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ABSTRACT

I—ieavy-fermions have a large number of low-lying excitations.
Antiferromagnetic superexchange typically favors low-spin arrangements
for the ground state. A magnetic field favors high-spin arrangements
over low-spin arrangements. The transition from a low-spin ground
state to a high-spin ground state, as a function of magnetic field, passes
through a range where there is a peak in the many-body density of

states. This range qualitatively describes the metamagnetic transition.
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Heavy-fermion systems have been an active area of research for both experimen-

 talists! and theorists?* since their discovery in the mid-1970’s. Heavy-fermion sys-

. tems are characterized by huge coefficients (y) to the term linear in T in the specific

heat, quasi-elastic spin excitations (large magnetic susceptibility), and poor metallic
conductivity. These features may be qualitaﬁvely described by a Fermi liquid with a
very large density of states at the Fermi level 2™ Heavy-fermion systems may become
superconductors (UPt3, UBe 3, CeCu,Si,, URu,Si,, etc.), possess long-range mag-
netic order (UPt3, URuU,Si,, NpBeqs, UyZnqq, etc.), or remain paramagnetic metals

(CeRu,Si,, CeAls, CeCuyg, etc.) at low temperatures.

.Recent experifnental work has concentrated on the properties of heavy-fermion
systems in high magnetic fields.>® A "transition" is observed (the so-called metamag-
netic transition) at a characteristic magnetic field (B.) in CeRu,Si, (B, =7.8 T),‘UPt3
(B, =21T), and URu,Si, (B, =36T). The transition is characterized by a magnetic-
field dependence of the coefficient ¥y, the elastic coefficients, and the magnetic proper-
ties. At the critical field B, the coefficient y has a single peak, the elastic coefficients
are softened, and the magnetic fluctuations change character. The magnetization shows
a steplike structure as a function of rﬁagnetic field strength. This contribution presents

a many-body theory (without the assumptions of Fermi-liquid theory) that describes all
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of the above electronic properties of heavy-fermion systems (except superconductivity)

and their field dependence.

Every heavy-fermion system is composed of ions with localized f -orbitals
(lanthanides and actinides) that do not overlap wfth the corresponding f -orbitals on
neighboring ions, but do hybridize with the extended states of the conduction-band
electrons. The f -electrons interact very strongly with each other via a screened (on-
site) coulomb interaction U that acts only between two f -electrons that are localized
about the same lattice site. Double-occupied f -orbitals are effectively forbidden, since
the coulomb energy is larger than any other energy in the problem (U >10 eV). The
physics of such an electronic system is described by the lattice (or periodic) Anderson

impurity model®

Hy = Y gpalsays+e ) fic fic+U X fi firfil fiL
ko io i

+ 3 [Va fil ks + Vi als fis) , 1)
iko

in the large-U (U — o) limit.19 The parameters énd operators in Eq. (1) include the
conduction-band creation (annihilation) operators akﬂ, (axs) for a conduction electron
in an extended state with wavevector k, spin G, and energy €;; the localized electron!
creation (annihilation) operators f;5 (f;s) for localized electrons in an atomic orbital
centered at lattice site i with energy €; the on-site coulomb interaction U; and the
hybridization integral V;, that mixes together the localized and extended states. The

hybridization matrix elements are assumed to be of the form

Vi =exp(iR; "K)V g(\)NN )

[

with g (k), the form factor, a dimensionless function of order one, and N the number
of lattice sites. The Fermi level E is defined to be the maximum energy of the filled
conduction band states, in the limit V — 0 and the origin of the energy scale is chosen

so that Er =0. The conduction-band density of states per site at the Fermi level is



then defined to be p.

Heavy-fermionic behavior may occur in the region!? where ep=-V?p?<0. The
localized orbitals are almost singly occupied (< fl-tf fir+f ,-71 fil>=1-v ,v<l) and
the conduction electron density of states at the Fermi level is small. The Anderson
hamiltonian (1) may be mapped onto the large-U limit of the Hubbard!® hamiltonian
which, in turn, may be mapped onto a 7—/ model!*

H_;=- Z Lij (l_fitc i-o) fif,fjo (l—fjf—o-fj_o-) + 2 JiSi'S; . B3

ijo ij

The hopping matrix ¢; satisfies

*
‘.. =ZM _ v Y g2(k) o~k RR;) @

and the antiferromagnetic superexchange is defined to be J;; = 41y; 12/U.

