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Almost-Localized Electrons in a Magnetic Field
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It is shown that, within a Gutzwiller type of approach to correlated electrons, the eAective mass of
quasiparticles composing an almost-localized Fermi liquid is spin dependent and varies strongly with

magnetic field. The magnetization of such a system saturates in physically accessible fields. The results
are used to explain the field dependence of both the effective mass and of the specific heat in the heavy-

fermion systems at low temperature.

PACS numbers: 71.28.+d, 75.10.Lp, 75.20.Hr

A spectacular magnetic-field dependence of the
effective mass has been observed in the heavy-fermion
system Ce86 by Joss et al. ' In this paper we provide a
theoretical explanation of this behavior which is assumed
to take place in the low-temperature (coherent) regime
of the Kondo lattice, i.e., when a narrow band is formed
due to the hybridization of localized (4f) and itinerant
(2p) states, with an almost integer valency of the 4f
states. To achieve that goal we discuss first some unique
novel features of almost-localized electrons in an applied
magnetic field. Namely, we show that the magnetization
of an almost-localized Fermi liquid (ALFL) saturates in

a relatively low field, a behavior usually ascribed to the
presence of localized moments in the system. This prop-
erty, as well as the large values of the effective mass
(which is also spin dependent) discussed below, demon-
strates that ALFL's form a separate class of metals.

Our point of departure is the quasiparticle picture of
narrow-band electrons obtained by a reformulation of
the Gutzwiller-Brinkman-Rice theory. ' We assume that
the band is almost half filled, i.e., the filling is n =1 —8,
with b«1. The single-particle energy in an applied
magnetic field H, is then

where et, is the bare band energy, and @ is the band
narrowing factor and is related to the k-independent, ta

(energy-) dependent self-energy via Z (at) =(1 —4 )ta,
so that the effective-mass renormalization is m*=(l
—9Z/&to) ' =@ '. The factor & can be calculated
explicitly by a straightforward generalization of our pre-
vious approach to the case with H, &0. Explicitly,

=(1 —n ) 'f(1 —n)+(2/n )g —(1/n n )ri }, (2)

where n =(n; ) is the average number of particles (per
site) with spin o ~ 1, and rt=(n; tn; ~& is the probability of
double occupancy at site i. This expression contains the
correlation function g(&1 which is determined ' ' by
minimizing the system energy F which contains both the

band and the short-range Coulomb-repulsion parts, i.e.,

(3)

where nk is the Fermi-Dirac distribution function, and

U is the magnitude of the intra-atomic Coulomb repul-
sion. One should note that @ is determined by calculat-
ing first variationally the quantity g from the balance be-
tween the band (the first term) and the Coulomb repul-
sion (Urf) energies since close to the Mott-Hubbard lo-

calization they are of comparable magnitude. For n 1

and H, =0 it is found that 4 —=@=8rf(1 —2ri); thus, the
present formulation reproduces the earlier result for
n= 1 and provides leading terms in the limit of interest,
namely, 8))g.

For H, AO, Eq. (2) must be additionally minimized
with respect to the magnetization m =(n;t ——n;~) per site;
the latter procedure yields the equilibrium magnetic po-
larization m =m/n. The optimal values of ri and m are
subsequently used to determine @ 4 (m, ri), and
hence the many-body part of the mass enhancement
q)

—
1

The principal point we make at this stage is that 4
depends strongly on H, . Physically, such a big change is

caused by the circumstance that for ALFL the band and
Coulomb energies are comparable and of opposite sign;
hence much smaller (Zeeman, thermal) contributions to
the total energy trigger a large change in the optimal
values of m and tf. This triggering effect is illustrated
explicitly in Fig. 1, where the density of quasiparticle
states is drawn for both majority (o = t) and minority
(o = J) spin directions. From Eq. (2) it follows that the
mass m~ will grow with H, and approach the value

m~ =1/2b)) 1 near the saturation value of m=1 —6',

where ri=O. On the contrary, the a=t electrons will

acquire the bare band mass mz in the magnetically sat-
urated state. This is because for m =1 the short-range
Coulomb-interaction term vanishes. In the absence of
the field, m =0, while ri=(n /4)(1 —U/U, ) for U ~ U„
and zero for U ~ U, . Then, m t

=m ~* —[2(1 —n)
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FIG. 1. Schematic representation of quasiparticle states in

band narrowed by electron-electron interactions for both the

magnetic field H, 0 (top) and H, AO (bottom).
30—

+1 —(U/U„) ] ' for U(U„and ml =ml =[28/(1
+2b)] ' for U~ U, .

