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Small Fermi surface in the one-dimensional Kondo lattice model
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We study the one-dimensional Kondo lattice model through the density-matrix renormalization group. Our
results for the spin-correlation function indicate the presence of a small Fermi surface in large portions of the
phase diagram, in contrast to some previous studies that used the same technique. We argue that the discrep-
ancy is due to the open boundary conditions, which introduce strong charge perturbations that strongly affect
the spin Friedel oscillations.
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Several uncertainties still exist in our understanding of thewherec;,, annihilates a conduction electron in sjtaith spin
physics of heavy fermion materialdhe importance of solv-  projection o, S, is a localized spins operator, ands;
ing these uncertainties has become even more pressing as W%Eaﬁc;aaaﬁcjﬁ is the conduction-electron spin-density
attempt to understand the anomalous behavior observed @perator.J>0 is the Kondo coupling constant between the
the vizcinity of the clean antiferromagnetic quantum critical conduction electrons and the local moments and the hopping
point” The two major scenarios take radically different amplitudet is set to unity to fix the energy scale. We treated
points of view. In the first one, conduction electrons are asthe model with the density-matrix renormalization-group
sumed to acquire their peculiar dynamics through an essefbMRG) techniqué®!* with open boundary conditions. We
tially perturbative coupling to the slow critical modes of the used the finite-size algorithm for sizes uplte: 120 keeping
antiferromagnetic backgrourid. Alternatively, the starting up to m=400 states per block. The discarded weight was
point is taken to be the strong coupling of the conductiontypically about 10°-102 in the final sweep.
electrons and the localized spins to form singlets, as in the There is compelling evidentethat the one-dimensional
single impurity Kondo problem. The nature of the quantumkondo lattice model away from half-filling is a Tomonaga-
critical point is then linked to a nontrivial competition be- | uttinger (TL) liquid.*® TL liquids with periodic boundary
tween the local dynamics and the long-wavelength antiferroconditions, have charge and spin-correlation functions given

magnetic fluctuations. asymptotically by
One of the key assumptions of the second approach is the

presence of a large Fermi surfa@eS), namely, one whose K, coq 2kex) cog 4Kgx)
volume is given by including the localized spins in the count (Nn(0)dn(x))= () AL MR tA; K,
ar
2Vig ()
5=ht 1.
o (S(0) - 5(x)) =—— + B, Sk @
. X = ,

Behind this assumption lies a deep conneétioetween the (mx)? LXKt
Friedel sum rule of the single impurity Kondo probleand hereK i . | lati N .
Luttinger’s theorem for the FS volume of a system of inter-WNEre 1, 1S a nonuniversar correiation €xponen dadis

the Fermi momentum. Besides, local charge and spin pertur-
_bations, such as introduced by impurities or boundaries, lead
o corresponding Friedel oscillations, which in the case of a
L liquid take the fornft1217-19

acting fermion$. The inclusion of the localized electron in
the count is natural within an Anderson lattice model de
scription at weak coupling but becomes doubtful at stron
coupling where the Kondo lattice Hamiltonian is the effec-
tive low-energy theory. However, topological arguments

have been used, in ohas well as in highéf dimensions, to (5n(x))=C, cos2kex) cos 4kex) ,

show that indeed neutral gapless excitations must exist at a x(Kpr D2 T2 2K,
k-vector spanning a large F&Furthermore, numerical stud-

ies of the one-dimensional Kondo lattice model have also cog 2kex)
pointed to the presence of a large 3?2 In this paper, we <5SZ(X)>:D1T-

show that a more careful analysis of the numerical evidence
casts serious doubts on these conclusions and leaves open the first show our results for the total spin-correlation func-
question of the size of the Fermi surface in heavy fermionjon c(j ,k):<sz.5{[>, WhereS]T=Sj+sj . Since we use open

