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Influence of a macroscopic circuit on polarons in ap-n tunnel junction
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The tunneling current versus voltage of a degengratgunction at milliKelvin temperatures, was observed
to be linear or nonlinear depending on the impedance of the external circuit. Unbinding of polarons is the
ascribed source of the thresholdlike feature in the conductance. A quantum description of the entire system
included coupling of the electrons to two different sets of bosonic particles. The total dielectric function
included a contribution due to the circuit, and the resulting spectral function implied damping of the polaron
mode.[S0163-182699)00819-X

Investigations of the current-voltage characteristics ofterm will be presented. We started from the additional term

tunnel junctions, at low bias voltages, has perenniallyin the Hamiltonian that describes tunneling in the presence of
i i i itati i icles: = T ale T

yielded information about the elementary excitation of thebosonic particles:  Hir=2y o[ AkqgCkCq€' *(Pg+by)
medium, and more generally about the nature of conductorst H.c.]. HereA 4 is a coupling constang the Boson wave
It is now well accepted that the activation of quasiparticlesyector, k,q are wave vectors for electrons on theand n
such as phonons and polarons, can modify the electricalides of the junctiong, the electron annihilation operator,
characteristics of semiconductor tunnel junctiofisand and by the boson annihilation operator. The displacement
Schottky barrieré® In general the quanta of energy associ-operatore'¢ couples the evolution of the continuous charge
ated with the creation or destruction of quasiparticles leads tdistribution (due to the external circyitto the discrete
threshold-like features in the I-V of tunnel junctions. The change of the charge on the junction. Linear response yields
effects of phonons are readily apparent in junctions formedn expression for the indirect tunneling current in terms of
from indirect-bandgap semiconductor material, because ithe Green’s functionl;(V,T)=2e# 2 Im[GR(w— —eV)].
such junctions the generation of phonons is an essential coffhe transform of that retarded Green’s function was evalu-
stituent of the tunneling process. Aside from phonon-assistedted using the Matsubara technique. The Matsubara-Green'’s
tunneling, other aspects of electron-phonon coupling can afunction associated withGR was found to be £;(7)
fect tunneling. Formation of polarons can lead to the inhibi-= ZGeC(T)Ek’qyg|Ak’qyg|2‘G(k,_ 7)G(q,7)D(g9,7), where the
tion of tunneling at low-junction voltages; that is because, ifMatsubara-Green's function for the noninteracting sub-
an electron is in a polaron bound state, then the junctiosystems ar€(k,7) for electrons on the side,G.{ 7) for the
voltage must be larger than the threshold associated with thexternal circuit, and)(g,7) for the boson field. Series ex-
polaron binding energy(>7% wg/€) in order to obtain a free pansion of the Matsubara-Green's function, and with
electron for tunneling. This direct connection between thq;(q,iwq):fgdq-ﬂ(q,q-)eiwqf, then taking the transform of
tunneling current, polaronic state, and the junction voltager(7), yields £(iw,). The resulting sum over the Bosonic

permits eXploration of the influence of the external circuit ONgnd Fermionic frequencies were evaluated using the Leh-
the polaron. Now, it was recently recognized that due to the

Coulomb blockade effect an external circuit can influence
the tunneling current in a mesoscopic junctidi.We have
observed that the tunneling current—at low-junction
voltages—of a macroscopic degenerpta junction, can be
linear or nonlinear depending on the external circuit. At the
low temperatures employed in the experiments, the threshol
features in the conductance appear to be due to the unbindi
of polarons. Our observation reveals that the properties of
guasiparticle can be modified by the macroscopic circuit ir]
which the particle is embedded. In the following discourse)
the experimental evidence and supporting theoretical formal
ism for this new phenomena are presented.