A heavy-fermion system is characterized'? by a many-body ground state with a
very large number of low-lying excited states that have many differenf spin
configurations (a partial decoupling of spatial and spin degrees of freedom). The
localized states broaden into a strongly correlated narrow band in which all electronic
transport takes place; the conduction band is (effectively) decoupled and acts only as a
buffer that determines the concentration of electrons in the narrow band. The forma-
tibn of a heavy-fermion ground state (and its low-lying excitations) reciuire a fine-
tuning of the parameters in the (cffec'tive) t—J model and depends strongly upon the

geometry and connectivity of the lattice.

One way to study the formation of a many-body ground state that possesses the
properties of a heavy-fermion system (without any a priori assumptions of Fermi-
liquid behavior) is to diagonalize t;xactly the many-body problem for small systems —
the so-called small-cluster approach.'® This approach to the many-body problem begins
with the periodic crystal approximation (replacing an infinite lattice by a lattice with N

sites and periodic boundary conditions) with a small number of inequivalent sites.
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The cluster is chosen to be small enough that the many-body hamiltonian may be
exactly diagonalized but (hopefully) large enough that the physics of the infinite lattice
is captured. An understanding of exactly how to extrapolate the results for a small-

cluster calculation to the thermodynamic limit (N — <o) has not yet been found.

The lattice Anderson impurity model [Eq. (1)] has been studied!®~1® for various
small clusters with at mést four sites (for a review see Ref. 19). The reéults for the
tetrahedral cluster' 18 (with one electron per site) illustrate the formation of the
heavy-fermionic state and how sensitive it is to variations in the parameters. When the
band structure €, is such that the bottom of the band is at the I' point of the face-
centered-cubic Brillouin zone, a small range of values for € are found where the™
ground state is a spin singlet with (nearly degenerate) triplet and quintet excitations.
The specific heat has a huge low temperature peak and the magnetic susceptibility is
large. When I' is the top of the conduction band, a magnetically ordered heavy-

fermionic state is sometimes observed.

The small-cluster approach has also been applied' to the =/ model?® which
corresponds to the parameter regime of the lattice Anderson impurity model in
between the Kondo lattice and the intermediate-valence state.!? A very good example
of a heavy-fermion system lies in an eight-site face-centered cubic-lattice cluster with

20

seven electrons.”” When the hopping parameters and antiferromagnetic superexchange

parameters are chosen to be

t >0, i ,j = first—nearest neighbors ,
;= | ¢ =01, 1i,j =second-nearest neighbors ,
0, otherwise ,
J. = [ J, i,j = first-nearest neighbors , (5)
y - , otherwise ,

then the many-body eigenstates possess a low-energy manifold of 96 states (out of a
total of 1024 states) that is split-off from the higher-energy excitations and which

include many different spin configurations (see Table 1). These many-body states are

S
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degenerate at J =0 but the degeneracy is partially lifted for finite J, with low-spin

configurations favored (energetically) over high-spin configurations.

A magnetic field (in the z-direction) partially lifts the degeneracy even more,

since the many-body eigenstates with z-component of spin m, have an energy
EB)=E@Q) —m,gugB =E0)-m,bJ , (6)

in a magnetic field B. The symbols g, {ig, and b denote the Landé g-factor, Bohr
magneton, and dimensionless magnetic field, respectively. The high-spin eige'nstatcs
are energeticaily favored in a strong magnetic field and level crossings occur as a func-

tion of b.

The phenomena described above are all of the necessary ixigrcdients for a
metamagnetic transition. The heavy-fermion system is described by a ground state
with nearly degenerate low-lying excitations of many different spin conﬁguraﬁons.
The antiferromagnetic superexchange pushes high-spin states up in energy with Split-
tings on the order of J. The magnetic field pulls down these high-spin states (with
maximal m,) and generates level crossings in the ground state. In the region near the
level crossings, there is an increase in the density of low-lying excitations that pro-
duces a peak in the specific heat as a function of b. The magnetization and spin-spin

correlation functions both change abruptly at the level crossings.

