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The paramagnetic metallic phase of the one-dimensional Kondo lattice model is studied by the density
matrix renormalization group method. We observe charge and spin Friedel oscillations. They reflect the long-
range charge-charge and spin-spin correlation functions. The observed oscillations are consistent with a
Tomonaga-Luttinger liquid. From the period of the oscillations it is concluded that the Fermi surface is large,
including both the conduction electrons and the localized spigs,w(1+n.)/2, wheren,, is the density of
conduction electrongS0163-18206)04043-X]

Electron density oscillations as a response to a local pemwherek:= 7p/2, with p being the density of charge carriers,
turbation provide a clue to understanding electronic states dé the Fermi momentum arid, is the correlation exponefit.
a system. Response to an impurity potential is known a#n the above equations logarithmic corrections to the 2
Friedel oscillations. The period of the oscillations is given bycorrelations have been omitted. The momentum distribution
the diameter of the Fermi surface which is defined by thefunction around kg shows a power law singularity
singular points in the momentum distribution function. As an,~1/2—sgnk—kg)|[k—kg|* with a=(K,+1/K,—2)/4.
local perturbation it is also possible to use a magnetic impuThe anomalous power law decays of the correlation func-
rity. Then spin density oscillations are induced. Since thesgons naturally reflect themselves in the Friedel oscillations:
oscillations are the origin of the Ruderman-Kittel-Kasuya-the asymptotic form of the charge density oscillations in-
Yosida (RKKY) interaction, the Friedel oscillations are re- duced by an impurity potential is
sponsible for the magnetically ordered structure of rare earth
metals. Sp(x) ~Cyco9 2kex)x( "1 K2+ C coq 4kex)x " 2Ke  (3)
Generally speaking, a key to understanding the physics of i i i 57
heavy fermion systems is the competition between thé@S @ function of the distanoefrom the impurity>=’ Analo-

RKKY interaction and the Kondo screening effect of the 90Usly, the spin density oscillations induced by a local mag-
magnetic moments. The Kondo lattice model is one of the€tic field behave as
canonical models for heavy fermions and much effort has
been devoted to elucidate ){he properties of the model. Re- (%)~ D108 2kpx)x . )
cently the ground state phase diagram of the Kondo latticg;oncerning the one-dimensional Kondo lattice model the
model was completed in one d|men5|’02nil_'here are three  naramagnetic metallic state is expected to belong to the class
phases in one dimension: a ferromagnetic metallic, a parasf |_yttinger liquids. However, in this case the position of the
magnetic metallic, and an insulating spin liquid phase. Fermi points is already a nontrivial problem since the model
Our concern in the present paper is the metallic phase Gfynsists of two components with completely different char-
the one-dimensional Kondo lattice model. In one dimensionycters, the conduction electrons and the localized spins.
it has been established that most interacting metallic systems Tpere are two different points of view concerning the
belc_mgs to the universality class of Tomonaga-Luttingerahove question. If the interaction between the conduction
liquids™ The asymptotic forms of charge- and spin- glectrons and the localized spins is strictly zero, it is clear

correlation functions are that the singularity in the momentum distribution function of
the conduction electrons is determined only by the number of
(n(x)n(0))= Kp/(7TX)2+A1COS(2k,:X)X_1_KF conduction electrons. Thus, if the singular points are not af-

fected by the interactionkz=mn./2 is expected. On the

other hand, a different answer is obtained by identifying the
Kondo lattice model as an effective model for the periodic
(S(x)-S(0))=1/7x)?+Bcog 2kex)x 17K, (2) Anderson model. In the periodic Anderson model the con-

+ A,cog 4kpx)x 4K, (1)
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duction electrons and the electrons are mixed with each , . . . .
other through the hybridization matrix elements. Therefore it
is naturally expected thdt- is determined by the total den- 0.90
sity of both the conduction electrons and theelectrons;
ke=m(1+ny)/2. -

In order to draw a conclusion on whether the Luttinger
sum rule includes localized spins or not, it is necessary to
deal with large-size systems because the Luttinger liquid is
characterized by the long-range correlations and the singu- -
larity in the momentum distribution function is clearly de-
fined only in the infinite system. For this purpose the density 0.70 - .
matrix renormalization grouf®DMRG) method developed by
White? is'most promisi.ng since in Fhe DMRG we can study 0 10 20 30 20 50 60
long chains and obtain results with only small systematic
errors, which can be estimated from the eigenvalues of the

denS|t%_matr|x. lcul h iedel illati fth FIG. 1. Charge density oscillations of the Kondo lattice model.
In t IS papeér, we calcu at.e the Friede osc ations of thepy,, system size is 60 sites and the carrier density.is4/5. The
one-dimensional Kondo lattice model by using the I:)MRG"solid line and the broken line correspondle 2.5 andJ=1.%,

The charge density oscillations are induced naturally by opeRugpectively. Typical truncation errors in the DMRG calculations
boundary conditions and the spin density oscillations are inyre 11076 for J=2.5 and 3x10°° for J=1.5.

troduced by applying local magnetic fields at both ends.

