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Theory for the Anomalous Hall Constant of Mixed-Valence Systems
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We show that the large anomalous Hall constants of mixed-valence and Kondo-lattice systems
can be understood in terms of a simple resonant-level Fermi-liquid model. Splitting of a narrow,
orbitally unquenched, spin-orbit split, f resonance in a magnetic field leads to strong skew scatter-
ing of band electrons. We interpret both the anomalous signs and the strong temperature depen-
dence of Hall mobilities in CeCu,Si;, SmBg, and CePd; in terms of this theory.

PACS numbers: 72.15.Gd

Anomalous transport properties are a characteristic
feature of mixed-valence (MV) or Kondo-lattice com-
pounds.! One of the first and most striking aspects of
these transport properties to be observed was the
anomalous Hall constant.? In three systems so far
studied, SmBg, * CePds, * and the heavy-fermion metal
CeCu,Siy, > very large Hall constants have been ob-
served, at least 100 times larger than in normal metals,
with anomalous positive signs.

The relevant parameter measuring the anomalous
transverse scattering of electrons is the Hall mobility
wng (=Hall constant/resistivity). Figure 1 compares
the Hall mobilities of SmBg, CePd;, and CeCu,Si,.
The Hall mobilities of SmBg and CePd; show a marked
resemblance, increasing from a large negative value at
low temperatures to become positive at high tempera-
tures. This similarity is particularly striking because
SmB¢ becomes an insulator at low temperatures, while
CePd; is metallic. These comparable Hall mobilities
indicate similar skew-scattering mechanisms operating
independently of the coherent effects of band forma-
tion in both materials. We will show that this provides
one of the most direct pieces of evidence that we have
for the local character of the scattering mechanism in
these systems, adding new support for the local
Fermi-liquid picture of mixed valence.® CeCu,Si, has
a positive Hall mobility which rises by a factor of about
20 below 20 K. Aliev et al.® interpreted this effect as
a result of the growth of a many-body resonance at low
temperatures, but they provided no mechanism to ex-
plain how this affects the Hall mobility.

Here we present a simple model which appeals to
the Fermi-liquid properties of the MV ground state to
explain these anomalies. From renormalization-group
analysis and exact solution’"® we know that the low-
energy thermodynamics and scattering of a MV ion are
described by a resonance level (RL) of width A* at a
position E; above the Fermi energy. The RL
describes a renormalized f state with 2j +1= /N degen-
erate scattering channels, each characterized by an az-

imuthal quantum number m;.%!° Both A* and E/ are
related to the bare quantities A and E, of the corre-
sponding noninteracting state. In the MV regime
where E, > —NA, A* = A, while in the Kondo regime
where E, < —NA, A* is strongly renormalized down
to the Kondo temperature A*= D exp(wE;/NA),
where 2D is the bandwidth. Friedel’s sum rule con-
strains the 2j + 1= N scattering phase shifts §;(w) of
the f channel at the Fermi energy u, 8&3;(w)
=tan_1(A*/E;), to sum to the local f charge
N&;(n)/ m=ng, which fixes Ef. In our model we as-
sume that the spin-orbit splitting between the j =-§-
and j = % levels is far larger than A* so that the &> are
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FIG. 1. Hall mobilities of CeCu,Si,, CePd;, and SmBg.
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only large in one of the two j states. theory and the Anderson model for the impurity to
We shall model a dense MV or Kondo-lattice system derive the ¢ matrix,

as a lattice of RL’s. Theoretical arguments show that

the nonlocal correlations in the dense Fermi liquid are tm (W) = = K(T)(1=ng), 3)

of order 1/N (= + for Ce),'? but clearly the attraction where K (T) = — V*/E;(T) and

of this model is its simplicity. Heavy-band formation

arises naturally through the coherent scattering action E;(T) =~ E;+N(A/m)In(D/T)

of the RL’s, but throughout this paper we neglect is the temperature-dependent renormalized f-level po-
these coherence effects and hence our results should sition® and » m is the average occupation of the f state
not apply to the lowest temperatures where the heavy in the mth f channel. In a magnetic field
band is well developed. g, /9B =~ — wX/N so that the field-dependent part of

