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Momentum-resolved tunneling between a Luttinger liquid and a two-dimensional electron gas
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We consider momentum resolved tunneling between a Luttinger liquid and a two-dimensional electron gas
as a function of transverse magnetic field. We include the effects of an anomalous exponent and Zeeman
splitting on both the Luttinger liquid and the two-dimensional electron gas. We show that there are six
dispersing features that should be observed in magneto-tunneling, in contrast with the four features that would
be seen in a noninteracting one-dimensional electron gas. The strength of these features varies with the
anomalous exponent, being most pronounced wper0. We argue that this measurement provides an impor-
tant experimental signature of spin-charge separation.
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I. INTRODUCTION trum and identifying features associated with separate spin
Haldane's Luttinger-liquid hypothedisthat all one- and charge excitations. In that paper, the authors considered,

dimensional(1D) metals are adiabatically continuous with fOr Simplicity, the special case where the anomalous expo-

the Tomonaga-Luttinger modé—has underpinned our cur- N€Ntsy, andy, were both equal to 0. They also ignored the
rent understanding of the metallic state in one dimension€fféct of the magnetic field on the spectral functions. The

The low-energy properties of the metal are characterized bgzg?ueélcgﬁlge"ﬁsn r?(;?nugmgl(cjaé?rosr:mapslyitnrjrr]lgvzhse t;gs\}:efnr?ﬁé

separate spin and charge velocities andv,, respectively . . X ,

and, at most, two further anomalous expongntsand y,) one-dimensional metal and the two-dimensional electron gas.
' ’ o : P’. This same tuning can also be achieved by changing the car-

The low-energy excitations are completely different fromrier density (and hencek.) in either the wire or the two-

;[jhose .Of ;che tnlop|r:jteracjct|)n% _eltectron fga;. The g?}eaimensional electron gas. Experimentally, using a transverse
Imensional metal IS described in terms of Spinons an 0r'nagnetic field is likely to be by far the easiest way of tuning
lons rather than quasielectronlike excitations. As a result th

3 Nhe intrachain momentum. The work of Altlared al. raised
low energy spectrum has no overlap with the correspondingyg further interesting questions that we will address here.

noninteracting one and the metal is therefore a non-Fermgirst, how sensitive are the tunneling results to the value of
liquid.* the anomalous exponent? Perhaps more importantly, would
Although much is know theoretically about the propertiesthe Zeeman splitting of Fermi-liquid quasiparticles give rise
of a Luttinger liquid(see, for example, \Voit in Ref.)5ex-  to two features and thereby mimic the spin-charge separation
perimental verification of these ideas is on-going. A widethat the experiment was supposed to resolve?
variety of measurements have been performed and inter- In this paper we revisit the idea of momentum-dependent
preted within the Luttinger-liquid framework. These include tunneling and solve for the tunneling conductance for arbi-
work on the quasi-1D organics, inorganic charge-densitytrary anomalous exponent,. (The other exponenty, is
wave materials, semiconductor quantum wires, and edgequal to O in any rotationally symmetric systgrRecently
states in the fractional quantum Hall regifhie However, two of the present authdrshave also calculated the change
most of these experiments have focused on identifying thén the Luttinger liquid spectral function due to a magnetic
anomalous exponents. Experiments which directly probe th&eld. Using this result, we have now computed the tunneling
separation of charge and spin in one dimension have provetbnductance beyond the restrictions of Ref. 11. We find that
to be more challenging. Arguably the most convincing meathe signature of magneto-tunneling into a Luttinger liquid is
surements have been those of angle-resolved photoemissicadically different from that in a noninteracting one-
in metal§ and insulator§:1° Nevertheless, there remains a dimensional metal and the magnetic field reinforces this dif-
need for a low-energy probe of the excitation spectrum of théerence. The dispersion of spinons and holons may be sepa-
Luttinger liquid. rately identified from sharp features in the tunneling
In a recent papéet Altland et al. proposed a spectroscopy conductance. However, these features become less singular
of the Luttinger liquid state using magneto-tunneling. Theyas the anomalous exponent varies away from zero.
showed how the tunneling conductance between a quasi-1D The outline of the paper is as follows. We begin by estab-
metal and a two-dimensional electron gds spectrometgr lishing the formalism for magneto-tunneling when momen-
responds to a transverse magnetic field and allows featurésm parallel to the wire is conserved. We then introduce the
associated with the spinon and holon dispersion to be respectral functions for arbitrary, but initially ignore any
solved. This momentum-conserving tunneling spectroscopghange induced by the magnetic field. Next, we show how
then provides a method of determining the low energy specthe magnetic field can straightforwardly be taken into ac-
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FIG. 1. Schematic representation of the tunneling geometry anc
field orientation for the magneto-tunneling experiment.

