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Phase Diagram of the Two-Channel Kondo Lattice
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The phase diagram of the two-channel Kondo lattice model is examined with a quantum Monte Carlo
simulation in the limit of infinite dimensions. Commensurate (and incommensurate) antiferromagnetic
and superconducting states are found. The antiferromagnetic transition is very weak and continuous.
The superconducting transition is discontinuous to an odd-frequency channel-singlet and spin-singlet
pairing state. [S0031-9007(97)02626-4]

PACS numbers: 75.30.Mb, 71.27.+a, 75.10.Dg

Despite strong local Coulomb correlations and a huge Motivation—A possible model for some heavy
electronic effective mass (100—1000-fold enhancementfermion compounds is the two-channel Kondo lattice
a number of heavy fermion materials display highly un-which consists of two identical species of noninteracting
usual superconductivity (HFSCs) [1]. Indeed, the heavyelectrons antiferromagnetically coupled to a lattice of
electrons themselves pair (as evidenced by the scaling apin 1/2 Kondo moments [8]. This model displays
the specific heat jump at the transition temperafurevith  non-Fermi liquid behavior because of the overcompen-
the normal state specific heat). Unconventional supercorsation of the Kondo spins by the conduction electrons.
ducting order parameters (pair wave functions) with eithehis was first pointed out in the single site two-channel
spatial [2] or temporal nodes (so called “odd-frequency’model by Noziéres and Blandin [12]; the impurity plus
pairing) [3—7] avoid the strong Coulomb interaction andextended conduction screening clouds yield a net spih 1
so are favored for interpreting these systems. This vieweharacter. This yields a degenerate ground state with a
is supported by observation of (i) power laws in low tem-non-Fermi liquid excitation spectrum. This overscreening
perature physical properties [1,2], in contrast with thealso effects an interchannel pairing mechanism [8], which
activated behavior of conventional (nodeless) pair wavén the impurity problem favors spin-singlet channel-
functions of, e.g., aluminum, and (ii) the complex multi- singlet odd-frequency superconducting fluctuations
phase superconductivity of UPand U _,Th,Be;; (and [5-7]. We find that this overscreening generates novel
possibly UBe; itself) [1,2,8]. The superconductivity antiferromagnetic superexchange between the Kondo
coexists with antiferromagnetism (AFM) (AFM-usually spins on the lattice. Taken together with the RKKY
commensurate) in URtURWSI,, UPdAl;, and UNbAI;  exchange, this favors antiferromagnetism in the lattice
[1], and competes with AFM in CeG8i, [9]. Finally, at model close to half-filing of the two channels. In this
least in UBg; [10] and CeCySi, [9], the “normal metal- paper we will elucidate the nature of the superconducting
lic state” is clearlynot described as a Fermi liquid. In and magnetic transitions on the lattice.
each of these materials abo¥g, the linear specific heat Model—The Hamiltonian for the two-channel Kondo
rises with decreasing temperature, the resistivity is aplattice is
proximately linear inT, and the residual resistivity &t. £ +
is high (typically 80-100 x€ cm in the best samples of H =J > S; *Sia — == > (CiaosCjas + H.C)
UBey,). i 2Vd

In this paper, we provide the first calculations of the —u Z g )
phase diagram for the two-channel Kondo lattice in in- haoTLaa
finite spatial dimensions. We find second order antifer-
romagnetic and first order odd-frequency superconducting/herec;fa,,, (ci.a.0) Creates (destroys) an electron on site
phase transitions. Coexistence of commensurate (and im-in channela = 1,2 of spin o, S; is the Kondo spin on
commensurate) antiferromagnetism with superconductivsite i, ands; , are the conduction electron spin operators
ity is, in principle, possible. We present several possibldor site i and channek. The sitesi form an infinite-
routes to account for the multiple superconducting phasedimensional hypercubic lattice. Hopping is limited to
observed in real materials. Taken together with the nonnearest neighbors with hopping integrae */2./d. All
Fermi liquid paramagnetic phase discussed in previousnergies are measured in units of the scaled hopping
publications [11], and earlier suggestions that the twointegral#*. Thus, on each site the Kondo spin mediates
channel lattice may describe UBeand other heavy an interaction between the two different channels. This
fermion systems [8], our work establishes that the twoproblem is nontrivial, and for the region of interest in
channel Kondo lattice model possesses the key ingrediwhich J > 0 and T < J,t* it is describable only with
ents needed to explain HFSC. nonperturbative approaches.
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Formalism and Simulatior—Metzner and Vollhardt Psics(q,T) = TZX_(iw,,,iwm,ZI), 4)
[13] provided a simplified method for solving such prob- nim
lems in a nontrivial limit. They observed that the renor- o L >
malizations due to local two-particle interactions become Pssci(q.T) = T%/‘/+(lw”’ i, q). )
purely local for the coordination number tending to infin-
ity. In consequence, most standard lattice models may bdere f=(iw,) are odd functions of Matsubara frequency
mapped onto the solution of an effective correlated im-Used to project out the odd-frequency pairing, and, for
purity coupled to a self-consistently determined bath o€xample, Psics(¢.T) is the spin-singlet channel-singlet
medium (see [14] for further details and references). ~ Pair-field susceptibility for a pair with center-of-mass
We solve the effective impurity problem for Eq. (1) momentuny.
by using the quantum Monte Carlo (QMC) algorithm of To determine the form of . (iw,), we have employed
Fye and Hirsch [15], modified for the two-channel Kondo the pairing matrix formalism of Owen and Scalapino [18].
model [16]. We simulated the model for several fillings We have represented eagh. in a two-particle Dyson
N (0 <N = 1) and exchange interaction strengtfis €quation and extracted the irreducible vertex functions