If a magnetic field B is applied, the degeneracy of t, has the same form as Eq. (2) but with
the f-level positions is split according to a= —pK (T)X/N. In the Kondo regime, K (T) is re-
Eg,=E; + (gup) B, where g up is the moment of the f lated® to X via [1—pK (T)1/T =X(T) so that «(T)
state. This modifies the f-channel phase shifts, ~ —X(1=XT)/N, enabling us to summarize the
83m (n) = 83;(w — mgupB), by shifting the RL’s. In a  gcattering at high and low temperatures by writing

weak field a(T)=|a(T)|e D where
83m (1) = 83(w) — mg upB 853/9w + O (B?). (D d(T)=—28;, lal~X/N, T <<A*
The field-dependent component in the scattering ¢t ma- 4

trix is then given by ¢(N=—a, |al~XUA=XT)/N, T>>A"

IR ) There is clearly a large drop in |a| from 1/Tk to

3t(w) = (gpp/plalw)"B, ) pK/T << 1/T as the temperature rise from 0 K to
where p is the band electron density of states and above Tk. Perhaps most interesting is the change in
a(w)=exp(2i8;)88;/0w. Now (N/m)88;/0w=p, is the phase ¢ which occurs as a consequence of the
the f-quasiparticle density of states, i.e., 1/Tx in the temperature-dependent renormalization of the f level,
Kondo regime. Thus « is very large because a small where at high temperatures it scatters with phase shift
splitting of the narrow Kondo resonance leads to a = 7 from each occupied f channel. Similar results

large change in the phase shifts. This creates a large hold in the MV regime with T replaced by A*~ A
amount of skew scattering. Within the RL model, p, and pK — 1.

can be related to the magnetic susceptibility X (7) by We now discuss how this field-dependent scattering
pr=x(0), where X=+(gup)?/(J+1)X,® so that  affects the Hall constant. To be specific we consider a
large skew scattering accompanies high susceptibilities. cerium ion with J = 5. The field-dependent ¢ matrix is
Now at high temperatures one can use perturbation conveniently written in a spin and momentum

| representation by use of the result
(ko253 Blk'a’) = — (5i/m) [1+ Py(k k) 1(kxk') - B+S__ Ty, (%)

g’j=5/2 projects states into the /=3, j = —;— subspace of the f level. The spin-flip term leads to a Hall current of
O (B?) and will be neglected. Substituting (5) into (2) and including potential scattering in the other angular
momentum channels, in particular / = 2, we find that the scattering probability Itkk,l2 has the form

| |2= 110, |2+ B (kxk) W, (k- k) + 0 (BY), 6)

where ’Ek’ is the zero-field component of the ¢ matrix. The second term results from interference between the

zero-field / =2 and strongly field-dependent / =3 terms. W,(k-k') leads to a skew-scattering rate of the band
electrons given by'! 12
1

INy(w)= 277pr_ ,d cosé (27/3) Wy(cosh, w) [1— P,(cosh) ], @)

and the Hall constant is related simply to I'; by'! 12
8Ry= (1/Ne)(m/Ne?)(T;(wn))/B. (8)

Here /" is the band electron density, I'y= — [(8//8w)T'{(w)dw is a thermal average of I';(w) about the Fermi
energy u, and f(w) is the Fermi function. For 7 << A* and T >> A" we can write (I';(u)) =T (n). With an
| =2 phase shift §, and a corresponding scattering rate

1/72= %n,- [ (47T/kp)2v]:5 sin282],
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where #n, is the concentration of the MV ions, we then
find that

3Ry =p,r(gup)lal{sin(¢p— 8,)/sins,}, ©)]

where p,=m/Ne*r,. The last part of this expression
results from interference between the 4 and f chan-
nels. This term determines the sign of the Hall
anomaly. For T >> A*, ¢ = — 7 so that 38R is posi-
tive. At low temperatures, ¢ = —283=— (27/N)n,
so that

S8R HS — Sin(2nf/N + 82)/Sin82

can have either sign.

In earlier theories for the anomalous Hall effect!!-13
a weak spin-orbit coupling A\ generates the skew
scattering. Since A is weaker than the crystal-field
splitting, the orbital moments are quenched and mag-
netization is solely due to the electron spin. We have
considered the opposite extreme where A is much
larger than the crystal-field splitting, insuring un-
quenched orbital moments, so that our mechanism for
anomalous Hall scattering differs completely from the
weak spin-orbit effect considered previously. The oth-
er major difference is the modeling of a rather compli-
cated MV ground state by an effective resonance level
rather than the literal resonant-level model of Fert and
Jaoul.!!

