We have
also included data from the same SET, but witheduced
by 25% by adjusting the point-contact voltages. The data
agree well with NRG calculations by Costi and Hewson

(solid line) [13].

In the mixed-valence regime it is difficult to make a
quantitative comparison between theoretical predictions
and our experiment. Qualitatively, in both calculation and
experiment,G(T) exhibits a sharper crossover between
constant conductance at low temperature and logarithmic
dependence at higher temperature in the mixed-valence

€y on the right side (a) and left side (b) of the left-hand peak
in Fig. 2.

where Tk is taken to equalTx/v2!/s — 1 so that
G(Tx) = Gp/2. For the appropriate choice of which
determines the steepness of the conductance drop wit
increasing temperature, this form provides a good fit to
numerical renormalization group (NRG) results [13] for _
the Kondo, mixed-valence, and empty orbital regimes, § ,
giving the correct Kondo temperature in each case. The ‘;10 i
parametes is left unconstrained in the fit to our data, but
its fit value is nearly constant 8120 + 0.01 in the Kondo
regime, while as expected it varies rapidly as we approacl!
the mixed-valence regime [Fig. 3(b)]. The expected value

0.8

G/Go

0.4r

0.2

0=

s g =-0.74, T=280 peV
° §o=-091
° €0 =-1.08

* & =-0.98, T'=215peV

— & =-1.00, NRG results
—& = 0.00

10

FIG. 4. The normalized conductanée= G/G, is a univer-
sal function of T' = T/Tx, independent of botl&, and T, in
the Kondo regime, but depends @&j in the mixed-valence
regime. Scaled conductance data &gr= —1 are compared
with NRG calculations [13] for Kondo (solid line) and mixed-

.
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or{egime than in the Kondo regime (see Fig. 4) [13].
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FIG. 5.
for a range of values og; [22].
€y is well described by Eg. (1) (solid line).
view of the left side of the figure, showing the quality of the fit.

—€o/T

(a) Fit values off'x for data such as those in Fig. 3
The dependence dfx on

Inset: Expanded

(b) Values ofG extracted from data such as those in Fig. 3 at
valence (dashed line) regimes. The stronger temperature de-range ofe.
pendence in the mixed-valence regime is qualitatively similatMeir [4]. Gu.x = 0.49¢2/h for the left peak, an@®.37¢%/h for
to the behavior fog, = —0.48 in Fig. 3(b).

the right peak.

Solid line: Gy(ey) predicted by Wingreen and
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In Fig. 5(a), we plotTk (&) extracted from our fits, *Also at Weizmann Institute, Rehovot, Israel.
along with the theoretical prediction [Eq. (1)] for the Electronic address: davidg@mit.edu
Kondo regime. The value of =280 + 10 ueV ex-  [1] T.K. Ng and P.A. Lee, Phys. Rev. Lefil, 1768 (1988).
tracted is in good agreement with the vallie= 295 + [2] L.l Gl_azman an(_j M. E. Ralkh, JETP Lett7, 452 (1988)
20 eV determined as illustrated in Fig. 2 (inset). The [3] Y. Meir, N.S. Wingreen, and P.A. Lee, Phys. Rev. Lett.
prefactor is approximately 3 times larger thafl'U/2, 70, 2601 (1993).

which must be considered a good agreement given the sim£4] N.S. Wingreen and Y. Meir, Phys. Rev. 89, 11040

o - . ; o 1994).
plifying assumptions in the calculations and the sensitivity [5] \(N Iszida 0. Sakai, and Y. Shimizu, J. Phys. Soc. Jpn.
to the value of the exponent [19]. 67, 2444 (1998).

G is predicted to vary with the site occupaney, and [6] D. Goldhaber-Gordoret al., Nature (London)391, 156
hence also wittg,, according to the Friedel sum rule (1998).

