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We investigate a two-channel Anderson impurity model withifd magnetic and &2 quadrupolar
ground doublet and &f? excited triplet. Using the numerical renormalization group method, we find a
crossover to a non-Fermi-liquid state below a temperaftirearying as thes f? triplet-doublet splitting
to the 7/2 power. To within numerical accuracy, the nonlinear magnetic susceptibility anfifthe
contribution to the linear susceptibility are given by universal one-parameter scaling functions. These
results may explain UBg as mixed valent with a small crossover scéfe [S0031-9007(99)08723-2]

PACS numbers: 75.20.Hr, 71.10.Hf, 71.27.+a, 72.15.Qm

The possibility of non-Fermi-liquid (NFL) behavior in susceptibility, excitedsf> CEF levels were neglected in
Ce- and U-based alloys has been discussed intensivetiie model. This leaves a large question, however: how
since the discovery of the anomalous temperature depegan the small energy scale-{0 K) apparent in thermo-
dence of their resistivity, magnetic susceptibility, and spedynamic data for, e.g., UBg be reconciled with such
cific heat coefficient. A candidate for the explanation ofa mixed-valence model for which the smallest plausible
the NFL state is the multichannel Kondo model, widelyvalue is large £150 K)?
used for thef-shell materials [1]. For the'-shell im- In this paper, we show that the inclusion of the
purities, the intra-atomic interactions such as Hund’s ana@xcited CEF levels resolves all the above controversies.
spin-orbit couplings have to be taken into account in theThe dynamics of the excited CEF states reduces the
presence of the crystalline electric field (CEF), giving risecrossover temperature to the two-channel Kondo state
to various types of scattering of conduction electrons [2,3]significantly even in the mixed-valent regime. Using
Experimental investigations of dilute Ce or U alloys sug-Wilson’s numerical renormalization group (NRG) method
gested that single-site effects of such a magnetic ion arfd2,13] for a cubic CEF case, we show clearly that
important for NFL physics. In the U case, the observatiora small energy scald™ is related to the competition
of a logarithmically divergent specific heat coefficient [4] between different types of NFL fixed points, which is
strongly supported the quadrupolar (two-channel) Kondwery important for explaining the observed nonlinear
scenario [5]. As evidence of single-site U effects, such ausceptibility within the two-channel Kondo scenario.
logarithmic anomaly was observed in the dilute U limit of The crossover in the Kondo effect is visualized by flows
U,.Th,—-.RwSi; [6], although the resistivity in this metal of NRG energy levels, and™ can be estimated by
cannot be explained by the simple two-channel Kondmbserving the recovery of the symmetry associated with
model [7]. the two-channel Kondo model. We find that obeys

According to photoemission and inverse photoemissiom power law with respect to the CEF splitting and can
studies on U compounds [8], well-separated atomiclikebe much smaller as the splitting decreases. In addition,
peaks cannot be seen §if spectra, while for Ce com- the nonlinear magnetic susceptibility is dominated by
pounds the peaks can be described by an Anderson inthe magnetic moment of the excited configuration and
purity model. This implies thatf properties look much obeys a one-parameter scaling law setfliy We expect
more like mixed valence. Recently, the two-channel An-this result for the small energy scale to be generic for
derson impurity model in the mixed-valent regime wasions such as Pr, Tm, and U which fluctuate between
proposed to account for the NFL physics of UB§9].  configurations with internal degrees of freedom; the
In this model, a low-lyingl's quadrupolar (non-Kramers) exponent of the power law will vary with the details of
doublet in the5f? configuration and al's magnetic the CEF spectrum of the ground configuration.

(Kramers) doublet in thé 3 configuration are taken into In the present work, we study the two-channel Anderson
account and excited CEF states are neglected. Both statispurity model in a cubic system, taking into account
mix with each other via the hybridization between the lo-the first excitedI'y triplet state explicitly as well as
calized f orbital and conduction band. The model suc-the lowest-lying I's quadrupolar doublet ir5f?: both
cessfully describes the temperature dependence of theates are coupled to tH& magnetic doublet (the lowest
nonlinear magnetic susceptibility observed in YBEO0]  possible state irff') via the hybridizationV with the
and in U_,Th.Be;s [11], suggesting that strong quan- I's conduction electrons. Note that the choiceSgf in
tum fluctuations should drive the CEF state of U ions to aour work is motivated by calculational simplicity; there
mixed-valent state between'®and U** [11]. However, is no qualitative difference with respect to tlig2-5f3
except for virtual effects like the Van Vleck magnetic picture used in Ref. [9]. The corresponding Hamiltonian is
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given by rity magnetization by using
TrJ, exd—B(Hy + Hy)]
— t M, = < _ 3
= + .
H %skckmckm %_EMIMMMI = Trexd-B(Hy + HY)] 3)