The results of calculations outlined above for the mass
enhancement @ ' are presented in Fig. 2. The feature-
less (rectangular) form of bare density of states (DOS)
with the width W has been chosen in the computations.
The effect of Landau quantization on the DOS has been
ignored when calculating the total energy since its oscil-
lating component averages out. The results for n=1
(top panel) differ remarkably from those for 8) 0. The
full Gutzwiller form of 4 —=q has been taken in the
n=1 case. The absence of spin dependence of the mass
for n =1 reflects a precursory localized-moment behavior
at and above the threshold U„(=2Wfor featureless
DOS) for the Mott-Hubbard localization since we do not
expect any spin splitting in the localized phase. Further-
more, the results for n & 1 plotted in the bottom panel of
Fig. 2 when compared with the corresponding mass split-
ting calculated for the interacting electron gas demon-
strate that the present m* changes exceed those in Ref.
6 by more than 2 orders of magnitude. These dramatic
effects are due solely to correlation effects close to the
Mott-Hubbard localization, i.e., by the circumstance
that for U U, and n 1 the electric conduction is

realized mainly through hole states in the lower Hub-
bard subband, not by the empty states at and above the
Fermi level (note that b» rl).

The results presented in Fig. 2 provide quantitative
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FIG. 2. Effective-mass enhancement vs h= —,
'

gpqH, /W for
n =1 (top) and n (1 (bottom). The x axis is the same on both

figures. Inset: The behavior of m as h 0.

calculations of the spin-split masses postulated by
Stamp in his approach to the de Haas-van Alphen
(dHvA) effect in strongly interacting electron systems.
Some specific features of the dHvA data, ' such as the
absence of the spin splitting and the observation of a sin-

gle heavy mass, are understandable only within an expli-
cit model such as that provided here, as discussed below
for the system CeB6.

To obtain the value of the magnetic moment m for a
given value of reduced field h = —. gpqH, /W, we calculat-
ed the value g for given m from the condition BE/Bg =0,
which leads to the relation

n —m U (n —m )[(1—n/2) —m2/4]
4 U, [n(l —n/2) —m /2] —m (1 —n)

(4)

The obtained rapid increase of m with the field can be understood physically by noting that the effective magnetic field
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acting on particles of spin o is H:H—,/4 and with

growing H, we reach the limit Hi&&Ht, i.e., strong
asymmetric shift of the spin subbands takes place, in ad-
dition to their distortion (cf. Fig. 1). In effect, the mo-
ment saturates in physically accessible fields. Also, the
magnetization curves are nonlinear for n=l awhile for
n & 1, m =2h/(I —U/U„) . The difference between
n =1 and n & 1 in this respect can be understood by not-
ing that for n=1 and q 0, the system transforms into
a lattice of localized moments with U U„while for
n & 1, the metallic phase is always stable because the
number of holes is nonzero even for n 0. Only the
latter case will resemble the linear, Fermi-liquid-like
dependence of m(H, ) which saturates in the field
h„=(1—U/U, ) /2«1. Also, in the n=1 case we ob-
serve an upturn in m(H, ) dependence, not encountered
for strictly localized moments. Such behavior mimics a
metamagnetic behavior and has been obtained before. '

We apply our theory to the heavy-fermion system

CeB6 for which the number of carriers is n =1 per unit

cell containing one Ce atom. In our view the carriers
cannot be attributed to B atoms since each of them

would contribute at least one 2p electron to the conduc-
tion band resulting in even n Cons.equently, we assume

that in the low-temperature limit krrT«W =W@o, the

4f electrons form a narrow band which is almost half
filled (nf 1). Thus, only quasiparticles with one
(large) mass will be present for H, =0. Similar proper-
ties are observed in CeCu6 (Ref. 9), though the explicit
form of m (H, ) dependence has been determined only
in the CeB6 case. On the other hand, if the magnetiza-
tion is substantial, almost all electrons will occupy the
majority-spin subband. For CeB6, the dHvA measure-
ments of m* were reported for the applied field in the

range 13-30 T. For H, =13 T, m=0. 5, and nt =0.75
and nJ =0.25; under these conditions mi »mt*. Also,
the short lifetime of the minority-spin quasiparticles
mentioned above will hamper their detection. This is be-

cause for m 1 we have few electrons in the minority-
spin subband, each encountering many o = t electrons
and hence scattering strongly. The resulting strongly
peaked DOS structure for cr=f electrons drawn in Fig.
1 may be influenced by finite lifetime, the effect missing
in the present scheme. What is most important is that
the collection of heavy carriers may be regarded as con-
stituting two different types of electron liquids, one with