A theory that describes the effects of an external circuil
on tunneling in degeneratgp-n junctions has been
developed!? A simplified representation of the system un-
der consideration is shown in Fig(dl. Polarons near the o ) o )

FIG. 1. A simplified schematic of the circuit is shown (@). In (b) is

Junction are taken into account by InC|Ud|ng COUpImg of thedisplayed a diagram of the energy bands for the energy range of int@jest.

e_leCtronS to anOth_er S_et_Of bosonic particles. The COMPUtare measured current-voltage characteristittts, and the theoretical es-
tional procedure is similar to that presented in Ref. 11limate (solid line) of a macroscopic junction, when the junction was con-

Hence, only an outline of the derivation of the additional nected to a low-impedance source and over a wide range of applied voltage.
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mann representation and analytic continuation,&—eV  embedded. In the case of weak damping we obtain

+i6) yields B*(0,0)=* o, /(0¥ wg)*+(w,/2)?, where the spectral
function at positive frequencie®(g,»>0)=B"(g,w), and
e N R , similarly B(g,0<0)=B™(0,w), with w,=1/(R.Lc). The
(V. T)= 723 Ky fﬁmﬁx ﬂody dZ dx fact that the spectral function of the quasiparticle proved to

be a Lorentzian is the basis for the statement that the external
X 1m GR(K,y)Im GR(q,z" ) Aed p,y—€V—2'—X') circuit damps the polaron mode. The transition to strong
damping is obtained by taking the fraction of electrons in the

><{|Dﬁ,q]g|2AC(g,x’)+|DE,q'g|ZB(g,x’)} polaron bound state as: yp,=fgpdw B(g,w)/(2m)
. ) =[arctang,/ye) +arctany/ ye) 1/ 7.
X[ng(y—eV—=2z'=x")+ng(=2")] In the limit of ultralow temperatures, the current can be

X [Ne(y) = Ne(y—eV—x')] written in terms of elementary in_tegrals. Some of _those inte-
FLY Fly grals must be evaluated numerically. The experimental pa-
X[ng(eV+x’)—ng(x')]. (1) rameters satisfy the following inequalitie < £,< §n+_EC.
Over that range of parameters the current due to direct tun-
Here A, is the spectral function of the external circuit in neling of free electrongelectrons not bound in equilibrium
equilibrium, andA.(g,x’) the spectral function of phonons is given by?
that contribute to indirect tunnelingig is the Bose occupa-
tion factor, andng the Fermi occupation factor; the equilib- 0, O=eV=<E,
rium Qreen‘s functions follpw fromGR(s,fo)=G(.s,iwn . la(V)=Aq (1= yp/2K(éy—eV+E, &), E.<eV=g,.
—w+i06). The spectral function of the quasibosonic particle
that binds with the electron to form a polaron is given byHere K(&;,&;) denotes the integral over the density of
B(g,w)=—2 ImDR(g,w). Our approach to treating polaron StateS:K(Sl,Sz)EfiiR(S)dS, with R(E)=(E—E)Y4E,p
formation is akin to the normal-mode theory of quantum_ gy12
optics. Effects due to polarons could have been included in The current due to indirect tunneling via phonons was
the Green's functiorG%(k,y). The usual procedure is t0 eyaluated starting from the terfin Eq. (1)] proportional to
calculate the self energy in the random-phase approxmatlom;q’d2Ac(g,xf)_ Summation over the phonon wave vector

with dielectric screening” In the present approach, a yields the current that is proportional to the phonon density
bosonic particle of energfwy= afiw o is associated with stateq] por(x')]:

polaron formation, and the Green’s functions are those for
independent electrons. Factos{ , ;| and |}, 4 are