In a dense RL lattice the anomalous scattering off
each of the RL’s is essentially that of a single impurity,
and so the Hall mobility uy= Ry/pim, should have the
same behavior in the bulk as for the impurity. The
bulk anomalous Hall constant should therefore be

3Ry~ pru(gup)a(T)
x {sinl¢p(T) — 8,1/sins, }. (10)

A striking illustration of the essential correctness of
this picture is provided by comparing the Hall effect in
SmB¢ with that of CePd;. In SmBy, lattice coherence
leads to a small semiconducting gap and resistivity
rises through three decades as the temperature is
lowered.? ‘In relatively clean metallic CePdj;, the resis-
tivity drops with the temperature.* Despite this, the
Hall mobilities behave similarly in respect to tempera-
ture dependence and size.

When we include in addition the effects of real crys-
tal electric fields, the locally degenerate states are split,
increasing the phase shifts to satisfy the sum rules.
This can change the sign of the interference term and
the Hall effect. Spin-orbit coupling is an order of mag-
nitude larger than crystal fields in rare-earth metals
and its role in stabilizing the f-orbital moments is vital
at this point. We have not calculated Ry with crystal
fields, where the ¢ matrix has the appropriate reduced
symmetry. However, there will still be terms propor-
tional to L,B, (B, along the appropriate crystal axis)
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with considerable anisotropy in scattering. Thus we
can still make a comparison with real systems.

For CeCu,Si,;, neutron scattering indicates that the
Kondo resonance is a Kramers doublet'# with the next
excited crystal-field doublet state lying — 140 K above
the ground state. The positive Ry at all temperatures
T =140 K can be attributed to a twofold-degenerate
system which at low temperatures gives a phase shift
of 83=m/2, giving Ry >0 by (10). Using known
parameters for CeCu,Siy, ppu(7=0)=80 uQ cm,
gor=2.0 (from crystal-field parameters), X = 0.08
emu/mol, we find that o« '=80 K and hence
Ry~ 1072 cm?/C, in reasonable agreement with the
quoted results Ry=4x10"2 cm?/C.°> The tempera-
ture dependence of Ry also matches the form

Ry~x(DI[1—TXx(D/limy_ TX(T)]

reasonably well, although the observed decrease is
slower above 100 K (Fig. 2).

Both CePd; and SmB¢ have no observed crystal-field
splitting, suggesting that the full sixfold degeneracy is
involved in formation of the mixed-valence ground
state. In CePd; the resistance and susceptibility maxi-
ma at 7~ 100 K suggest a scattering resonance posi-
tioned — 100 K above the Fermi energy, which corre-
sponds to a A*~ 50 K for the assumptions N =6 and
ny~ 1. The high-temperature Hall coefficient is posi-
tive and tracks roughly with the susceptibility, as ex-
pected from the incoherent skew scattering [Eq. (4)].
At low temperatures T << A*~ 50 K, we expect ¢ to
renormalize from ¢=—-=m to —28;=—mn,/
3~ — /3. It is tempting to ascribe the change in sign
of Ry to a change in sign of the interference term due
to the passage of ¢ + 8, through zero, though clearly
band-formation effects may also play an important role
below 10 K. The behavior of SmBg can be interpreted
similarly, regarding wy as a measure of local skew
scattering as already discussed.

We expect large anomalous Hall constants to occur
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FIG. 2. Ry(T) for CeCu,Si, compared with the approxi-
mate relation Ry(7T) ~ x(T)[1— Tx(T)/limr— - TXx(T) 1.
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generally in the MV lanthanide and heavy-fermion ac-
tinide systems where the almost localized f electrons
form narrow quasiparticle bands with extreme sensi-
tivity to a magnetic field. The sign and magnitudes of
these Hall anomalies provide important new informa-
tion about the heavy-fermion ground state. This is a
sparsely investigated aspect of mixed valence and
deserves more experimental attention.

At the very lowest temperatures in very pure com-
pounds, true heavy bands will be formed. In this re-
gime the current carried by each Bloch state will have a
skew component differing widely between different
Fermi-surface regions, so that the resultant Hall effect
can only be derived from a detailed band structure and
transport theory. We do not speculate on this 7 — 0
Fermi-liquid limit.

Finally, we note that this mechanism can explain
long-standing Hall anomalies in two other classes of
systems. Many rare-earth metals, and incidentally,
also uranium, have positive Hall anomalies at high
temperatures in solid and molten states.!> Further
afield, many Pauli paramagnetic metallic glasses!® con-
taining transition metals have positive Hall constants.
One may speculate that the short electronic mean free
paths and lack of crystalline order suppresses any
crystal-field quenching of orbital angular momentum
so that the above mechanism can operate.
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