From the period of the Friedel oscillations we can determineagonalization studies at slightly different carrier concentra-
the Fermi momentum. Surprisingly the Friedel oscillationstion n.=0.75> Our DMRG results for clusters of size
are compatible ~with the large Fermi surface N=10 and 20 confirm the existence of this ferromagnetic
ke=(1+n;)/2 in spite of the fact that the charge degreesregion between)=1.6 and J=1.8& at n.=4/5. The total

of freedom are completely suppressed for thelectrons in  spin of the ferromagnetic state is the same as that for strong

0.80 -

p)

the Kondo lattice model. coupling, and the phase transitions are caused by simple
The Hamiltonian we use in the present study is the usugevel crossings between the two lowest states Bith0 and
one-dimensional Kondo lattice model, S=N(1-n.)/2. We calculate Friedel oscillations in the two
paramagnetic states at2.5% andJ=1.5.
H=—t> (¢ ciiio+ HC)+ID, Sis, (5) We first consider the paramagnetic state)at2.5. The
io i charge density oscillations induced by the open boundary

+ . . S conditions are presented in Fig. 1 by the solid line. As ex-
where c;, (C“f? is the creation (an!fuhllat!or) operator pected, long-range oscillations characteristic of a Luttinger
of a conduction electron at theith site, and s® jiquid are induced by the boundary conditions. Since the
=(12) ¢l 7, Cior, With 7, (w=X,y,2) being the \eak decay of the oscillations makes it difficult to determine
Pauli matrices, are the spin density operators of the condughe correlation exponents, by the present system size, we
tion electrons. The spin densities are coupled to the localizetbcus our attention mainly on the period of the oscillations.
spins S through an antiferromagnetic exchange couplingThe Fourier components of the oscillations, presented in Fig.
J. 2, show a clear single peak qt=27/5. The single peak at

Here we briefly summarize the phase diagram of thishis wave number is natural in the strong coupling limit
model? At half filling, n,=1, the ground state is a spin where the conduction electrons and the localized spins form
singlet with a gap for excitations> Away from half filling  local singlets, leading to complete spin-charge separation. In
the ground state is ferromagnetic in the strong couplinghis case we can treat the charge part as spinless fermions
limit.*3'* The ferromagnetic ground state is continuouslywhose correlation functions are characterized by its single
connected to the low carrier density limit,— 0, where the  2kg structure given by Z(1—n;). The peak atgy=2mu/5
ferromagnetic state survives even in the limit of weak ex-corresponds to the kZ structure of the spinless fermions
change couplings. The paramagnetic metallic ground statehich is equivalent to kg structure of the original fermions.
exists only for weak couplings for finite carrier densities. The result of Fig. 1 means that the charge density oscillations
The phase boundary between the ferromagnetic state and theJ=2.5% are already well characterized by the nature of the
paramagnetic state had been determined by the numericsirong coupling region.
exact diagonalization of finite clusters, and it was shown that From the above results, it is not possible to draw a con-
the critical valueJ. goes up with increasing the carrier clusion about whether the Fermi surface includes the local-
density? ized spins, becausekd=2w(1+n.)=2mn,(mod 27). In

To treat large systems with sufficient accuracy, smallorder to see the contribution of the localized spins we next
truncation errors in the DMRG calculation are necessarycalculate spin density oscillations. If thek2 structure is
Since the truncation errors decrease with increasingee  found in the spin density Friedel oscillations reflecting the
chosen,=4/5 for the calculation of Friedel oscillations, spin-spin correlations of Luttinger liquids, it may be possible
where the paramagnetic state remains up.te 3.0t. At this  to argue whether the Fermi surface includes the localized
filling there is a small additional ferromagnetic region belowspins or not: if the localized spins contribute to the Fermi
J.=3.0. It has already been reported in previous exact disurface a Rg= 7/5 structure should appear but if it does not
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FIG. 2. Fourier components of the charge density oscillations. FIG. 4. Fourier components of the spin density oscillations. The
The system size is 60 sites and the carrier density.is4/5. The  system size is 60 sites and the carrier density.is 4/5. The solid
solid line and the broken line correspondde 2.5 andJ=1.5%, line and the broken line correspondle-2.5 andJ= 1., respec-
respectively. The Fourier transformation is carried out by using thdively. The Fourier transformation is carried out by using the central
central 50 sites. The inset shows the resultJer1.Ct, for which 50 sites.