count within this formalism and we compute the tunneling
conductance. Finally we discuss current attempts to perforrr
this magneto-tunneling spectroscopy.

Il. OVERVIEW -3

One of the advantages of this type of spectroscopy of(@) q
correlated metals is that the theoretical interpretation of the
experiment is extremely straightforward. We can therefore
sketch our main findings before detailing more formally how
they arise. The tunneling current between two metals is de-
termined by the rate at which real physical electrons can hog
between them. Since each metal is, in general, a comple:
interacting system, the physical electron is not an eigenstat: 2D
of either metal. Thus the hopping rate is determined not just
by the coupling between the two metals but by the overlap
between a physical electron and the underlying eigenstates ¢
the metallic state. The probability that a physical electron has
a given energy and momentum in the metallic state is char-
acterized by the spectral function—which contains all the
information about this overlap. In the geometry considered in
this paper, the tunneling electron moves through a finite volt- ===
age and transverse to an applied magnetic fiséet Fig. 1
Thus the electron changes its eneidpy eV) and also its
momentum(by #gg to be defined lateralong the direction of  (b) q
the interface due to the Lorentz force acting on it during the
tunneling process. The crucial assumption that we make in FIG. 2. (&) The electron spectral function in a Luttinger liquid
this paper is that the tunneling barrier is smooth so that mofor =0 andy,=0.05. The two dispersing singular features reflect
mentum parallel to the 1D wire is conservedp to this the spinon and holon excitationd) The electron spectral function
change due to the Lorentz foice fora two-dime_nsional F(_armi quuid integrated p\lgx(perpendigu-

So, in summary, the tunneling current is determined b>)a_1r to the 1D wirg. Tr_\e smgle_smg_ular feature identifies the disper-
the joint probability that an electron with spim may be Sion of the electronlike quasiparticle.

found on one side of the tunnel barrier with momentldm  \yhich are reflected in the spectral function asiragleline of
and energyw and that there is an empty electron state withsjngularities in thew,q plane[see Fig. 20)].
spin o and with momentunk, +dg and energyw+eV on the It is this profound difference in the nature of the excita-
other side of the barrier. This is then integrated overkall tions of a Luttinger liquid compared to a Fermi liquid that
and » to get the final current. However, what makes thisthe magneto-tunneling experiment is designed to expose. Es-
measurement potentially useful is that in many interactingsentially the measurement measures the relative dispersion of
systems these probabilitig®r spectral functionscontain  the singular features in the 1D and 2D spectral functions as
well-defined features that in turn relate to the true eigenstatef®llows. The tunnel current is given by the integrated product
of the interacting system. of the two spectral functions of Fig. 2 with the magnetic field