systems. boundary conditions, translational invariance is lost and
We considered the one-dimensior@ 3 Kondo lattice  ¢(j k) depends on bothandk. We present results obtained
Hamiltonian withL sites by two different methods. In the first orélashed lines in
L-1 L Fig. 1, c(I=]j—k|) was obtained by taking andk at the
_ t oAt o same distancéwithin a lattice spacingfrom the center of
: tj—Ea- CJ"’CJ+1"’+J;1 S the chain. We call this the central valuedgt). In the second
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FIG. 1. Spin-spin correlation function(l) for n=5, L=60, <( iZ) > ’
andJ=0.35(main) andJ=5 (inse). The solid lines correspond to ’ 0.04
lattice averages, whereas the dashed lines are obtained with the two <n>
sites equidistant from the chain centsee texk J
. : . 0 : : : 0.75
one(solid lines in Fig. 1, we averaged over all pairs of sites 0 20 40 i 60

separated by the distante |j —k|. We will call it the aver-
age value ofe(l). If the_ bou_ndary pert_urbatlon _has anegli-  gg 3, (@ S(q) vs momentum for several densities. In all
gible effect on the spin-spin correlation function, then the ,ses 3=0.5 and L =30 except forn=3, where L=40. (b)
two 'methods should yield snmlar results and we can haV?(st)z) and(n;) vs distance fot. =70, J=2.5, anch=¢. Peaks of
confidence that we have obtained the bulk value(df. This <(S?r
is indeed what is observed for the density 2 with L =60, e _ _ N _
as seen in Fig. 1. The paramagnéfiv) and ferromagnetic magnetization zsquare(mset of Flg.. 1. The critical value is .
(FM) phase¥ can be easily discerned from the long-distancelc~1.2 forn=§. The ferromagnetism was also checked di-

behavior ofc(l): for J<J., the envelope of(l) tends to  rectly from the total spin of the ground state. The PM phase
zero (main plots in Fig. 1 and for J>J. it tends to the €xhibits well developed Friedel oscillations due to the open

)?) track the valleys ofn;).

boundaries.
In Fig. 2@, we show the spin structure fact®(q)
(a) =(1L)=; "9 ~¥e(j,k) corresponding to Fig. 1. Because

of the weak influence of the boundaries, this is very close to
the Fourier transform of(l). WhereasS(q) is maximum at
=0 in the FM phaséwith LS(0)=S"(S"+1)], in the PM
phaseS(q) is peaked atjs=n at n=2.%* This result does
not seem to be due to finite-size effects. Indeed, the structure
factor peak gets sharper and more pronounced as one goes
from L=60 to L=120. This is shown in Fig. ®), for the
two densitiesn=2 andn=# atJ=0.35. This isstrong evi-
dence for a small Fermi surfaceith 2k =qs= 7n, in sharp
contrast to what was previously reportéd? Note a very
small feature at wave vectorrh, which, however, does not
(b) increase with the system size and is below the accuracy of
the DMRG. We also calculated the spin structure factor at
several other density values, as shown in Fig).3As finite-
size effects appear to be negligible, we have kept to smaller
chain sizesl(=40 or 30. In all cases, there was good agree-
ment between central and average values(@j. All the
it results point to the presence of a small FS. In order to un-
n=04 )} n=0.8 /| ] derstand the origin of this discrepancy we reexamined the
% parameter ranges studied in Refs. 11 and 12. As we will see,
L their results occur at large values d{J=1), where strong
0 0.5 CI/TE 1 boundary charge perturbations mask the true bulk behavior
of spin correlations. This is diagnosed by very different val-
FIG. 2. Spin structure factd(q): (a) n=Z, same parameters as ues of the average and the centrél). On the other hand,
in Fig. 1;(b) n=2 andn=12 for both L=60 andL =120 (all at J whenJ=<1 as in all cases seen above, the boundaries induce
=0.35). only a weak charge disturbance. As a result, central and av-
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FIG. 4. |N(q)| vs momentum for several densities. Coupling
constants are indicated and lattice sizes are, from top to bottom, S ( q) 3
=60,40,40,60, and 60, respectively.

