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Particle-hole symmetry breaking perturbation in the two-channel pseudospin Kondo problem is
studied by the numerical renormalization-group method. It is shown that the repulsion among
conduction electrons at the impurity site and the single particle potential are relevant perturbations
against the conventional non-Fermi-liquid fixed point. Although the repulsion (potential) with realistic
strength prevents the overscreening of the pseudospin, it induces in ttgal apin, which is also
overscreened again. Thus theal spinsusceptibility becomes anomalous, contrary to the conventional
two-channel Kondo problem.

PACS numbers: 71.27.+a, 71.28.+d, 74.70.Ad, 75.30.Mb

The multichannel Kondo problem has attracted much ate-axis logarithmically divergent magnetic susceptibility,
tention recently because of its anomalous non-Fermi-liquidtan be explained by the quadrupolar Kondo effect in tetra-
behavior. While the problem was originally discussed longgonal symmetry [16,18]. However, it might make sense to
ago as a generalized Kondo effect with orbital degeneracinvestigate the possibility that such magnetic anomalies are
[1], the two-channel Kondo problem has been revived irrelated to the appearance of localized real spins in a more
a proposal of a quadrupolar Kondo effect as an origin ofjeneral sense. For instance, a repulsion between conduc-
U-based heavy fermions [2]. The two-level system intertion electrons at the impurity site, which was neglected in
acting with conduction electrons was also recognized as e above pseudospin models [19], is expected to prevent
candidate for realization of the two-channel Kondo modebverscreening [20] and to induce a real spin.

[3]. The latter system has attracted much interest not only The purpose of this paper is to examine the effect of
because it offers a model explaining the anomalous transuch a repulsion on the two-channel Kondo model by the
port properties of glassy metals [4,5] but also because numerical renormalization-group (NRG) method [21,22].

is expected to give a canonical model of strong couplingtis shown that the fixed point Hamiltonian is described not
electron-phonon systems [6-8]. only by the conventional exchange couplifigbut also by

Although the two-channel Kondo problem has beenan impurity potential/*, to which the repulsive interaction
fully solved by a variety of methods [9—15], it seems still U is renormalized; namely, the single particle potential
to remain for us to clarify the reality of the model itself is also a relevant perturbation. The competition between
[16]. Inthe magnetic two-channel Kondo model, proposedhe exchange coupling and the repulsion or the impurity
quite recently for C& [17], it is a straightforward con- potential induces the degrees of freedom of channels (i.e.,
clusion that the magnetic susceptibility shows non-Fermireal spin) and leads to the pseudospin singlet ground state
liquid behavior. In the pseudospin two-channel Kondofor realistic strengths of/ or V. It is the particle-hole
model, where primarily the susceptibility of the pseudospinrsymmetry breaking that causes such competition. The
(i.e., that of charge polarization) shows anomalous behawverscreening of the induced real spin again makes the real
ior, it is not clear whether or not the real spin suscepti-spin susceptibility anomalous, contrary to the conventional
bility exhibits non-Fermi-liquid behavior. However, it is pseudospin two-channel Kondo problem withdéuandV .
suggested that the system,;ThU,Rw, Si,, which shows a| We begin with the model Hamiltonian for the Wilson

NRG calculation as follows:
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Hy - -

F = A(N D/2 Z Z A n/z'fn(f;-zr,mzrfnJrl,mU + H~C-) + Hinc s (1)

ma n=0
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where the indices: and o denote a label indicating channel and pseudospin, respectivatythe Pauli matrix vector,
and 7 is that for the impurity pseudospin. Our exchange Hamiltonian (2) is written in terms of the local pseudospin
degrees of freedom. In the case of the quadrupolar Kondo effect, for instance, these are local quadrupolar degrees of
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freedom, while the magnetic index of the conduction
electrons serves as a channel index. Here we have defined

p=1FAp ol
N 2 ’ 1+ AT

U= —U V=L\7 (3)
1+ AT 1+ ALY

where2D denotes the bandwidth of conduction electrons,
J the exchange interaction between conduction electrons
and the impurity pseudospiny the potential at the
impurity site, and0 the repulsion among the conduction
electrons at the impurity site [23]. Hereafter we set
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D = 1, i.e., the energy levels are scaled byand ignore
A dependence ir¥,, i.e., &, = 1, becauset, — 1 for
largen.

