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Phase diagram of the two-leg Kondo ladder

J. C. Xavier and E. Miranda
Instituto de Fisica Gleb Wataghin, Unicamp, Caixa Postal 6165, Campinas SP 13083-970, Brazil

E. Dagotto
National High Magnetic Field Lab and Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
(Received 5 March 2004; revised manuscript received 22 April 2004; published 23 Novembgr 2004

The phase diagram of the two-leg Kondo ladder is investigated using computational techniques. Ferromag-
netism is present, but only at small conduction electron densities and robust Kondo caulimgdensities
n=0.4 and any Kondo coupling, a paramagnetic phase is found. We also observed spin dimerization at
densitiesn=1/4 andn=1/2. Thespin-structure factor at small peaks atj=(2n,0)w for n<0.5, and aftj
=(n, 1)« for n=0.5. The charge structure factor suggests that electrons behave as free particles with spin -1/2
(spin-0 for small (large J.
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Numerical studies provide valuable unbiased informatioralgorithm for sizes up to  L=80 was applied, keeping up
about strongly correlated electronic systems. However, cuto m=1200 states per block. The discarded weight was typi-
rent computer limitations restrict most investigations to one-cally about 10°-107 in the final sweep.
dimensional(1D) models or small two-dimensiongPD) Let us first briefly describe what is currently known about
clusters. Unfortunately, the physics found in 1D models isthe KLM ground-state phase diagram. In 1D, for low elec-
often qualitatively different from results observed in real ma-tronic - density and/or largeJ, the ground state is
terials. A possible procedure to start an investigation of realferromagneti€ (see also Ref. 8 The rest of the phase dia-
istic 2D models is by coupling 1D systems together. Thisd'am IS characterized by a paramagnetic phase, except for a
approach has been used with great success in the case of ﬁ[[z@a” wedge of ferromagnetism for fillings above=0.5
t-J model. where numerical methods. such as Exackk ef. 9. Furthermore, spin dimerization has re(_:ently_been
Diagonalizatiof and Density Matrix Renormalization Group ;jisr?so}/r?rr(]eighaet;:(j?r:r?e(r\i?cf)h i%.al\\/ﬂgztegernoﬁ%?tjctﬁg ;%\Szg?n?éte

s : e .
gr[l) eMZRDG an %Zﬁht:ﬁhpéﬁl sl?u jilgg 'ggtllg% dseer‘;f;f‘é properties of approaches. Doniathpointed out the possible existence of a

: . _Kondo-lattice quantum critical poifQCP) due to the com-
The ground-state properties of the 2D Kondo latticepeition  petween the Ruderman-Kittel-Kasuya-Yosida
model (KLM) remain mainly unexplored using unbiased gkky) interaction, which favors antiferromagnetism

methods. The KLM is the simplest model believed to de-(apm), and the Kondo effect, which favors paramagnetism.
scribe heavy-fermion materidfisand, thus, a better under- The fyll mean-field phase diagram of the 3D Kondo lattice
standing of its ground state is much needed. The main gogas obtained by Lacroix and Cyr&t.They found that, at

of the present work is to provide the first steps toward detersmall J, there is a critical densitp, separating a ferromag-
mining the phase diagram of the two-leg Kondo lad@r  netic phase from an antiferromagnetic one. For sufficiently
LKL). The information provided here will hopefully be as largeJ, however, the Kondo effect dominates and the system
relevant for KLM 2D systems as ladder studies were in thes paramagnetic. Further studies also considered an explicit
t-J model context. TheN-leg Kondo ladders consist dfi  exchange interaction between localized spfRecently,
Kondo chains coupled by the hopping term. As shown belowguantum Monte CarlgQMC)** and DMRG?® investigations
the phase diagram of the 2-LKL is fairly different from the of the half-filled Kondo lattice in small clusters confirmed
1D KLM. We considered the 2-LKL on Z L clusters and a the existence of a QCP dt~ 1.45 in agreement with previ-