0.3 } PSS,

eragec(l) are the same, and the spin-correlation function R ////’
oscillates at R-=qs= wn. ym T

In Fig. 3(b), we present the local densityn;) and the o/, . .
squaredz component of the total spi(r(SjTZ)Z) vs distance for 0 0 ' 05 / 1
the densityn=2 andJ=2.5. The charge Friedel oscillations ) a/n

induced by the open boundaries are the same as found g5 6. (a) Average(solid) and centradashed c(1) for n=%

previously"*?and the squaredcomponent is anticorrelated yith J—1.5 andL =60, as in Fig. 1(b) S(q) vs momentum. The

with the charge. This strong charge disturbance is seen ensities are indicated. The parameters are the same as in Figs. 3
other densities whed=1 but is suppressed a¥is de-  and 4 for these densities.

creased. This can be seen in Fig. 4, where we show the

magnitude  of  the  Fourier  transform N(q)  =(1/L)=,e'%((n;)—n) vs momentum for several densities
and coupling constants. Furthermore, whkis decreased,
! ' ' the charge Friedel oscillation peak moves fropg=27(1
(a) —n) to g.=2kg=mn. We note that a peak aj,=2m(1

052

—n) (mod 27) cannot distinguish between a small FS, with
4kg=2mn, and a large one, withkf =2m(1+n) (we de-
<pr.>t note a large Fermi vector by a stafFor this reason, we
Y cannot use the charge structure factor to determine the size of
the Fermi surface. Even when the peaks are not sharp, the
oscillations are still quite well defined, as shown in Fi¢p)5
. ! L for n=3% [compare the scales of Fig(é and Fig. 3b)].
0 10 20 : 30 40 The presence of strong boundary charge disturbances
] leads to different behaviors of the central and the average
; . . . . . spin-correlation functions. This connection is made apparent
(b) in Figs. §b) and &a), which show average and centll)
for n=3%, J=0.5 andn=%, J=1.5, respectively. Ah=3,
J=0.5, charge oscillations are small and the average and
centralc(l) are almost the same. On the other hand, the large
charge peak that occurs at=2, J=1.5 (Fig. 4 leads to
quite different values of the average and cent(d). This is
also reflected in the spin structure factor, which shows only
broad ill-defined features, as plotted in Figbp This is the
key to understanding the discrepancy between our results
. . . . . . . and the ones of Shibata and co-workEr¥
In order to observe spin oscillations, Shibataal. applied
0 10 20 l 30 40 a small local field at the chain ends and measujﬁ}rg). We
FIG. 5. (a) (n;) vs distance fol.=40, J=0.5, andn=3%. () ~ Obtained similar spin oscillations fcil(SjTZ)2>, but with half
Spin-spin correlationfunction fon=3% with J=0.5 and L=40. the periodwithout any field The origin of the latter structure
Solid and dashed lines correspond to average and ceftjalas in  is clear: local spin fluctuations are determined by the charge
Fig. 1. Friedel oscillationg[see Fig. 8)]. Furthermore, this also

0.50 ¢

0.1
c(l)|
~0.1

214406-3



J. C. XAVIER, E. NOVAIS, AND E. MIRANDA PHYSICAL REVIEW B65 214406

calized spins only and conduction electrons only. In Figs.
7(a) and 1b) we present these correlations together with the

! ' ' (a) access to- the true bulk bghavior. Without thege further stud-
01t ;‘l\ . ies, the size of the Fermi surface &1 remains undeter-
0 mined.
0 ;' | We have also calculated the spin correlations between lo-
I
f

c(l)

-01 t // 1 ---- localized total spin-spin correlations for densities=1 andn=%, re-
/ ——— conduction spectively. In Fig. ®), the correlations between localized
5 . . spins are not shown since they differ very little from the total
-0. 0 6 12 spin ones. As expected all three functions have the same
l period, differing only in amplitude. It is also clear that the
(b) conduction-electron contribution increases with the density.
——— conduction Note also that the spin correlations at half filliffgig. 7(a)]
03 —— total 7 decay much faster than at other fillings, due the presence of

a spin gap%?