The conserved quantities of the Hamiltoniaky, (1),
are the total number of conduction electrofs the real
spin j, and the total pseudosph defined as follows:

N
Oy = Z Z Z(f;zr’)na'fn,m(r - 1/2) s

(4)
m n=0 o
1 N
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N
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m n=0o0’
=> s +t. (6)
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Since both the repulsio and the potentialV break
the particle-hole symmetry unlesd//2 + V = 0, the
degenerate eigenstates denoteddgy are split in general.
In our calculations, we have uséd= 3 and retained low

FIG. 1. The flow diagram for (ay = 2.0, U = 1.6, V =0
and (b)J = 1.0, U =2.0,V =0.

The nature of ground states for various coupling
constants/, U, and V = 0 are shown in Fig. 2. The
closed circles stand for the ground state witk= 0 and
while the open circles witt§ = 1/2. The line dividing
the two types of ground states is drawn by estimating
the coupling constants which give the same energies of
these two types of ground states. It is noted that the
boundary line flattens as — 0 and has a constant slope
for / = 1. We can understand this result as follows. The
energy gains for overscreening formation at the impurity
(n = 0) site are due to both the exchange enefggnd
the kinetic energy associated with the trandfebetween
the 0 and 1 sites, while the energy loss arises through the
repulsionU between overscreened conduction electrons.
Consequently, the boundary line is roughly determined by
the conditionlU ~ maxJ, D); namely, for0U > J/8 and
D/4, the ground state becomes a pseudospin singlet. It is

lying energy states up to 300 states at each step as bases

for constructing new quadruple states.
First we have investigated the cage= V = 0 and

verified that the same energy levels are reproduced as
in the work of Pang and Cox [10]. Next we have
investigated the casd/ # 0. The flow diagram of
levels of low lying states for/ = 2.0 and U = 1.6 is
shown in Fig. 1(a). The solid (dotted) lines are for even
(odd) iterations. Each level is labeled b@, j,S). The
ground state of the fixed point is the pseudospin doublet
(S = 1/2), which is expected for the case where the
exchange coupling is stronger than the repulsion. In
Fig. 1(b) the flow diagram for/ = 1.0 and U = 2.0

is shown. The ground state is now the pseudospin
singlet § = 0), because the repulsiati, larger than the
exchange coupling and the hoppingD = 1, prohibit
overscreening. It is noted that the ground state is still
degenerate due to the degrees of freedom of the channel,
i.e., j = 1/2. It is remarked that the positions of the
energy levels at the fixed point in Figs. 1(a) and 1(b)
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exactly coincide with each other while the nature of theF|G 2. The nature of ground states for various sets of

ground state is different.
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coupling constants of, U, andV = 0 in the unitD.
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noted that the ground state is expected to belong to that of
S = 0 for a realistic value of/ andJ.

Now we discuss properties of the fixed point. The fixed
point HamiltonianH™* is described as

H" = Z ATP(fE o+ He) + Hy 0.35 o
n=0 - ll
Hi o= 4J%(s) +89) - t + a™(s) + s9)? s I
+ BT+ 07+ Vo + e, 7) "
whereH;,, has the same symmetry Hg,, in (1), the effec- WV i

tive couplings/*, «*, B8*, andV* may depend on the initial
couplings in general, anéd is a constant energy shift. If
weset)* =J,a" = 8= —-U,V*=3U/2 + V, and
€ = 3U + 2V, Hj,, becomes equivalent t, in (1).