Hamiltonian ous approximate approach®sMoreover, DMRG results on
N-leg Kondo ladders at half filling have shown that the spin
H=-t> (¢, ¢, +HC)+IX S s, and charge gaps are nonzero for any number of legs and
(o j couplingJ.*® A two-channel version has also been studied at

half filling.1” Here, the two-leg Kondo laddewayfrom half
wherec;,, annihilates a conduction electron at giteith spin filling is considered.
prlojection o, S is a localized spirs operator, s In Fig. 1(a), the schematic phase diagram of the 2-LKL is
:zzaﬁciaaaﬂcm is the conduction electron spin-density op- presented. We have identified three phases characterized by
erator, ando,; are Pauli matrices. Hexgj ) denotes nearest- full ferromagnetisn(FM), partially saturated FMPFM), and
neighbor sites)>0 is the Kondo coupling constant between paramagnetisniPM). The approximate boundaries between
conduction electrons and local moments, ard fixes the these phases were first obtained from the energy difference
energy scale. The total number of conduction electror$ is AE=E((2L-N)/2)-E(0) for L=16, where E(p) is the
andn=N/2L. This model was investigated with the DMRG ground-state energy in the sector with total spin projection
techniqué using open boundary conditions. The finite-size S'==;§+s’=p [Figs. Xa) and Xb)]. This was then refined
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FIG. 1. (Color onling (a) Phase diagram of the 2-LKL, FM,
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These values suggest that for small density and lesgell)

J, the ground state is FNPM),'® while for the whole region
with densityn=0.4 andJ>0, it is PM. In Fig. Xc), the
magnetization densitgn=S;/2L versusJ is shown for some
conduction electron densities. It can be seen that for small
andJ, the total spin is zer@within the DMRG precision At
n=1/8, m starts to increase akis increased and saturates at
m=(1-n)/2. Forn=1/4, however,m is nonmonotonic and
vanishes with further increase &f apparently continuously.
These results are not due to finite-size effects: the same be-
havior is observed for both’216 and 2< 32 clusters at this
density, suggesting that it survives the thermodynamic limit.
For 0.25=n=0.4, the magnetization density does not satu-
rate atm=(1-n)/2 [seen=0.3125, Fig. 1c)]. Then, this
phase has partial ferromagnetiRFM) order. Fom=0.4, we
have found thatm<0.03 for several Kondo couplingd
(while for largeJ, m<1073). This result strongly suggests
that the whole region witm=0.4 is paramagnetic. This is
different from the 1D KLM, which shows full FM at any

PM, and PFM denote regions with ferromagnetism, paramagnetism, e
and partial ferromagnetism, respectively. To the right of the dotted

line, the thick lines separate three regions: small and ldrged

n=0.5. These regions are characterized by the location of the spin-

spin structure factor peaksee text (b) Gap AE between the
ground state and the ferromagnetic statevir a 2X 16 cluster,

and several numbers of electrg@as showin The densities from the
top are,n=0.1875, 0.25, 0.3125, 0.374, and 0.56@5.Magnetiza-

tion density vs. Kondo coupling, at several densitieShe errors

are of the order of or smaller than the symbol size.

through the(computationally more costjycalculation of the
ground-state total spin in the sect8=0 of 2X 8, 2X 16,
and 2x 32 clustergFig. 1(c)]. In Fig. 1(b), we showAE as a
function of J for the 2X 16 cluster and several values f
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FIG. 2. (Color online The spin structure factds (¢) vs g, for
the 2-LKL: (a) J=0.8,n=1/4, andL=32; (b) J=0.8,n=7/8, and
L=32;(c) S(ax,qy,=0) vsq for several values df with J=0.8 and
n=1/4; (d) S(qg) for densitiesn=7/16 andn=7/8 (see arrows
with L=32 andJ=60. The solid(dotted lines correspond tg,=0