(J = 0.75, 0.625, 0.5, 0.4). Error bars on the measured I'=. The resulting pairing matrices are

quantities are less than 6% for the results presented o P o
here. A sign problem encountered in the QMC process M=(iwn,iwm,q) =\ x=(iw,, ¢) V=(iwy, iwy,)

prevented us from studying = 0.8 and N = 0.5 since
lower temperatures are required to access the physically % v/)(g(iwm,&), (6)
interesting regime. a
The QMC simulation naturally produces both one- andwhere x(iw,,q) are the particle-particle diagrams in
two-particle properties. The local spin susceptibility  Fig. 1 without vertex correctionsf+(iw,) is the eigen-
was obtained by measuring the three-by-three matrix ofector corresponding to the dominant eigenvalueVof
the local susceptibility, including both the Kondo spin and(that with the largest absolute value).
conduction band spin fluctuationg was then inverted to Results—In this model, antiferromagnetism is driven
calculate the associated irreducible vertex function and they both RKKY interactions and a novel type of superex-
corresponding lattice susceptibility in the usual way [17]. change. The latter arises from hopping between adjacent
The situation for the superconductivity is more com-spin 1/2 screening clouds, whose overall spin is deter-
plicated. Only the two conduction channels contributemined by the conduction electrons; the Pauli principle for-
to the pair-field susceptibility. We can then look bids hopping unless neighboring spins in the same channel
for pairing instabilities in singlet and triplet channels are antiparallel. As a result, for large the superex-
for both spin and channel. Motivated by impurity change goes as(¢*)?/J. For conduction band fillings
model results [5,6], we have restricted our attention taclose toN = 1, both the RKKY (evaluated at nearest
the particle-particle propagator diagrams as shown imeighbor sites) and the superexchange favor antiferromag-
Fig. 1. It is possible to make two independent com-netism (the RKKY exchange remains antiferromagnetic
binations of these diagrams, vizy:(iw,,iw,,q) = until N < 0.5), and an antiferromagnetic transition results,
o, iw, q) * yplio,,ivw,,q), from which we as shown in Fig. 2. Because of the screening of the local
construct a quartet of spin and channel, singlet and triplanoments by the conduction spin, the transition is very

pair-field susceptibilities given by weak, as measured by the full susceptibility. Specifically,
xar is not significantly enhanced over the bulk susceptibil-

Psses(@.T) =T D f(iw)x—(ion,iom.§)f-(iwn). ity yr until T = Ty. However, thef-electron contribu-
nm tion to the susceptibility shows a protracted scaling region.

(2)  Note that screening affects nonlinear feedback which re-
duces the susceptibility exponeptfrom the mean-field

Psici(§T) =T Y f+(i@p)x+(ion, ion§)f+ (o), valuey = 1. y increases with dopingV < 1), and the
o transition becomes incommensuratefas— 0.
3) To explore superconductivity, it is necessary to find the
frequency form factorg’s discussed previously. As the
14 14 24 14 temperature is lowered, the dominant eigenvalue first be-
Dk g, s g, comes large (divergent) and negative, and then abruptly
X, G0, i0,.9) = iw“ o Xuawn.imm,q):_iw »iwm switches to a large and positive value at the transition.