In this paper we consider there to be a Luttinger liquid ongiving a relative offset along thg direction. Figure 3 shows
one side of the tunnel barrier. In a Luttinger liquid we know that this productand hence the currentlivides into four
theoretically that there should be features in the electromlistinct regions(a) to (d) depending on this magnetic field
spectral function related to the underlying excitations:dependent offset and the dispersion of the singular features
spinons and holons. The dispersion of the spinons and holoris the spectral functions. Thus the tunneling conductance
can be seen in Fig.(@ astwo lines of singularities of the shows three abrupt features separating the four regions as a
spectral function in the,q plane. We assume that there is a function of applied magnetic field. These features can be
two-dimensional Fermi liquid on the other side of the tunnelseen in Fig. 4. Finally when one includes the Zeeman split-
barrier. In a Fermi liquid there are electronlike quasiparticleging there are separate tunneling processes for up- and down-
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FIG. 3. The tunnel current is determined by the product of the
spectral functions of Figs.(@ and 2b) offset in momentum by
gg—an amount proportional to the transverse magnetic field. As the
field is increased the region of overlap goes through four stées
to (d) labeledR; to R, in the text. The light dark and shaded areas
represent, respectively, the areas where the one-dimensional and
two-dimensional spectral functions have a finite nonzero value; the
thick lines represent the lines of singularities. 0
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spin electrons and the three abrupt features each split in two
giving a total of six features in the conductance. This is
shown in Fig 5. The dispersion of these features as the mag-
netic field and applied voltage is changed also allows us to
determine the relative velocity of the spinon and holon is
shown in Fig. 6. In the absence of spin-charge separation FIG. 4. (Color onling Differential tunneling conductance in the
there would be only one dispersing singularity in the 1Dabsence of Zeeman splitting shown as a function of dimensionless
spectral function leading to four features in the tunnelingmagnetic fieldr=ggve/eV for different values of the anomalous
conductance as a function of field. This then is the essence @kponenty, and for dimensionless holon veloci#,=vg/v,=2 and

our results and in the rest of the paper we give a more precis@inon velocity,a,=ve/v,=3. The graphs have been shifted and

derivation of them. rescaled for clarity. The arrows mark divergences. Notice how in-
creasing the anomalous exponent from the noninteracting value of
zero reduces the three features in the differential conductance.

lll. FORMALISM liquid and Fermi liquid may respectively be adiabatically

We consider single-electron tunneling between a onecontinued. R
dimensional interacting electron metal, parallel to xhexis, For the Fermi liquid we assunié,p is the Hamiltonian of
and a two-dimensional electron gas in tyeplane separated a noninteracting gas of electrons with a free particle disper-
from the 1D wire by a distancd along thez direction. A sion. This captures the electron quasiparticlelike character of
potential difference is applied between the wire and the twothe low lying excitations in a Fermi liquid up to an overall
dimensional electron gas and a magnetic field is applied iguasiparticle renormalization factar 1, which is simply a
the plane of the two-dimensional electron gas but perpenmultiplicative factor in the tunneling current. It neglects the
dicular to the wire(along they direction). The geometry is incoherent(nonuniversal part of the spectral function and
shown schematically in Fig. 1. The appropriate formalismthe w? quasiparticle lifetime effectéwe will only treat zero

was first derived in the context of superconductivityrhe temperaturg Similarly, H,p, is assumed to be a two-branch

Hamiltonian for the system may be written as spin-full Luttinger model with inter- and intra-branch
A~ A - - scattering® This model can be characterized by four param-
H=H1p(B) + Hzp(B) + Hr. (1) eters(spinon and holon velocities, and two anomalous expo-
nentg which are the universal parameters of a general Lut-

The precise forms of the one-dimensional wiigy and the tinger liquid?

two-dimensional electron gas,p are not required for deter-  Equation(1) differs from the Hamiltonian considered in
mining the universal tunneling properties. Instead we Willgref. 11 since we have explicitly allowed a coupling of the
identify the universal aspects of the electron spectral funcmagnetic field to the 1D and 2D electron systems. Since the
tion in these two systems by assuming that the onefigq lies in the plane of the 2D electron gas however the
dimensional system forms a Luttinger liquid and the two-coypling will be via the Zeeman interaction. The orbital part
dimensional system is a Fermi liquid. Thus téfp andH,p  of the interaction with the magnetic field is included in the
we will take the canonical forms from which the Luttinger tunneling term
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I:|T= f dFdXt(X,ﬂ[e—iedﬂx+rx)/2&)£D’U(f’)\ile’(r(x)+ H.c].