(qy=77)-
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FIG. 3. (a) Nearest-neighbor spin correlations of the 2-LKL for
L=32,J=0.8, andn=1/4. Solid and dashed lines represent AFM
and FM correlations, respectively. The thickness of the lines is pro-
portional to the magnitude of the correlations. Only the ladder cen-
tral portion is presented. Below the correlations, a classical configu-
ration compatible with them is showib) Same aga), but for n
=1/2;(c) Dimer order-parametdd(L/2-1) vs 1/L for J=0.8 and
n=1/4.
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density decreases from=1, the peak atg=(n,1)w de-
creases, while another peakdat (2n,0) 7 starts to increase,
such that an=0.5 they have the same magnitude. In con-
trast, for large values ad, S(g) is one order-of-magnitude
smaller and has a small cuspdat(2n,0), as can be seen in
Fig. 2(d).

Spin dimerization of the localized spins has been detected
in the 1D KLM for bothJ< 0%° andJ> 0 (Ref. 10. It would
be very interesting if the dimerization also survives in the
2-LKL, as this would suggest that it may also be present in
the 2D system. Indeed, we have observed spin correlations in
the 2-LKL that resemble the dimerization of the 1D KLM. In
Fig. 3a), we show the spin-spin correlatiomS,Tl-S}2> for
nearest-neighbor sites of the 2-LKL at density1/4, J
=0.8, andL=32. The solid(dashed lines indicate thaD(j)
is negativg(positive) and the line thickness is proportional to
the amplitude of the correlations. As can be seen, along the
legs, the dimer order parametBX(j)=(S[, ;-S(; .1 0scil-
lates with period 2, while the rungs exhibit FM correlations.

FIG. 4. (Color onling The charge structure factdt (g) vs gy We.have also found that tm=1/2, D() alse oseillates with
for the 2x 32 cluster and=7/8: (a) J=0.8 and(b) J=10. We also  P€riod 2, as shown in Fig.(B). However, in this case, the
showNg' (G) andNJ (4) (see text correlations along the rungs are antiferromagnetic. This is
not a finite-size effect artifact or caused by open boundaries.
In Fig. 3(c), the order parameter at the center of the ladder
Q(J L/2-1) vs. 1/, atJ=0.8n=1/4, shows a very weak
size dependence. For other densities, more complex spin

To probe the paramagnetic phase, we calculated the l:oﬁtructures were observed and there is no analogous simple
rier transform of the spin-spin correlation functigthe spin- ~ Picture(a similar situation occurs in the 1D KLM away from
structure factor S(G)=1/2L%;, r_eq (1~ r2)<ST ST> where quarter filling®. For J>1 and 0.5sn<1, <S -S; )
~-10"3 (for n<0.5 some small ferromagnetic Correlatlons
start to develop much less than the values found for sndall
We also have verified that, as in the 1D c&¢hese spin
) v t correlations can be traced back to the RKKY interaction be-
=(2n,0)m for n<0.5, while forn=0.5, it is atG=(n, )7 yyeen localized spins. This effective, conduction-electron
As an example, in Figs.(d) and 2b), the spin-structure egiated spin-spin interaction can be obtained from second-
facto_r_S(d) is presented for the 2 32 c_:luster withJ=0.8 and 5 ger perturbation theory, and it is given by
densitiesn=1/4 andn=7/8, respectively. These results do
not seem to be caused by finite-size effects, as shown in Fig. Hriky ~ 22 Jguy (= ID(SH- ST+ 57+ SD)

2(c): the peak becomes more pronounced as the lehgth i
increases. Previous studies of the two-leg Hubbard model
close to half filling also found that the peak 8fq) appears

at g=(n,1)7 (Ref. 4. We have also observed that, as thewhere

density for a large-enough’? It is surprising that coupling
just one more chain to the 1D Kondo lattice induces such
dramatic effect on the phase diagram.