Let us now discuss these results. The theorem of Ref. 9
guarantees that, provided there is either unbroken time rever-
sal or parity symmetries in the ground state, the one-
dimensional Kondo lattice has gapless excitations kgt 2

L =(1—n). This should be valid within the PM phase. The
10 ) 20 conventional Luttinger liquid phenomenology then tells us
that these are collective spin and/or charge bosonic excita-

FIG. 7. () The average spin-spin correlation function vs dis- tions with a linear dispersion with respect to deviations from
tance for the total, localized and the conduction electron spins in ghis wave vector. They lead to the characteristic oscillatory
chain ofL =42 sites, withJ=1.0 at half fllllng(b) Same a$a) but behavior of Eqs(l) and (2) and the Corresponding peaks in
for a chain ofL = 60 sites,)=0.35, anch= £. Here, the correlations  the spin and charge structure factors. Of course, the theorem
between localized spins are not shown. Botlidnand(b), only the  oes not forbid the appearance of gapless excitatioothat
first few sites are shown. wave vectors such askg= wn. Together with our results,

this would seem to indicate that the spectral weightkgt &
shows that the system is rendered more polarizable by theather small in the rangé&<1, most of it being concentrated
boundary perturbation at the peaks (QSjTZ)Z), accounting  at 2kg.
for the oscillations of S|,) when a magnetic field is applied  The conventional wisdom about heavy fermion systems is
at the end points. Thus, the response of the system under tR&Sed on the competition between the local Kondo effect and
application of boundary magnetic fields, as was done in Refdh€ intersite Ruderman-Kittel-Kasuya-Yosi(RKKY) inter-
11 and 12, is strongly perturbed by the presence of opeﬁcuon.' Alt.h(.)ugh th|§ dlchotomy IS controver3|al' In-one d'.'
boundaries and cannot by itself be used to determine the Si{%ensmn, Its tempting fo use it as a general gwde. The_5|ze
of the FS. In that case, the spin oscillations are inextricabl;? the compensating Kondo cloud around a single localized

X - " : moment has been argued to be exponentially larg¥”,
linked to the charge ones lsg=qc/2. Additional confidence herea is the lattice spacing anglis the density of states at

in this picture can be gglned by the inspection of F|gs. 2 an he Fermi leveR? with typical values on the order of Jum.
4 Of,REf' 11, vyhere an increase ,Of the Chaf@!e pgak IS aCCOMy 5 it would increase akis decreased towards the physi-
panled by an increase of the_spln peak. S_pln Friedel osmllaéa"y relevant regionJ<1, where we observe the peak at
tions should |deally _be studied by applying a small IocanSZZkF:wn. This might lead us to think that we should
magnetic perturbatiom the absence of any charge pertur- \york with system sizes that are at least as large as the Kondo
bation We conclude that, based on the available evidence, gompensating cloud in order to observe features characteris-
is impossible to determine whether the system has a large @ of a large FS. However, the fact that the peak &f 2
a small Fermi surface fai=1. becomessharper and more pronounceas L is increased

We can envisage three alternatives to try to overcome thiﬁFig_ 3(b)] casts doubt on this naive expectation. Moreover,
difficulty. The first one would be to use larger boundary even if the true thermodynamic limit of the spin correlations
fields so that the spin perturbation can surpass the charg® indeed oscillate atk® = m(1+n), our results show that
one. However, it is not clear that this regime is attainableperhapsat the physically relevant distance scalee impor-
without drastically changing the nature of the ground state. Aant wave vector is actuallykz = 7n. For example, neutron-
second way would be to work with periodic boundary con-scattering experiments are limited by the coherence length of
ditions and a magnetic field applied at one site only, thughe neutron beam and may not be able to probe large dis-
eliminating boundary charge perturbations while keepingances such aae'?. Other probes of the FS size, such as
spin ones. However, this is not particularly appealing be-quantum oscillations, are limited by the electron mean free
cause the DMRG loses accuracy with periodic boundary conpath, which would also have to exceed this length scale to
ditions. Finally, by going to larger systems one can haveaccess the asymptotic limit. Thus, our results put stringent

0
c(l)
03

0
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limits on the observability of a large FS in heavy fermion (J=1), which hinders the investigation of the Fermi-surface
systems. Besides, the presence of disorder and/or inelaskize in this region. Even if the true asymptotic spin correla-
scattering may render the small FS size the only relevantions are peaked at the large Fermi-surface wave vector, the
length scale in real systems. relevant oscillation period in many cases of interest may be
In conclusion, we have found clear signatures of a smalket by the size of the small Fermi surface.
Fermi surface in the spin-correlation function of the one-
dimensional Kondo lattice at small values of the Kondo cou- J.C.X. is grateful to A.L. Malvezzi for providing some
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