. A L . . Evp ev ,Pph(X')
coupling constants for, respectively, indirect tunneling via lie(V)=A dé| dx ;
phonons, and tunneling from polaron states. Eem 0 X
The current proportional t8(g,w) is significant. In this XR(EF(E)F(—E—eV+x' +E,) @)
)

system with many interactions, the interaction between the

circuit and the coupled electron-phonon system is formulated The formulation of a term similar to Edq3) represented
starting from the total dielectric function(g,w), and the the zenith of application of the Matsubara-Green’s function
polarizationP.® Here the dressed Green’s function is takentechnique to tunneling in semiconductor junctions in the late
as 1960's? It was shown that that term can describe “certain
types” of zero-bias anomalies observed in metal-
semiconductor and semiconducimm junctions. More spe-
cifically, the anomalies were attributed to the excitation of
TA phonons, and the minima in the conductance occurred at
In analogy with the case of phonons in metals, we uséias voltages arounfiwr,/q. Our addition to this specific
e(9,iw)=1-v4P(g,iw)/ey. Heree, is the background or mechanism of inelastic tunneling is not as profound: we in-
medium dielectric constant;y is the unscreened electron- cluded effects due to the Coulomb blockade and density of
electron interaction, and the coupling constant is given bystates. In future mesoscopizn junctions this term can be
2Mg= vgwglen. The dielectric function for the entire cir- significant. In heavily doped junctionk, is smaller thari 4,

cuit without polarons is taken as(w) =1+io/(wegp), from  and itis also smaller than the term proportiona||[fﬁq’g|28.
which it follows thate (w) =i wRLCes/ (1 +iwR.Leod. Here Continuing from Eq(1), the new phenomena is primarily
Res is the effective resistance, ar@s the total effective related to the current due to electrons released from the po-
series capacitance of the circuit in which the polaron will belaron bound state:

Za)g @

DR(g,0)= '
(9,0) wz_wé_zwg[MSP/s(g,w)]

Aiaig'ypl
2h oy

AE E+eV-E.—é&,
f dé’f dx' R(E)B(9,X")O(E+eV—E.—&)f(E—§&,)O(—E+E+E,). 4

(V)= . .

And we find that
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_ Ajaigyp

(V)= eV-E¢
P 2hwo dxX B(g,X')K(&—eV+Ec+X &), E.<eV=g,.
0

Collecting all the terms gives the total current at small posiit establishes the parameters not related to polaron forma-
tive voltages and at ultralow temperaturd¢V)+14+1;.  tion, and gives us some confidence in the theoretical formal-
+ly. ism.

The experimental arrangement was based on the usual The conductances for a junction driven by a low-
four-point-probe technique. Inner probgBig. 1(a)] were impedance sourcdtrace a, and alternately by a high-
used to directly measure the junction voltd§én ac source  impedance sourcérace b are shown in Fig. 2. In the case
was added in series with the bias whenever an experiment¥fh€n the junction was voltage biased the temperature was
measurement odi/dv was feasible. The ac source, and as-Stable aff =135 mK, and in the other cage=195 mK. The
sociated lockin detection, were removed if extremely accuSonductance for a different device that was voltage biased
rate measurement at very small source voltages were r&"d atT=80 mK is given by tracéc). The observed thresh-

Id in the conductandgrace(b)] is attributed to the presence

quired. In that case the conductance was obtained bf olarons in the conduction band on theide of the junc-
numerical differentiation of the current-voltage measure- P J

o - . tion. Th rrent incr t ener larger than th
ments. A voltage source within a few millimeters of the junc- ° € curre creases at energiey) larger than the

i btained by i tina bet the bond lead Eolaron binding energy, because such voltages are large
lon was obtained by Inserting between the bond fead an nough to release the electron from a polaron bound state,