(2

Here we have included the transverse magnetic field using

the following gaugeA=(0,0,-Bx) and the usual Peierls cou-
pling. The crucial assumption behind this method is that the
tunneling amplitude(x,r) for an electron to move from po-
sition x in the 1D to positior in the 2D gas is translationally
invariant—i.e., that the tunnel barrier is smooth—and so may
be written ast(x—x,p,Y2p). We also assume that this single
electron tunneling is wealkso as not to significantly disturb
the excitation spectrum in the 1D and 2D systeard is the
only term coupling the systems together.

In momentum space then this coupling may be written as

Via.u.]

Hr= E tlz&slx—qBIZ,ky,alzbkx+qB/2,a' +H.c., (3
K
wheregg=eBd+k?P-ki°. Thus we see that momentum par-
00 05 10 15 20 25 30 35 allel to the 1D wire is conserved up to the change induced by
B [a.u] moving the applied magnetic field. The applied field then

tunes the tunneling momentum of the electron. Hgies the

FIG. 6. (Color onling Contour plot of the differential conduc- Fourier transform of the tunneling matrix element.
tance in the presence of a magnetic field as a functioB ahdV Given the tunneling Hamiltonian, it is then straightfor-
for a small anomalous exponen}=0.05. Six dispersing features \ard to determine the tunneling current to leading order in
can be seen—indicative of spin-charge separation. The curves dQote that our starting Hamiltonian neglects any interactions
not meet aB=0 because we do not assume the magnitude-@  petween the two-dimensional electron gas and the quantum
the same in the 1D wire and the 2DEG. Tht_e dlffgrentlal conduc+yire—the only coupling is via single electron tunneling.
tance will be symmetric undBH—E_, as tunneling will then occur g with this assumption there are no vertex corrections in
via the opposite branch of the Luttinger and 2DEG spectra. the tunneling current and it can be written directly in terms
of the single electron Greens function for the 2D electron gas
and the quantum wire. The form for the current is most in-
tuitively expressed in terms of the electron spectral functions
for the 2D and 1D systems, respectively,

I(B,V) = % f do Y, 1,7 (w) - f(w - eV) Ak,
k

dl/dv

+ qB/Z,w, B)AZD(kX - qB/2,ky,w - e\/, B), (4)

wheref is the Fermi distribution function. The derivation is
given, for example, in Mahafand Eq.(4) differs only from

Eqg. (9.3.1) in Ref. 14 in that we assume that tunneling is
through a translationally invariant interface via nearest con-
tact Only SO that(x—XZD,yzD):t05(X—X2D)5(y2D). Thus we
have momentum conservation along the direction of the wire
r up to any momentum change due to the Lorentz force from

. . ) . the transverse magnetic field. Explicitly we have, in the no-
FIG. 5. Differential conductance including the effect of Zeemaniation of Mahai?®

coupling to a magnetic field as well as the orbital effect. The con-

ductance is shown as a function of dimensionless magneticrfield |Tk’p|2= |t|25(kx— Px*0s)- (5)

for the noninteracting exponen,=0 with dimensionless holon and )

spinon velocitiesa,=2 anda,=3. The Zeeman couplingy facton It would be straightforward to relax the nearest contact as-
and thek; are assumed to be identical in the 1D wire and the 2DEGSUMption by introducing an additional “aperture function”
(s=s’=1). The features in Fig. 4 appear to spin-sgii different ~ which would need to be included in the momentum convo-

