VOLUME 72, NUMBER 18

PHYSICAL REVIEW LETTERS

2 MAY 1994

First-Principles Calculations of the Specific-Heat Mass Enhancements
in Ulrg, UPt3, and UAu;g
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By including dynamic fluctuations around the local-density-approximation (LDA) electronic
structure we find good agreement for the specific-heat mass-enhancement factors for UX3 (X =Ir,
Pt, Au). The fluctuations, which are calculated through to second order in the perturbation, are
restricted to those caused by strong, local, uranium 5f electron-electron interactions, for which the
calculated effective interaction strength is 2 eV. The strong material dependence of the second-order
mass-enhancement factors is related to the composition dependence of the Fermi energy and the

underlying one-electron LDA density of states.

PACS numbers: 71.28.4+d, 65.40.Em, 71.45.Gm

A large amount of work on the heavy-fermion systems
has established their essential strong-interaction nature
[1]. We wish to address a different question: what makes
a particular system heavy fermionic? An example is the
5d-metal dependence of the low-temperature linear coef-
ficient of the specific heat, v**P, for UX3 (X =Ir, Pt, Au)
(see row 1 of Table I). In complex systems, theoretical
predictions of such material dependencies are faced with
the difficult task of adequately treating both one-electron
and correlation effects. Consequently, approximations
must be made, and a central issue becomes the relative
importance of the two sets of effects. Generally, model
many-body calculations simplify the one-electron term
and then treat the correlation effects as well as possible,
while techniques based on density-functional theory ac-
count well for the one-electron effects, such as hybridiza-
tion and the separation of levels, but treat the exchange
and correlation term in the local-density approximation
(LDA). Although the LDA approach has successfully ac-
counted for ground-state properties, the common use of
LDA single-particle orbitals for excited states misses im-
portant correlation effects, particularly for strongly cor-
related electron systems. Indeed, by comparing rows 1

TABLE 1. Comparison of experimental, v**°* [7], LDA,
NLPA(Ep), and our results, v(?, for the effective masses
of Ulrz, UPt3, and UAuz. Using the calculated (mate-
rial-independent) estimate for the effective electron-electron
interaction strength of 2 eV, we obtain results which are in
fair agreement with experiment, showing the ability of our
second-order approach to determine the low-energy excita-

tions of these systems. All entries given in mJ K~2/(mol of
U).

Ulrs UPt3 “UAuz”
sl 19.5 452 260
NPA(ER) 13.1 25.9 28.1
2 17 475 243
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and 2 in Table I we see that the LDA does not repro-
duce the experimental trend of the low-temperature spe-
cific heat. Our calculations are an attempt to extend
the range of applicability of LDA-based approaches to
properties and systems where the dynamics of localized
electrons are important. The success of the method is
illustrated in row 3 of Table I, which shows that our
approach gives a good account of the specific-heat varia-
tion. That is, we find that Ulrg is only slightly enhanced
with respect to the LDA results, while UPt3 is strongly
enhanced, and “UAus” [2] lies somewhere in between.
Below, we give our understanding of the physical factors
driving this material dependence.

Before presenting our approach we briefly summarize
the LDA electronic structure. Figure 1 shows the total
and the partial U-5f density of states (DOS) of UPts,
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FIG. 1. The total and U-5f relativistic LDA DOS for
UPt3. The spin-orbit split U-5f states have been j resolved.
The double peak structures centered around —4 eV are the
spin-orbit split Pt-5d states, which are found to be in good
agreement with x-ray photoelectron results in contrast to the
localized U-5f states. The Fermi energy is at zero energy.
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computed within the LDA. XPS measurements show the
Pt-5d states form a broad peak at 4 eV below the Fermi
energy, consistent with the LDA, indicating that the
LDA correctly describes the conduction states [3]. Fig-
ure 1 also shows the U-5f states, which are pinned to
the Fermi energy by the high degeneracy of the f bands
and Coulombic considerations, are split by the relativistic
spin-orbit coupling term of about 1 eV. They are broad-
ened through hybridization, principally with the Pt-6p
and Pt-5d states [4]. The Fermi energy lies in the middle
of the lower of the two resulting subbands, producing a
complex Fermi surface, which shows agreement with de
Haas van—Alphen experiments that is comparable to that
found in the noble metals [5,6]. Even though the U-5f5,,
LDA bands have the right shape and are narrow (~ 0.8
eV wide), the LDA-DOS at the Fermi energy, N'PA(Ef),
is a factor of 18 smaller than the measured linear coef-
ficient of the low-temperature specific heat, v**P* (see
Table I).

The presence of quasiparticlelike excitations can be in-
ferred from experiment, e.g., the linear term in the spe-
cific heat and the Pauli-like magnetic susceptibility, along
with the agreement between the LDA results and de
Haas-van Alphen experiments. This strongly supports a
Fermi liquid interpretation of the low-temperature prop-
erties, and indicates the possible fruitfulness of a pertur-
bative approach for getting from the unperturbed, uncor-
related state to the low-temperature Fermi-liquid state.