typical truncation errors are>4107°. . . .
Now we proceed to the paramagnetic metallic phase in

a 4w/5 structure appears. To induce the Friedel oscillationghe weak coupling region. The result of the charge density
of spin density, we apply local magnetic fieldsl,.,  Oscillations atJ=1.5 is presented in Fig. 1 by the broken
=2h(S;—si— S +sf) to the spins and conduction elec- line. In this case, too long-range oscillations are induced and
trons at the boundary sites. These local magnetic fields witkheir period is the same ak=2.%. The similarity is also
opposite directions for the two boundary spins induce oscilseen in the Fourier components shown in Fig. 2 by the bro-
lations that are odd with respect to reflection. This featuréen line. For these coupling strengths we cannot see a peak
has been used to confirm the convergence of the DMRG. atq=_2kg=7/5. This means the amplitude of th&g2oscil-

The spin density oscillations are presented in Fig. 3 by théations of the charge density is still negligible even in the
solid line and their Fourier components are shown in Fig. 4case ofJ=1.5. However, as is shown in the inset of Fig. 2,
We clearly see long range oscillations witk 77/5. They are  we find clear X¢ oscillations in addition to the dominant
consistent with a Luttinger liquid prediction, E¢), if we 4k oscillations at a smaller coupling= 1.0t which is con-
assume the large Fermi surface where both the conductiggistent with the general form of the Luttinger liquids.
electrons and the localized spins contribute to the Fermi vol- For the spin density at=1.5, the oscillations and their
ume: Fourier components are presented in Fig. 3 and Fig. 4, re-

spectively, by the broken lines. Although a small structure is
©) also found atg=3w/5, the dominant component is at

g= /5. The structure at=3#/5 is considered to be in-

duced by the coupling mode of the spin density oscillations

v
kFZE(l+ I’lc).

0.08 T T . . . with g=«/5 and the charge density oscillations with
B J=25t — | g=2wx/5 whose amplitude is larger than that &&2.5.
‘ . ; J=15t e Since the structure ay=3w/5 decreases rapidly with an
0.04 - . increasing system size compared with the structure at

g= =/5, we observe that it is not an intrinsic property of the
infinite system. Combined with the results of the charge den-
T sity oscillations it is concluded that the paramagnetic state at
1.5 is also characterized by the Luttinger liquid with the
, Vi Vi large Fermi surface.
-0.04 - Voo At representative values for the exchange coupling con-
stantJ=2.5 and J=1.5, we have seen that the paramag-
netic metallic phases of the Kondo lattice model show Frie-
0080 ——0 20 30 20 50 60 del oscillations characteristic of a Luttinger liquid with a
large Fermi surface. Similar results are obtained at different
concentrations of conduction electrong=2/3, J=2.0t and

FIG. 3. Spin density oscillations of the Kondo lattice model. Nc=6/7, J=1.7t. These results are consistent with the pre-
The system size is 60 sites and the carrier density,is4/5. The ~ Vious work on thet-t” Kondo lattice model for which it was
solid line and the broken line correspondde-2.5 andJ=1.5, Shown exactly that its strong coupling limit is described by a
respectively. The strength of the local magnetic filds 0.1t. Luttinger liquid with the large Fermi surfade Therefore it
Typical truncation errors in the DMRG calculations arx 10" is natural to conclude that the paramagnetic metallic phase of
for J=2.5 and 3x10°° for J=1.5. the Kondo lattice model has a large Fermi surface in general.
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This conclusion is consistent with a variational Monte Carloproperties clearly exceeds the system size studied in the
study using Gutzwiller projected hybridization fodhThis  present work. Calculations on longer systems and the deter-
conclusion is also consistent with the bosonization study bynination of the correlation exponekt, are important areas
Fujimoto and Kawakami’ Although their work was recently for future investigation.
criticized by White and Affleck? it should be noted that the
model used by the latter authors is different from the usual A part of the numerical calculation was done by VPP500
Kondo lattice model. at the Supercomputer Center of the ISSP, University of To-
The DMRG method has made it possible to observe théyo. We thank Matthias Troyer for helpful discussions and a
Friedel oscillations corresponding to the large Fermi surfaceritical reading of the manuscript. This work is financially
in the paramagnetic phase of the weak coupling regionsupported by Grant-in-Aid from the Ministry of Education,
However, it is still difficult to see them in the weak coupling Science, Sports and Culture of Japan. N. S. is supported by
limit J<t, where the length scale of the Luttinger liquid the Japan Society for the Promotion of Science.
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