=S, *+sr,. We observed that the maX|mum S(q) can

appear in three distinct positions, as indicated in Fig).1
For small values of], the maximum ofS(q) is located atj

+ 2%y (i = iDSH- S,

b O (D (@) )= (0,-1,0.66,0.07,- 0.41,- 0.03,0.28,)...n = 1/4
RKIVETDIRIKEZI RIS 7 71(0,- 0.17,1.25,0.73,- 1.29,0.10,0.46,)..n=1/2

(-1.46,0.23,0.90,0.09,- 0.41,-0.03,0.28)..n=1/4

32 v (0),320cv (1), B2y (2), ...) = ,
Urickr (O Ty (Do Ty (s ) { (4.35,2.30,—- 2.42,0.07,0.70,0.40,- 0.86)...n=1/2

ands; (S) is the localized spin in the firgsecondleg and  Jzev (1) have signs that favor a classical configuration along
rungj For simplicity, only the first few RKKY couplings thelegsag1/]/11]]. Note that spin dimerization is expected
were shown. Let us now focus on density=1/4. All in a spin chain with first- and second-neighbor interactidns
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and J,, if J,>0 and -4,<J;<0 (Ref. 2. The first two  charge structure factor of free fermions with sg@im a two-
RKKY couplings Jkyiy (1) and Jkyyy (2) along the legs sat- leg nearest-neighbor tight-binding ladd&rin Fig. 4(a),
isfy this inequality, and further neighbors couplings favor theN () is shown for the 2-LKL withL=32, J=0.8, andn
classical configuration. Moreover, the couplinig.y(1) be-  =7/8, aswell N2 (6). The behavior oN () is fairly simi-
tween legs also favor the predominant ferromagnetic aIIgn[ar to free spin% fermions. On the other hand, in the strong

ment across the rungexcept forJa. (1)=0.23, which is Lo -
nevertheless smallalso in agreement with the classical pic- co_upllng I|m|tN @ appr_oaches the structure factd (q) of
spinless fermiongsee Fig. 4b)].

ture presented in Fig.(8). A similar analysis also holds for _ _
the casen=1/2. It isinteresting to note that, in this case, the N conclusion, we have explored the phase diagram of the

|egs are Coup|ed antiferromagnetica”y' adaKKY(I) has tWO-Ieg Kondo lattice model away from half fllllng Our re-

larger magnitudes than at=1/4. This fact suggests that at Sults show that a ferromagnetic phase is present only for
n=1/2 thelegs are more strongly coupled thanret1/4. small densities, unlike the 1D Kondo chain, but consistent

Indeed, our numerical results of Figgagand 3b) confirm  with mean-field studie¥> We have found that the charges
this expectation. Thus, the RKKY interaction appears tobehave basically as free fermions. On the other hand, the
naturally lead to the spin structure shown in Fig&)3&and  spins have nontrivial behavior. The peak of the spin-structure
3(b). It is interesting to note that unusual ordered spin strucfactor for small values ofl is located atj=(2n,0) for n
tures have been observed in some heavy fermion compoundsg 5 gnd ati=(n, 1) for n=0.5. For large values af and
(see, for example, Ref. 220ur results suggest that the ef- n=0.45d) has only a small cusp @=(2n,0)«. We have
fective RKKY interaction may be their origin. S .
also shown that dimerization is present in the 2-LKL at den-

We have also calculated the charge structure fastop S _ ; .
_ C G(FTy) N n RN sitiesn=1/4 andn=1/2, andthat the RKKY interaction can
=1/AZg,  T2on(F) N(2)),  where  on(ry)=n(Fy) tentatively explain this unusual spin arrangement
—({n(r,)). Previous work on the 1D KLM has shown that the y '
qualitative behavior ofN(g) in the extreme weak- and This work was supported by Grants from FAPESP, No.
strong-coupling limits could be ascribed to free séiramd 00/02802-7(J.C.X) and No. 01/00719-8E.M.); CNPq, No.
spinless fermions, respectiveéyThe same analysis clarifies 301222/97-5(E.M.); and DMR No. 0122523 and No.
the behavior ofN (g) in the 2-LKL. Let us callN5 (G) the ~ 0312333(E.D.).
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