substrate of the device, a combination of capacitors with g,erepy enabling tunneling of a bare electron. The measured
total capacitance 0Ce=0.1 uF. In the case of a high- hreshold appears at a voltayg=1.2 mV, which is slightly
impedance source, the capacitance parallel to the junctiopgs than the theoretical thresholdf w o/e=2.2 mV) for
were removed, resistors with an equivalent resistance Oﬁolarons in semi-insulating or lightly doped GaAs. Herge
Rex=1 MQ were inserted in series, and the device was—( 062 is the Frolich coupling constant for electrons in the
driven by a current source. The devices were cooled in &onduction band, anflo, o=36 meV is the LO phonon en-
dilution refrigerator. _ _ergy. In a heavily doped semiconductor, the theoretical
The energy band diagram, of the device under study, ignreshold is expected to be smaller thagtiw /e because
shown in Fig. 1b). Experimental and theoretical results are s¢reening of the electron-phonon interaction tends to reduce
most readily connected by the following parameters: thene yalue ofa,. A similar value for the measured threshold
depth of the degeneracy on theide£,=un—Ec,, and that  ygjtage in GaAs was also obtained by Halt is unlikely
on thep side {,=E,,— u,. Herep, andu, are the Fermi that polarons in the valence band play a role. Because a
levels on then side andp side, respectively, and€=E,;,  calculation of the coupling constants from the Frolich for-
—Ecn=£n+ é,—€V. The GaAs junctions featured an accep- myja o =e2(m* /12w o) YA(1s..— Lié,)/# yields for the

for concentration of approximately:210® cm %, and a do-  heavy-hole banday,=0.198, and for the light holey,
nor concentration estimated to be3x 10 cm™®. The in-  —0 083. The relevant constants for the participation of

trinsic junction capacitance wa€;;=0.25 pF, and the
intrinsic series resistandat room temperatujeR;s~ 7 (). At

100 mK, the measured tunneling resistance was typically 3t
), peak current,=2.1 mA, peak voltag®,=120 mV, and
the minimum negative differential resistanRg,= — 150 ().
The resistive cutoff frequency,,=29 GHz was much less
than the self-oscillation frequendy, =950 GHz, thereby en-
abling stable biasing of the device with even a low-external
impedance.

The measured current and theoretical estimate over a wid
range of voltage, that includes the region of negative differ-
ential resistance, are shown in Figcll In that measure-
ment, the device was voltage biased ang 0.19 K. The
parameters employed wegg=0.13 eV, £,=0.28 eV, and
Ag=5x%10%, In principle the Fermi level should be obtained

from the doping densities and neutrality condition. However, 0 05 1 L5 2 25 3
accurate estimates of the carrier concentrations at low tenr \Y% (mV)

peratures depend on other parameters that are not wen

known. The values fOfp andgn were determined from mea- FIG. 2. Comparison of the calculated conductanssid lineg, and

surements and using the following relationships: the voltagd©s® oPtained from measurements are shown in the main figure. (Bjace
represents the case when the junction was driven by a low-impedance

at which the current is a m_aX|_muMp2_(§p+ §n)/(3_6); _"md source, and tracé) the same device driven by a high-impedance source.
the threshold for the thermmmc diffusion current is given by Trace (c) is the conductance for another device in a low-impedance envi-
(Egt&p)/e, whereEy is the energy bandgap. The excellent ronment. A representation of the polaron is shown in the lower inset.
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valence-band polarons would ke = (ay+ ;n)/2, and for  that current starts aroureV=%wg, and is larger in magni-
cross-band interactiog/a.,. Both constants yield thresh- tude thanly. In the limit of zero bias, the background con-
olds that are much larger than the measured value. The olgluctance is due primarily to the direct tunneling of unbound
served threshold is not associated with the excitation of TAglectrons [y). Phonon-assisted tunneling currert.) is
phonons, be it impurity, induced phonons in the transitionmuch smaller than. Outside the voltage range shown in
region or bulk, because in that case the transition would octhe figure, the calculated conductance is larger than the mea-
cur aroundi wra=8 mV. The difference in tunneling resis- sured value. That discrepancy is probably due to band-tailing
tance between the two devicsaces(a) and(c)] is due to  effects.