-~ " - = This happens first inM_, and the corresponding eigen-
24 24 14 24 vector of M_ is plotted in the inset to Fig. 3. It can

FIG. 1. Particle-particle interchannel opposite spin diagram?e fit q_uit(—;‘ accurately to the forri/2w, as shown by
which contribute to the pair-field susceptibility. Hereand2 ~ the solid line, which corresponds to the form factor of

label the channel, anidand| the spin. Summing over andk’  Ref. [4]. Thus, we usef_(iw,) = T/2a_)n' to project
yields x11 and 2. out the odd-frequency pair-field susceptibilities shown in
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4 . . . instability of the system is present. The associated transi-
o, tion cannot be continuous, since this requires the free en-
0% u ergy in order parameter space to become flat (Pgy¢s
3t - diverges) so that the order parameter may change continu-
ously. Thus, we identify this as a discontinuous transition.
o Furthermore, ifPs,cs(T*) = 0, thenT* is a lower bound
=2 to the transition temperature since, whiajycs (T — T* =
07) = 07, the curvature of (Asscs) is divergent and nega-
88 858 tive; i.e., the free energy displays a downward cusp which
1 0 00 00 would compel the order parameter and the free energy to
change discontinuously &t*, which involves an infinite
energy at the transition. Hence, the actual transition oc-
%'01 o,io curs at a temperaturg. > T*.

Several remarks are in order about this unusual super-
conductivity: (a) Figure 3 suggests that the transition is
tibilities of the two-channel Kondo lattice withh = 0.75 and degenerate at_the zone center and the zone corner, and, in
N = 1.0. Inset: the local moment contribution to the suscep-faCt’ Psscs vaplghes S|mult_aneously over the. whole zone,
tibility Xﬁp(_T), which displays a protracted scaling region well and h_ence t.h'S |s'la)c:.a!lydr_|ven tr.anS|t.|0n. This degener-
ft by 1/ k(1) = a(r ~ 7. Swong conduton sereen- 0 B 18 L0 e ece in 3 magned must
I(r|1|;:4 ;f<IoEa| moments is indicated by (yar # xar(T) and vanish in infinited. For finite d with Y,(§ = 0) > 0

(< 0), a local free energy minimum will be found at
Figs. 3 and 4. [Other form factoiw,) = tanhTo/w,) g = 0 (g # 0). (b) The vanishing of the local pair sus-
and sgiiw,) produce qualitatively similar results.] ceptibility here atT* contrasts with the impurity model

The first transition is found in the spin-singlet channel-in which it diverges logarithmically a¥ — 0 [5,6]. (c)
singlet pairing combination, as shown in Fig. 3. (NoteThe excitation spectrum of such a transition may well be
that this pair state is even in parity, so that the odd-ighly exotic [4].
frequency condition enforces the Pauli principle, in con- As shown in Fig. 4, the ground state of the system may
trast with the odd-parity and odd-frequency spin-singletbe superconducting or magnetic, which may coexist or
pairs of the single-channel case [3,4].) To interpret thixompete. Detailed exploration within the ordered phases
result, remember that the inverse pair-field susceptibility isvill answer this question definitively, as the present work
proportional to the curvature of the free enerffAscs) only indicates the presence of transitions. In general su-
as a function of the pairing order parametePs,cs «  perconductivity will occur first (at the highest transition
d%f (Asscs)/dA%cs. Thus, ifPsecs < 0athermodynamic temperature) away from half-filling, and antiferromag-
netism will occur first near half-filling. However, for val-
ues ofJ > 0.75, we found that superconductivity occurs

FIG. 2. Antiferromagneticysr and ferromagnetigr suscep-
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FIG. 3. 0Odd-frequency (spin-singlet, channel-singlet) pair-
field susceptibility. At 7 =T* = 0.041 < T., Psys(T) FIG. 4. Phase diagrams of the two-channel Kondo lattice for
becomes negative for both zone-center and zone-corner pairgarious values of/. The solid lines are fits to the data.
indicating a discontinuous transition to a paired state. InsetThe antiferromagnetic transition becomes incommensurate near
the dominant zone-center eigenvector [or form facior Ty — 0. The temperaturd™ = CT, is a lower bound to the

of Egs. (2)-(5)] of the pairing matrixM_- vs Matsubara first order superconducting transition temperature (cf., Fig. 3);
frequency;f- = 0.5T/w, as in Ref. [4]. hereC = 0.43(J = 0.5), 0.51(J = 0.625), 0.58(J = 0.75).
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