To illustrate the metamagnetic transition for the simple model above, the specific
heat and magnetization are calculated as a function of the magnetic field (at a fixed

low temperature). The specific heat satisfies

L
Y, EZexp(-BE,) {z,, E,exp(-BE,) }2 -

Cyb) 82
R Zn CXp(—BEn)

kg 2 exp(-BE,)

where kg is Boltzmann’s constant, 3 is the inverse temperature (B=1/kzT) and E,, is
the energy of the nth many-body eigenstate in a magnetic field » (the summations are

restricted to the 96 eigenstates in Table 1). Similarly the magnetization is expressed



2n m; exp(—PE,)

M) = s
®) = e CPE)

@®)

where m, is the z-component of spin for the nth many-body eigenstate. The results
for the specific heat and magnetization are given in Figures 1 and 2, respectively, at
the temperature where B/ =1 and in Figures 3 and 4, respectively, at the temperature

where BJ =5.

The results for B/ =1 are representative of the high-temperature regime BJ <2
where the temperature is larger than the energy-level spacing. The specific heat has a
single broad peak as a function of magnetic field with the center of the peak moving to
larger values of b and the zero-field intercept becoming smaller as the temperature
increases. The magnetization smoothly changes from a value of zero to a value of 5/2 -

as a function of magnetic field, showing little structure.

The results for BJ =5 are representative of the low-temperature regime J >2
where the temperature is smaller than the enefgy-level spacing. The specific heat has a
multiple-peak structure arising from each level crossing in the ground state and the

magnetization shows steps at the various level crossings.

The results fit the experimental data>® extremely well. The specific-heat meas-
urements resemble the "high-temperature” result (Fig. 1) with a single-peak structure
and the magnetization measurements resemble the "low-temperature" result (Fig. 4)
with noticeable steps. This is to be expected since magnetization measurements take
place at a constant low temperature while specific-heat measurements require measure-
ments over a temperature range. Figure 3 suggests that specific-heat measurements

may show additional structure if they can be made at lower temperatures.

In summary, the physics of the metamagnetic transition can be described as fol-
lows: a heavy-fermion system is composed of a ground-state with nearly degenerate

low-lying excitations of many different spin configurations; the weak antiferromagnetic
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superexchange interaction slightly favors low-spin arrangements over high-spins (at
zero magnetic field); a magnetic field pulls down the high-spin configurations causing
(multiple) level crossing(s) in the ground state and producing a peak in the many-body
density of states. The result is a peak in the specific heat (and possibly a richer struc-
ture at lower temperatures), steplike transitions in the magnetization, and abrupt

changes in ground-state correlation functions.

The authors acknowledge stimulating discussions with A. R. Mackintosh. This
research was supported at the Lawrence Berkeley Laboratory, by the Director, Office
of Energy Research, Office of Basic Energy Sciences, Materials Sciences Division,

U.S. Department of Energy, under contract No. DE-ACO03-76SF00098.
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‘Table
Energy Total Spin Degeneracy Spatial Symmetry Label
<7
—6t + 61" —3J -%— 14 hLeXx,¢X,
L )
—6t + 61" —2J B} 16 L,
;3 3
—61 + 61 ——2‘.’ E 32 1"12€BX1@X2
, 1 3 |
—_— + —— —
6t + 61 > J > 16 L,
, 5
. =6t +61" +J > 18 X5

Table 1. Low-energy manifold of many-body eigenstates, at zero magnetic field, for

the model heavy-fermion system discussed in the text. The notation is that of Ref. 20.
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Figure Captions

Fig. 1. Calculated specific heat as a function of magnetic field for the heavy-fermion
model discussed in the text. The temperature is fixed at T =J/kg. The horizontal axis
contains the dimensionless magnetic field and the vértical axis contains the dimension-
less specific heat Cy /kg. Note the single peak in the specific heat, characteristic of the
high-temperature regime.

Fig. 2. Calculated magnetization as a function of magnetic field at a temperature
T =J/kp. Note the smooth transition in the magnetization, characteristic of the high-
temperature regime.

Fig. 3. Calculated specific heat as a function of magnetic field at a temperature
T =J/5kg. Note the multipeak structure in the specific heat, characteristic of the low-
temperature regime.

Fig. 4. Calculated magnetization as a function of magnetic field at a temperature
T =J/5kg. Note the steplike transitions in the magnetization at each level crossing,

characteristic of the low-temperature regime.
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