+ Here the axial component, of the total angular mo-
+tVv Z (Cammcimla)M] + H.c), (1) mentum is coupled to the magnetic field in the Zeeman
kmaM term Hy = —g;J.h. (g; is a Landé’sg factor and we
where a singlet-electron statga ) represents the; states  takeup = kg = 1). The physical temperatuf® and the
and a twof-electron statdM) represents th&'; andT',  rescaled magnetic field, are given by

states. The operatm;fm (ckm) creates (annihilates) Bg 1+ AL —N-1)/2 7

conduction electron with a wave numbgy the kinetic r= TA /B

energy of which is given bys;. The energy of the 4)
f-electron stat&y, (= Er,, Er,) is measured from that of h, = _2 AWN=D2p o

theI'; magnetic doublet. The Clebsch-Gordan coefficient L+ A7 ’

Camm is given by(e|f,|M), where f,, annihilates an respectively, where we takg ~ 2. The linear suscep-

/ electron with's symmetry. If the energy of thés iy Xi(él)p and nonlinear susceptibilityh(,?p are calcu-

triplet state is so large that the contribution from the tripletlated by expandingf. in h.o (M = xVh + y®r3/6 +

can be neglected, the Hamiltonian (1) becomes simpler as ; : :
presented in Ref. [9]. Assuming further thatp V2 < .>.). Inthe NRG calculation, these are explicitly given by

. . . 1 =1 1
|Er,| (p is the conduction-electron density of states at T/\/i(m)p =pB lhllmO[Mz(hZ) - M(0)]/h;,

the Fermi level), the Hamiltonian is reduced to the two- 3) _ W
channel Kondo Hamiltonian witl§ = 1/2 (S is the size T Ximp = 687> lim [M_(h,) — BT Ximph:1/13 .
of a local spin) [2,5], which has been solved by various_ , hﬁo_ _ o
methods [1]. We can label the foill states by a tensor Thls calculation of the impurity susceptibility gives suf-
product of two quadrupolar and two magnetic indices ficient accuracy over a wide range of temperatures, as
Each of them has SU(2) symmetry in the restricted Hilberfong as the hybridizatiory is restricted torp V= < D.
space of this isotropic Hamiltonian. In our model, on the Throughout the NRG calculations, we take= 3 and
other hand, we have to treat the cubic symmetry explicitly<€€pP 500 or 800 lowest-lying states at each NRG step.
because mixing of’; and I'; states prevents the SU(2) Althqugh the latter number rgdupes t.he numerical error
labels from being good quantum numbers. relative to the former, a qualitative c_ilffer_ence does not
In spite of such a complicated atomic structure of theBPPear. We show the former results in this paper.
impurity, the Hamiltonian (1) can be solved by the NRG  First, we briefly discuss the casér, > Er, in the
method [12,13]. For the purpose of numerical calculationMixed-valent regime [9]. As the temperature decreases,
it is transformed to the following hopping Hamiltonian tWO characteristic temperatures are obtained: at a higher

(5)

with the recursion relation temperature, the highest of the quadrupolar andl; mag-
netic doublets is screened by the conduction electrons; at
H — A2y + 1 + He a lower temperature, the other doublet is screened. The
N N %(SN“’"’SN’" ) NFL behavior due to the two-channel Kondo effect ap-

~ pears at the lower temperatufg. Ty increases with the
Hy = A“/Q[Z EyIM) (M| (2) increase o and the decrease ¢fr,|. According to the
M analysis for the realistic parameter region of the Hamilton-
V) . T Y He)l| o lan, the evaluatedy is Ic_';lrger by an order _of magnltude
I mgM(C”’ somla) (M| 4 H.c) than the 10 K observed in UBg If the contribution from

the I'y triplet to the Kondo effect is taken into account,
Here H, describes the impurity site, and, creates a T is enhanced as the CEF splittidg= Er, — Er,(>0)
I's electron in the conduction band discretized logarith-approaches zero, and a smaller temperaflirappears at
mically asD/A (D is a half-width of the band). The which we find the crossover from the CEF states to the
energy of twof-electron state€, and the hybridization NFL states. Below we discuss this energy scale, restrict-
I are equal toEy /D and pV?/D, respectively, except ing ourselves to the realistic case whefeis the most
for someA-dependent scaling factors [13]. We diagonal-stable configurationAr, < Er, < 0) and the two-channel
ize the NRG HamiltoniarHy at each NRG step to solve Kondo effect occurs at low temperatures.
the eigenenergies, and we constréti,; from Hy, us- Our NRG results show that the stable fixed points
ing the Clebsch-Gordan method for the cubic symmetnare classified into two types: for the first, the low-lying
[14], which speeds up the calculation tenfold. Introduc-excitations can be described by assumind a local
ing an axial magnetic field,, on the impurity site, we moment coupled to the conduction electrons. For the
can calculate the temperatufedependence of the impu- second, a4y local moment is dominant in the low-lying
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excitations. The stability of the fixed points dependsthe same weight. Each line in Fig. 2 has almost the
on whether the bare CEF splittiny is above or below same power, implying™ o« (A*)m. As A’ approaches
a critical valueA. (>0). The following discussion is zero (we use the NRG scal&’ = 2/[1 + A"!1]A’ in
restricted to the casé’ = A — A. > 0 where we obtain Fig. 2), it tends to be proportional tv* and satisfiegd™ o
the first fixed point, described by the two-channel Kondo(A’)’/2. This relation can be derived from the equation
model, as is easily found from a flow diagram of thefor a small energy scal&’rr = To(A/T,)?/4 appearing
low-lying NRG energy levels in Fig. 1. For a small in Sec. 5.3.2 of Ref. [1]. Sinc, is the temperature
number of NRG steps, the almost degeneréigl’s) at which theI'; doublet is screened by the conduction
and (0,I'y) states correspond to the lowest-lying CEFelectrons, written ag, = (D/A)3/2TK,F3, whereTk r, is
states with small splittingA. As the number of NRG the Kondo temperature for the case without the higher
steps increases, the splitting @f, I';) and (0, I'y) levels triplet [15], we obtain