the difference in temperature and the slight difference in  This observation of the effect of different circuit imped-
doping. Contact resistances contribute to the backgroungnce on tunneling is reminiscent of the Coulomb blockade
conductance, and do not affect the value for the measuregkfect. And it has been suggested that some types of zero-

threshold indi/dv. _ , bias anomalies observed in junctions is due to the Cou-
The threshold in the conductance is absent in the case Oflﬁmb blockadd® However. in our case. it is clear that the

low-impedance source because of damping of the polaron. f,serveq difference in conductance is not due to Coulomb
possible physical picture is as follows. The properties of a lockade effects. The measured threshold is much larger than
electron are affected by the motion of the lattice because q . .

the maximum Coulomb blockade threshol,.=e/2C;

the Coulomb interaction between the electron and ions. Simi-_ 0.3V, and in additioneZ/(ZCijkBT)20.03. Furthermore,

larly, the presence of an electron leads to polarization of th e observed threshold cannot be due to a auantum. dot
space around the electron. As an electron moves through t?SE df v . v b . tli] . q? q ubl
crystal it drags along the associated polarization. A polaror; ormed from an |mpur|y ecause In that type of double-
(see the inset of Fig.)2consists of an electron and the in- junction system the nonlinearity would still be present when

duced polarizatiorfor cloud of virtual-optical phononsThe ;[grei:tdei\rﬁﬁés dhr'vseigsbg;vl\g’;}']r?ﬁgdaﬁgﬁoﬁggie}ghsrgzsgg
polaron is said to be largeas is the case in Gajsif the ndyCo Iomg tziockade effects is aplso clear. The psal'ent fea-
distortion of the lattice extends over several lattice constants. u : ) :

Tunneling of electrons results in fluctuation of the internal ure of Coulomt_) blockade is that.—m the abs.ence of tht_armal
electric field. If the junction is voltage driven, then the pro- energy—tunnelmg to a state of higher potential energy is not.
cess of rapid recharging of the junctiéafter tunneling of an possible. In the phenomena presented here, the key feature is

electron decouples the electron from the much heavier an Zrengocdrlgcit'%é)f f:ngggepﬁg'is.r?fatgceofddarg]nabzhtgre.sﬁ)é'd
slowly moving ions. If the junction is sufficiently isolated, ireutt P IS 1 wi :

then the gradual recharging does not necessarily lead to dg_rmmple: that the measurement apparatus can disturb the
cay of the polaron. quantity being mea_sured.
The solid lines in Fig. 2 represent the theoretical results, In summary, excitement over the measurement of the |-V

Theoretical estimates were obtained using the previous va\f’;l;[ dle(z)c\j,vir?flgrsmvzzlit)ar??b(itd:ﬁ gloetrr?grl]){z;ro tgfcifg%tot:at)l:tt I?';Iz;)
ues for§, and &,, a;;=364, and in the high-impedance y ’

regime wg="1.0x 10"* sec”’, while in the low-impedance bzﬁc?culzealr:d"ltﬁsetrr?tzsrégiosﬂgﬂsirlp;ﬁﬁ;gog %emsg tﬁequzf-l_
casewg=3.3X 10%° sec’’. In the high-resistance environ- P2 P aing . pa

. L ticle is embedded. A general expression that describes a wide
ment, the decay time (k) is given by roughly the polaron

scattering time since the particle is isolated. The value Oﬁanety of indirect tunneling processes mn tunnel junc-

) ons was presented. That expression was evaluated, in the
hwy, was chosen to match the measured threshold in thF . :
9 ) : . imit of ultralow temperatures, and shown to describe the
conductance, and the coupling constaptpractically yields experimental results
the change in magnitude of the conductance. Clearly the P ’
theory, withwy and a;q considered as adjustable param-  Partial financial support was provided by the ERATO
eters, can be used to describe the experimental results. Tiguantum Fluctuation Project, and the author thanks Profes-

contribution froml ;; was obtained by numerical integration; sor Y. Yamamoto.
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