cr=t and one with rr=i. These two subsystems share
the common Fermi-level position; therefore, the total
number of electrons will determine the period of dHvA
oscillations. Furthermore, no spin splitting and no beats
can be observed here, ~hereas in ordinary metals they
are always there. ' '' This explains in a natural way the
mysterious absence of such features in the experiments.
Nonetheless, it would be important to search for a pres-
ence of electrons with the mass mi &&m~ at still lo~er
temperatures.
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In Fig. 3 we have plotted the field dependence of the
effective mass mi, and compared the results with the ex-
perimental data. ' The bare bandwidth was chosen to
match the observed value of the linear specific-heat
coefficient in the zero field, i.e., y—= —,

'
rr krrNA„/rrv@o

=260 mJ/molK, which, in combination with the result
for LaB6, y=2.6 mJ/molK and band mass 0.61, yields
the band enhancement for CeB6, A =61@o. The values
of 8 and U/U„have been chosen to meet the relation at
H, =0, i.e., 4o 2(8+I —U/U, ). The field axis has
been rescaled according to h =BH„with 8=2.3&10
T '. While the agreement between theory and experi-
ment is not quantitative, our model does properly repro-
duce the principal features of the data. A more detailed
approach would require use of realistic DOS and in-

clusion of antiferromagnetic ordering. ' The inset in Fig.
3 illustrates the difference between the calculated and
observed' m(H, ) curves. One should also notice that
the field-dependent mass m * determined ' from y(H, )
exceeds that from dHvA measurements. This situation
arises because only the electrons from the majority-spin
subband contribute to the observed mass in dHvA effect,
whereas both spin subbands contribute to y. Hence,
m*(H, ) as determined from y is expressed as (@t '

+@i )/2 and in view of inequality @
1
» @i the

specific-heat data yield m* values greater than those
shown in Fig. 3. Our detailed numerical calculations
indeed support the observed' behavior: The m*(H, )
determined from y are systematically higher than the
corresponding dHvA values, and coalesce as m 1.
Hence, our theory provides a complete rationalization of
the Ce86 data provided in Ref. 1.

Finally, we discuss the properties in the strong-
correlation limit U)) U, . As the double occupancy
il 0, the band narrowing factor (2) approaches the

4 5 6
Reduced field, h*10'

FIG. 3. Field dependence of the eN'ective mass for CeB6..

theory, continuous line; the points represent the data for CeB6
(cf. Ref. 1). Inset: The corresponding magnetization curves.
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the value of mass enhancement for the interacting gas
has been provided in the inset. m(H, ) changes very rap-
idly as the system approaches saturation; the antiferro-
magnetic exchange interaction with the coupling con-
stant J-W /U shifts the saturation towards fields much
higher than h, specified above for U & U, .

In summary, we have analyzed the magnetic-field
dependence of the spin-split eff'ective masses of almost-
localized electrons. We have also calculated the magne-
tization curves and have shown that they saturate in

physically accessible fields. The results obtained here ra-
tionalize the experimental observations for the heavy-
fermion systems at low temperature.

One of us (J.S.) acknowledges the support of the Su-
perconductivity Center at Purdue University, whereas
P.G. was supported by a David Ross fellowship awarded

by the Purdue Research Foundation. We are also grate-
ful to G. W. Crabtree (Argonne) and P. T. Coleridge
(National Research Council, Ottawa) for useful insights.

0.8— n=0.9

! „0.6—
0

~~
lg 0.4—

~~

U)
gg 0.2—

0.0
-5 -4 %3 -2

Magnetic field, log«h
FIG. 4. Eff'ective mass as a function of magnetic polariza-

tion m (top) and the dependence m vs h for the strongly corre-
lated electrons (rt =0). Inset: The m (m) dependence for the
interacting gas (taken from Ref. 6).

limit A = (I —n)/(1 n); the qua—ntity 41 '+@1
then does not depend on magnetic field. Therefore, for
the systems with U»U„ the specific-heat coe%cient y
also should not depend on the magnetic field for elec-
trons with the value of U well above U, . This type of be-
havior is encountered in UPt3. In order to calculate
m* and polarization m as a function of H„we start
from the eITective Hubbard Hamiltonian in the U»U,
limit, with the kinetic exchange interactions included '
and treated in the mean-field approximation. The results
for N ' and m are plotted in Fig. 4. For comparison,
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