becomes larger and the former becomes the lowest state 1 D2 [ A 7/2
at the fixed point (where all the NRG energy levels Tigr = ZT—<3) (7
reach constant values). The double degeneracy -of K.Ts

corresponds to that of a local spin of the two-channelhis resembles the relation of* and A’ if A’ is
Kondo model [5]. Practically, we defing™ as the gma||. Actually the hybridization renormalizes to A’
temperature corresponding to the number of NRG steps gfs optained by our NRG calculation. For the two-channel
which the difference of the NRG energy levels betweernkondo effect Ti r. is given by pV2; explEr./2p V)
the (0,T'y) and (0,1's) triplets reduces t00.01. The \ynere the ratiovZ,/V2 = 8/21 comes from a Clebsch-
degeneracy of these states is one piece of evidence 1§, qan coefficient when we derive the effective exchange
the two-channel Kondo fixed point. interaction due to thd; doublet. Using Eq. (7), we can
Figure 2 shows thaf™™ is proportional to the power roughly estimate the ratid”/(A")/2 as 1/(106Tk 1),
law with an effective CEF splittingA™. In analogy \yhereD is taken to be unity. e
with Boltzmanr) weight factorsA”® is*associgt('ed with the In Fig. 3, we show the temperature dependent magnetic
occupancy weights of electronsny andny in the I's g \goaninility rescaled by™. The linear susceptibility
doublet andl’y triplet at the fixed point, respectively: (1 . . .
. Ximp 1S @pproximately given as a sum of Zeeman and Van
w 3n3 Vleck parts. The former term is dominated by the
A" =Ag In{ — |. (6) . W (D) -,
magnetic susceptibilityyiy,, r,- Each curveyiy, r, is
= well fitted by a functionf (T /Ts)/Ts, logarithmic below
Here A, depends on only the hybridizatidn if the other . _ (T. }; 107%). OJ;( téeA)c/ohtrar?/ such a simple
parameters are fixed. Wheh" goes to zero withA',  g04jing function cannot be found for the Van Vieck con-

both theI's doublet andl', triplet become relevant with tribution, which is expected to be given lay— b\/ﬁ
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FIG. 1. Flow of the most relevant NRG energy levels for the
odd number of NRG step§ and A = 3. We takel’ = 0.15,

Er, = —0.200, and Er, = —0.168 here. Each energy level

is labeled by(Q,T';), where Q represents the total number of
particles measured with respect to the ground state. At the .
fixed point, the(—1,T;) and (1, I's) doublets have a center of FIG. 2. Relation between the small energy scafeand the
gravity energy of0.2, while the degeneraté, T,) and (0,I's)  effective CEF splittingA” for I' = 0.10 (e), 0.15 (L), and
triplets have an energy of 0.8. These values correspond to tHy20 (<), where we fix Er, at —0.200. The corresponding
first and second excited NRG energies given by the two-channdines are represented bf* = a(A*/A)”, given as(a,b) =
Kondo model forA = 3 [18]. This implies that only particle- (2.7 X 1073,3.5), (4.2 X 1073,3.7), and (5.6 X 107°,3.7), re-
hole symmetry breaking causes the splitting of thet, I';) and ~ spectively. InsetA*/A, versusA’ (= 3[A — A.]/2). Forthe
(1,T) doublets and that of the-2,I's) and(2, I';) doublets. above ordering of" values,3A./2 is 0.018, 0.031, and 0.044.

A*/A,

2577



VOLUME 82, NUMBER 12 PHYSICAL REVIEW LETTERS 22 MRcH 1999

D‘ T " As discussed above, the low-energy physics beldw
0.02 } x© . is described very well by the two-channel Kondo model
‘:'xqo as long as the CEF splitting satisfidss> A.. In the
o 1 case A < A, low-lying excitations dominated by the
0.01 f X'o - relevant triplet at low temperatures are very different
)d%x-l% ] from those given by the two-channel Kondo model. The
x"%,d% study of this case is also required and motivated by a
-t} recent experiment of LY;_,Pd where al's triplet is
X almost degenerate withIg; doublet [17]. We anticipate
0.0 *&wmx-mxmx-mx-l(ﬂl that a small crossover scale will still result far < A,
e albeit with a different power law exponent. Indeed, this
=S -1.0} _,Sp 4 result should be generic for mixed-valent ions, such as
"’|_rn X Pr and Tm, having configurations with internal degrees of
] freedom for the lowest CEF levels.
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