degrees by the Zeeman coupling. lution.
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IV. TUNNELING WITH GENERAL 7, O +0,9)c(,)(@+0,0)%. )
We start by specifying the spectral functions used in therhjs function is not normalizable fop+0. In our case the
calculation of the current. For the two-dimensional systentonsequences of this are merely reduced to an undetermined
the spectral functiom;p,, for energies close to the Fermi constant that multiplies the conductivity for eagh Note
energy(and integrated over the momentum component transa|so that, although it is an approximation to replace the true
verse to the wirgis given by (see Fig. 2 spectral function of a Luttinger liquid by the asymptotic form
of Eq. (7), we will correctly obtain the position and form of
singularities in the tunneling current which are the main re-
sults of this paper. It is unlikely to capture smooth variations
or the absolute magnitude of the tunneling current, but nei-
The spectral function of a Luttinger liquid with spin ther are these features expected to be universal. In this paper
rotation-invariant interactionéy,=0) is nontrivial (see Fig. e will consider the caser>v,>v,, but it should be noted
2), and a closed and tractable analytic expression is still lackthat the results can be trivially extended to consider the other
ing in the literature. However, we are concerned with univerpossible cases.

sal features that may be seen in the tunneling current and Substituting Eqs(6) and(7) into Eq. (4) we find for the
these features will arise from the singularities in the spectrajunneling current aT=0

functions as they are convolved. Thus we only require the _
asymptotic behavior of the spectral function near these sin- 4421 (e 2+, Uy Ug

e P |(V,B):%E dx| ds
TNMUE a Y1, L,

®(w_qUF). 6)

Vo — qUF

Ayp(d, ) = \“"?n

gularities and these are well characteri2édl.
We can describe what is known about these singularities
as follows. At very smalf, the function looks very similar to k> el %
a spinless fermion’s function. Ag is increased two peaks
become apparent, a reflection of spin-charge separation, one
atv,q and another at,q, wherev, andv,, are the velocities 9)
of charge and spin density waves, respectively. The expone
of the singularity av ,q is Zyp—% and the corresponding one

. 1 . . .

atv,q s y,~ 3. The function terminates at negatig@t v,4  one-dimensional variables=qu/eV for the 1D wire wave-
with a nonsingular exponent,. The parametery,, which  yector ands=w/eV for the frequencyly=elt/?m/ is the
characterizes the interactions between left and right moversaiyral unit for current in this problem. From this integral we

is always positive. The case of noninteracting left and righfgengify four different regions with different qualitative be-
branches, which was studied in Ref. 11, corresponds to thﬁavior, R, j=1,...,4, corresponding to different situations

case y,=0. As v, increases, the power law divergencesqt gyerlap between the one- and two-dimensional spectral
gradually weaken into cusp singularities, and the spectrgj,ctions. Figure 3 is a schematic representation of the rela-
weight, which fory,=0 is confined withinv,q andv,q IS tjye positioning betweer,, andA,p in the four regions. In
gradually transferred by the electronic correlations towardearms of the dimensionless parameters these are giv&y:by
higher values of] and w. The spectral function should also r<1;R, 1<r<a; Ry a,<r<a,; andR, r>a,. In each
be invariant to the transformatiortp—-p;q——q) where  e4ion “and for p?acticalpreasons only, the calculation is in
p=+ labels left and right movers, arid—-w;q—-0). turn split into different integrals of the same integrand. Table
Since the spectral functions away from these singularities |ists the upper and lower limits corresponding to each dif-
are likely to be nonuniversal, and in any case lead only to theerent region. Although the majority of these integrals cannot
background tunneling current, we can capture the universe integrated analytically, the asymptotic behavior in the dif-
physics by a function which has identical asymptotes to thgerent regions can be obtained by standard calculus proce-
same singularities. Fab>0, the case of our interest, a func- dures. They<0 nonsingular part of the spectral function for
fcion that has .the correct singularities and asymptotic behav7¢0 [Eq. (8)] only contributes a small featureless onset of
ior can be written as conductivity atr=-a,, and a background of finite conductiv-
ity noticeable only for small values ofand big values ofy,.
Figure 4 shows the differential conductar@edl/dV as
a function of the dimensionless parameteat T=0. In the
following we discuss the behavior @ in each regime.