Since the energy of low lying excited states at the fixed
point is mainly determined by7;,, we can determine :
the parameterg® ~ € in (7) so as to reproduce the low g .
lying energy levels alV = 39. The results for the initial 18 ng
parameters/, U, V) (a) (0.5,0.0,0.0), (b) (2.0, 1.6,0.0), 20
(c) (1.0,2.0,0.0), and (d) (0.2,0.4, —0.6) are shown in FIG. 3. J, U dependence of the effective impurity potential,
Table I. Itis noted that the effective exchange coupliig V", with vV = 0 at the fixed point.
is independent of the initial coupling (includingU = 0),
anda™ and 8* are always zero. In the case (d), there isthe ground state is a pseudospin singlet{ 0). For each
particle-hole symmetry so that the fixed point is the sameof the low lying excited states, we can find the relations
as in the case (a) wheté = V = 0. The characterofthe Qs = —Qp — 1, js = Sp,andSs = jp. Ifwe setVg =
fixed point is determined mainly by the effective impurity 2J* — Vp, the low lying excited energies at the fixed point
potentialV* which depends on the initial couplings U, for each parameter are the same, as easily seen by means
andV,i.e.,V* = f(J,U,V). Consequently, the effective of the effective interaction (8). A prime example is the
interaction at the fixed point can be written as relation between Figs. 1(a) and 1(b) as mentioned above.

According to this example, the coincidence of energy

Hi, =76 +s)) -t + V' (J* =0.20). (8) levels occurs after 20 iterations. From this coincidence,

it is expected that thew and T (w/D,T/D < A~20/2)
TheJ, U dependence df“ with vV = 0is showninFig. 3.  dependence of the susceptibility of treal spin(channel)
It is noted that/* increases (decreases)@g/) increases. for V;, coincide with those of the pseudospin g =
From this effective interaction, the “flow lines” for scal- 2j* — v}, which has been known as anomalous [11],
ing in parameter space are obtained frgity, U,V =  and vice versa. This is a new aspect of the two-channel
0) = const. Especially, fov* = J* = 0.20, the “flow  Kondo problem which was not recognized as long as
line” becomes equivalent to the boundary line shown inthe conventional model without repulsion and potential
Fig. 2, because the first excitation energy is zero for thes@cattering U = V = 0) had been investigated, though the
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couplings. ' _ possibility of a diverging channel susceptibility has been
In order to investigate thes and 7 dependences of suggested from another point of view [24,25]. This dual
the susceptibility, le(Q, j, S) be (Qp, jp,Sp) for V¥ = nature implies that when the impurity spin is magnetic the

Vp < 0.20, where the ground state is a pseudospin doublepseudospin susceptibility should be anomalous, together
(S = 1/2), and (Qs, js, Ss) for V* = Vg > 0.20 where  with the real spin susceptibility.
This remarkable aspect can be seen more vividly by in-

. . . . vestigating the spectral weight of the dynamical suscep-
gﬁ\)?jtstildn %?eﬁgeeﬁgfg@'qg\s/’ejls dve’:\’;g'cgrrqﬁgeirﬁti;?' tibilities for the real spin of conduction electrons at the

parameters(J, U, V), (a) (0.5,0.0,0.0), (b) (2.0,1.6,0.0), (c)  impurity site, x/(w), and for the impurity pseudospin,
(1.0,2.0,0.0), and (d)(0.2,0.4, —0.6). x!(w). They are calculated by the method of Ref. [11]

J.UV) = PR v P as shown in Fig. 4. Itis noted that, in the presence of the

repulsionU, x; (w) shows non-Fermi-liquid behavior with

(@  (05,00,00  0.20 0 0.80 im,_o xj(w) being finite, while without the repulsion
()  (20,1.6,000  0.20 012080t shows Fermi-liquid behavior withy/(0) = 0. How-

ég; ((()12'06240’_0(')0;) 8'28 0628 8'88(? ever, if we seBU/2 + V = 0, similar calculations show

b : : that x;(0) = 0; namely, it is the particle-hole symmetry
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