[7] S.M. Cronenwett, T.H. Oosterkamp, and L.P. Kouwen-
- hoven, Scienc@81, 540 (1998).
Go(ng) = Gmax sin2<— nd>, 3) [8] We have now observed the Kondo effect in six SETSs.
2 All of the data presented here are from a single SET
nominally identical to, but distinct from, that discussed

where G,y is the unitary limit of transmissior2e?/h if in [6].

the two barriers are symmetric, less if they are asymmet-[9] A.C. Hewson,The Kondo Problem to Heavy Fermions,
ric. For small|&|, Tk >> Tyase, SO We can directly mea- Cambridge S’gudies in Magnetis(@ambridge University
sure the value 06,. Even whenTk is not > Tp,e, We Press, Cambridge, England, 1993).

[10] P. Nozieres, J. Low Temp. Phyk?7, 31 (1974).

can still extract the value af, from our fit. In Fig. 5(b), 1] 3. Kondo, inSolid State Physicdited by H. Ehrenreich
we compare the combined results of both of these meth- and D. Tumbull (Academic Press, New York, 1964)

ods with Gy(&p) inferred from a noncrossing approxima- Vol. 23, p. 183.

tion (NCA) calculation [4] ofna(&) according to Eq. (3). [12] D.R. Hamann, Phys. Re258 570 (1967).

The agreement is excellent, except outside the left peaki3] T.A. Costi and A. C. Hewson, J. Phys. Condens. Mater
where experimentally the conductance does not go to zero 2519 (1994).
even at zero temperature (see Fig. 2) [21]. [14] In the latter case, a single-impurity picture is incomplete:
We have demonstrated quantitative agreement between interimpurity interactions must also play a major role.
transport measurements on a SET and calculations for [5] C.M. Varma, Rev. Mod. Physi8, 219 (1976).
spin-1/2 Anderson impurity. The SET allows us to both [16] N.E. Bickers, Phys. Rev. Letb4, 230 (1985).
accurately measure and varyande,, and to observe their [17] F.D.M. Haldane, Phys. Rev. Le#t0, 416 (1978).
effect onTx andG,. We have also observed the crossoverti8] E-B. Foxmaret al., Phys. Rev. B0, 14 193 (1994).
between the Kondo and mixed-valence regimes [19] Inoshitaet al.[20] have proposed that Kondo ‘tempera-
W knowledae fruitiul  discussions With. David tures .should be enhgnce;d by orders of magnitude if the
Abusech?l\(;lagder Igor Aleiner, Ray Ashoori, Gene Bick- quantlzed_lgvel spacing _|s_smaII enough for several lev-
/ ’ ! J J | els to participate in equilibrium transport. We do not see
ers, Daniel Cox, Leonid Glazman, Selman Hershfield,  sych a large enhancement; however, we do observe satel-
Wataru lzumida, Steven Kivelson, Leo Kouwenhoven, lites of the Kondo peak in differential conductance at bias
Patrick Lee, Leonid Levitov, Avraham Schiller, Chandra Vs = =Ae€/2, as also predicted in [20]. These results
Varma, and especially Ned Wingreen, Yigal Meir, and will be discussed in detail elsewhere.
Theo Costi. Theo Costi, Wataru Izumida, and Ned Win-[20] T._ Inoshita, Y. Kuramoto, and H. Sakaki, Superlattices
green generously provided data from their prior calcula- _ Microstruct.22, 75 (1997). . _
tions. D.G.-G. thanks the Hertz Foundation, and J. cl21] There is no zero-bias peak in differential conductance in
thanks NEC, for graduate fellowship support. This work ;h()'fcgeu%gg’b‘;’iﬁggﬁg‘gﬁtggh@; extra conductance is
was _supported by the U.S. Army Research Office ngfzz] When —z, = 2 or —&, =< 5.5, the measured’y and G,
Services Electronics Program under Contract N_o. DAA sharply decrease below their predicted values. This could
55-98-1-0080, by the U.S. Army Research Office under  pe caused by an unintentional ac bisis,, applied across
Contract No. DAAG 55-98-1-0138, and by the MRSEC the SET. Such a bias is known to raise the effective
Program of the National Science Foundation under Award  temperature and might have a drastic effect on the Kondo
No. DMR94-00334. resonance wheWl,. = Tk.

5228