>< 1
Isa, - x|1’2‘27p|sap _ X|l/2—'yp|s_ X+ (r - 1)|1/2

Where we have introduced the dimensionless parameters
=Qggve/eV,a,=ve/v,, anda,=ve/v, and the dimensionless

W@, @)0(w ~ qu,)

_ an|1/2—2yp|w _ qu|1/2—yp

Aip(Q,w) = o

where Ry.—Forr <1 andy,# 0 Ayp overlaps with the nondiver-
gent part ofA,p, leading to a finite but nonsingular flow of
o) — ) +O(w— c if v %0 current, with negative differential conductance. When
W(q,w):{ (Qu, = @) + 6w =au,)cly,) _ 7"_ r reaches the value of 1, the conductance divergeg as
0(qu, ~ ) if ,=0, ~—(1-1)"Y2*3, where g=G\Egel/2*¥V - Y2+3%/], is a

(7) dimensionless measure of the conductance. {610 the
two areas do not overlap, implying that the current vanishes.

for >0 plus a nondivergent term for<<0 andy, # 0 which
is proportional to

R,.—For r>1, the spectral functions fory,=0 start
overlapping as well, and the conductance diverges as
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TABLE I. Integration limits for Eq.(9) in the four different regions of spectral function overlap shown in

Fig. 3.
Region a lo U, L, U,
Ry 1 0 r x=(r=1) 1
R, 1 0 r-1/a,-1 sa, sa,
2 r-1/a,-1 r-1/a,-1 sa, s+(r-1)
3 0 r-1/a,-1 0 sa,
4 r-1/a,-1 1 0 s+(r-1)
Rs 1 0 r-1/a,-1 sa, s,
2 r-1/a,-1 1 sa, s+(r-1)
3 0 1 0 sg,
Ry 1 0 1 sg, Sa,
2 0 1 0 sg,
g~—(r- 1)‘1’_2“3%. For finite y,, however, the cusp is also B a, aa, 1
not symmetric(see Fig. 4 since the spectral weight of the 90, y,=0—a ~ 21 —p_a . ;ln(a(r -r). (12
g (o8

singularity is different at either side of,. The behavior of P

the conductance is unaltered up to the boundafstavhere  On the other hand, for any nonzeyg, the behavior is found

to be
112-2y, 112y, 12—y, 1/2-2y
- (o : a ra; p
g(a)) - gla;) = —= o2y, im (r—a,)%, r -8 % B ZimF| 12
P " a,-l(a,—a) a7 9N)=r—a, a,-1(a,-a) 2 mg? *
(10 ot
+2y, 12+, 1+2y, L—|, (13
a2=api 8, ¢ infinitesimal and positive. This implies that for &8
7,=0, the conductance exhibits a discontinultythe mag-  which is a nondivergent pealkee Fig. 4.
nitude of which is R,—The boundary is symmetric in arounda,. The
asymptotic behavior ig~r~2for all values ofy,.
AP [ BB (11) V. ADDING A ZEEMAN SPLITTING
&-1Va,~3a, In this section we consider the effects on the spectral

) . functions of a Zeeman coupling to the magnetic field. Very
For every nonzero value of, this step is rounded oifsee  ecent work by two of the authors of this pafnas derived

Fig. 4) into a continuous function with a pronounced changeihe spectral functions of a Luttinger liquid with a Zeeman
ata,, the change decreasing progressivelyas increased. tarm in the Hamiltonian.

R;.—In this region the differential conductance becomes

positive. Asr approaches the singularity line corresponding , ( )= W(q, w)O(w — qu, — sB)

to a,, the boundary wittR,, the conductance shows a pro- * 1P 9@ lo—v,0-sB|Y22|w- v, - ngp/ug|1’2‘7p
nounced increase. Again the casey¥0 is unusual, since (14)
the boundary betweeR; andR, shows a singularity, which

is of logarithmic type where

W(q,w) =

{@(QUP—GBUPIU(,—w)+(w—qu—ngp/v(,)C('yp) if y,#0 (15)

0(qu, - sBuv, /v, — ) if v,=0,

wheres takes the value of the spit1/2) times the Zeeman tivity. (This background is very small foy,~0.) Further-
coupling factor. We have considered only posityy@and w, more, we have seen that the region of interest, where the
since as we discussed in the previous section, the contribdieatures in the spectral functions are easily distinguished in
tion of q< 0 is merely to add a finite background of conduc- the differential conductivity, is restricted to small values of
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the anomalous exponefitelow y,~0.2); for these values of Zeeman splitting and spin-charge separation are distinguish-
7, the spectral weight outside tlye ,,qv,, region is so small ~ able in this experiment—they are.
that all nondivergent contributions froly, 5 outside this in- The effect of an anomalous exponent is more subtle. The
terval are negligible. original proposal of Ref. 11 took the case gf=0 for cal-

The effect of the magnetic field in the two-dimensional culational simplipity: The more generall treatment given here
system is taken into account by writing the spectral functionshows that this is, in fact, the most singular case and other

as values for the anomalous exponent leads to less pronounced
effects. Nevertheless, #, is not too far from zero, there will
, \Jﬁ O(w-qug—<'B) still be six clearly distinguishable features. In the Luttinger
Agp(0, @5 )zs\w—qv=—s’8 (16) model, y, comes from interbranch processes, while spin-
L F

charge separation is due primarily to forward scattering in-
wheres’ is the equivalent o for the two-dimensional sys- trabranch effects. Thus it is possible that spin-charge separa-

tem. tion and an anomalous exponent not far from the

Since we can split the current into the separate contripufoninteracting value of one could coexist in real quantum
tions of the two possible values of the spin WITES. . :

The role of the anomalous exponent in weakening the

I=1,+1; (17 tunneling singularities has implications for other forms of

momentum-resolved tunneling experiments. Recently Car-
pentieret al® have analyzed the tunneling conductance be-

4\2] (eV)V23, tween two Luttinger liquids in a magnetic fiefthough with-
) qujddKS—ew

the problem is reduced to the calculation of the integral

I (VB)=—F7——— out including the Zeeman effects as is done hekgain the
TNMUE tunneling current can be viewed as a convolution but now of
- ()]A1p(q, ©,5)Asp (0, w,5) . (18)  two Luttinger liquid spectral functions. An anomalous expo-
nent which differs from the noninteracting value will weaken
We can make use of the results of the previous section anghe singularities in both functions in the convolution and will
simplify the calculation considerably by defining the spinpe doubly detrimental to features in the conductance. Thus
dependent variable’ =q-sB/vs, and the spin dependent pa- e believe that using a two-dimensional Fermi liquid as the

rameter spectrometer, as described in this paper, optimizes the prob-
s'v, - svp B a_bility (_)f _seeing the dispersing_features of th_e Luttinger lig-
ra=rd—"———. (19)  uid. This is because the Fermi liquid theory will always guar-
v, eV antee a square-root singularity in its spectral functiafter
The general expressions for the current and the differentidntegration over the transverse momenjumich is the best
conductance then reduce to one can do.

The experimental challenges in carrying out this experi-
ment should not be underestimated. We rely on a nhumber of
assumptions. The most obvious is that tunneling is occurring
uniformly along the 1D to 2D interface rather than via point-

1 like tunneling. The test for whether an experiment is in this
gZ:E[g(rT)+g(rl)], (21 regime comes from the magnetic field dependence. With
pointlike tunneling, one would expect only weak field depen-
wherel(r) andg(r) are the functions for the current and the dence of the tunneling current since momentum would no
conductance derived in the previous section. Figure 5 showl@nger be conserved along the wire. Experiments using mo-
the differential conductivity as a function offor y,=0,a, lecular beam epitaxy grown interfaces have shiat the
=2,a,=3, s=¢'=1, andk?®°=kiP. The different degree of tunnel barriers can be sufficiently well controlled to preserve
field splitting of the different features in the conductivity can momentum conservation along the wire during tunneling,
clearly be seen. hence we believe that semiconductor fabricated quantum
wire to 2D metal interfaces will be the most promising can-
didate.
VI. CONCLUSIONS The second assumption is that the two-dimensional sys-
tem is a well-controlled Fermi liquid with a large electron

Having calculated the generalized form of the magnetoweight in the quasiparticl&~ 1. This ensures that the over-
tunneling conductance we see that the key signature of thlap between the electron and the excitations in the 2D spec-
types of excitation in a Luttinger liquid is revealed in the trometer are large. Again, estimates from semiconductor
appearance of six features which disperse with applied fieldwo-dimensional electron gas€2DEGS9 suggest that this is
Loosely this may be viewed as the allowed transitions benot implausible.
tween spin-split spinon and holon excitations and the spin- Our final assumption is that the rate limiting step in the
split electron in the two-dimensional electron gas. Howevergxperiment is the tunneling process between the 1D and 2D
this differs dramatically from the case of electronlike excita-systems. This requires a clean quantum wire with no impu-
tions in the one-dimensional metal which would display fourrities breaking the wire up into smaller pieces. Early results
features. So this directly addresses the issue as to whethsnggest that this may be causing problems in trying to imple-

1
Iz=5U00+Knﬂ, (20)
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ment this experiment in semiconductor deviéeéFhere the  Fermi liquid properties, or indeed on the parameters of the
guantum wire is made by “pinching off” a channel in a two- Luttinger liquid which may be renormalized via screening
dimensional electron gas with an applied gate voltage. Thigrom the 2DEG.
pushes the one-dimensional subbands through the chemical To summarize, we have considered momentum-
potential until only one remains active. Initial experimental conserving tunneling between a Luttinger liquid and a two-
results reveal magneto-tunneling occurring when multipledimensional conventional metal. We have shown how a
subbands are conducting but the wire becomes insulating iftansverse magnetic field can be used to tune the relative
the last subband. This is presumably due to impurities blockmomentum of the tunneling electron. This then provides a
ing conduction(an interesting process in itsgh Ultimately,  direct measure of the spectral function of a Luttinger liquid
we believe that this should be viewed as a challenge rathefia its convolution with that of a conventional Fermi liquid.
than a fundamental flaw in the experiment. However, it alsdThe signatures of spin-charge separation are revealed as fea-
suggests that we should look at alternative realizations of thigures in the tunneling conductance and we have shown they
experiment. One possibility is to use carbon nanotubes agary as a function of Zeeman splitting and anomalous expo-
quantum wires since these have already been used to dement. The advantage of this experiment is that it can be per-
onstrate Luttinger liquidlike behavittvia point tunneling.  formed with high resolution compared to other probes of the
If a suitable interface could be found with a tWO-dimenSiona|spectral function such as angle-resolved photoemission. Also
conventional metal this would be a good alternative candithe experiment has a very straightforward theoretical inter-
date for the magneto-tunneling measurement. pretation and hence, if successful, is an unambiguous detec-
Finally we should point out that, although we have used aor of spin-charge separation. We have also discussed the
magnetic field for tuning the relative momentum between theyrospects of performing such an experiment.
wire and spectrometer, this is not the only method. Using a
semiconductor 2DEG one could back-gate the device and
control the carrier concentration, and herkgein the spec-
trometer. This gate voltage would then provide the momen- The authors have benefited from useful discussions with
tum tuning via the difference ik: between the wire and the T. S. Grigera, M. W. Long, and L. Macks and we thank A. P.
2DEG. Such a method could be used in cleaved edge ovelackenzie for a critical reading of the manuscript. We are
growth devices where the tunnel barrier to the quantum wirgyrateful for the financial support of the Leverhulme Trust,
is in the plane of the 2DE®& Using kg to tune the momen- The Royal Society, and NATO Collaborative Research Grant
tum would, of course, mean there is no need to consideNo. 971072. Two of ugS.R. and Q.S.have been supported
Zeeman coupling. However, the results may be complicateth part by the Robert A. Welch Foundation, NSF Grant No.
by any carrier concentration dependence of the 2DEG on it®MR-0090071, and TcSAM.
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