Our approach is similar to the one used earlier for the
3d ferromagnets [8] and the periodic Anderson model [9].
We assume that the LDA provides an adequate descrip-
tion of all non-U-5f states. However, as the U-5f or-
bitals are localized, we expect electrons in these orbitals
to experience a strong, Hubbard-type, on site, effec-
tive electron-electron interaction, U. Although the time-
averaged (or mean-field) contribution of this interaction
is accounted for by the LDA, important dynamic correla-
tions are left out. We correct for this neglect by pertur-
batively including fluctuations around the LDA results
to lowest nonvanishing order in U (i.e., second order).

Since the Hubbard U is a local property that should
not depend too much on the environment surrounding
the uranium atoms, we used the same calculated value of
U =2 eV for all three compounds [10].

The complexity of the UX3 materials prohibits us from
calculating the self-energy of the U-5f bands as com-
pletely as we have for other systems. In the 3d ferro-
magnets we found that the momentum (k) dependence
of the self-energy is weak because of the many ways of
simultaneously conserving energy and momentum in a
multiband system [8]. In UPts even more bands cross
the Fermi energy, leading to an even weaker k depen-
dence for the self-energy, which we have consequently
neglected. Figure 1 shows that the U-5f5/, and U-5f7/2
states are well separated, and so the self-energy will de-
pend strongly on the relativistic quantum number j. On
the other hand, the dependence on the relativistic az-
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imuthal quantum number m; is much weaker, due to
Brillouin zone averaging. Therefore we assumed that the
partial DOS depends on j, but not on m,. Although
it would be desirable to study the stability of heavy-
fermion systems with respect to magnetic instabilities.
we have not done so because of the greatly added com-
putational effort. However, we note that, both for model
systems and the 3d ferromagnets, the tendency towards
magnetism is reduced by correlation effects [8,11].

Figure 2 shows the imaginary part of the j-resolved.
second-order self-energies, Im{Eg»z) (w)}, for the U-5f
states in UPt3. The main features can be understood:
the peaks labeled A, B, and C correspond to virtual
j = 5/2 electron-hole pairs being created by j = 7/2
electrons, j = 5/2 electrons, and j = 5/2 holes, respec-
tively. The rapid rise of the j = 5/2 term on each side
of the Fermi energy (lying between B and C) reflects the
large j = 5/2 DOS into which the electrons and holes can
scatter. This is in contrast to the j = 7/2 channel near
the Fermi energy, which has a DOS almost a factor of 20
lower. The large scattering rate of j = 5/2 states leads
to a correspondingly large mass-enhancement factor.

The mass enhancement factor, 1 — a—f{%&llw= uy Can
be derived from the Kramers-Kronig relationship:

BRe{Ej(w)}) _1 /dw,lm{zj(wf)}_

Ow (W' — u)? ()

|
lw=p

The (w’ —p)~? factor strongly weights the region near the
Fermi energy. An analysis of the integral shows that the
region 0.1 €V on each side of the Fermi energy accounts
for nearly half of the j = 5/2 states enhancement, a point
we return to.

The strong material dependence of the mass-
enhancement factors for the j = 5/2 states for the three
materials is shown in row 1 of Table II. However, compar-
ison with the ratio of the experimental results to the LDA
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FIG. 2. The imaginary part of the U-5f j-resolved sec-
ond-order self-energies for UPts. The features labeled A, B,
and C arise from j = 5/2 electron-hole pairs being created
by the scattering of a j = 7/2 electron, a j = 5/2 electron,
and a j = 5/2 hole, respectively. The large curvature of the
j = 5/2 term gives rise to a large mass-enhancement factor
for j = 5/2 states. The Fermi energy is at zero energy.
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TABLE II. For Ulrs, UPt3, and “UAus” we compare the
second-order prediction for j = 5/2 mass-enhancement factor,
1- 6Re{2§2/)2 (w)}/Ow|w=p, with the ratio of the experimental
specific heat to the LDA mass, v**P*/NLPA(Er). There is
approximately a factor of 2 between the two numbers, reflect-
ing the fact that not all of the states at the Fermi energy are
j = 5/2 states. We also compare the two with the average
j = 5/2 DOS near the Fermi energy, Ng"/%A(Ep). The cor-
relation of this one-electron property further illustrates the
important role of the underlying band structure in determin-
ing the low-energy excitations of the system. DOS are given
in mJ K~2?/(mol of U) .

Ulrs UPt3 “UAuz”

aRe(E(), (w)}

- —Fe— 2 31 17

w=
expt

NPEES 1.5 17.5 9.2
NiRA(EF) 2.6 21.1 15.1

results (see row 2) shows that the j = 5/2 enhancement
is approximately 2 times too large. The reason is that
not all the states at the Fermi energy experience this en-
hancement. (The j = 7/2 enhancement factors are small,
and the remaining states, e.g., Pt-5d and Pt-6p, are not
directly enhanced). This variation in the enhancement
for different states is supported by de Haas-van Alphen
experiments, which show that some of the bands are only
weakly enhanced with respect to the LDA predictions.
In order to account for such variable enhancements both
one-electron effects and correlation effects need to be in-
cluded when computing the quasiparticle bands. This is
done by solving the modified Dyson equation

Gi(w) = GEPA (w) + GEPA (W) EP () Gk(w) ,  (2)

where the one-electron effects, such as hybridization and
energy splittings, are included in the LDA Green’s func-
tion GLPA(w), and the correlation effects are accounted
for in the energy-dependent self-energy. The modification
2@ (w) = 2@ (w) — 2@ (1) would be correct if the LDA
Green’s function were replaced by the full density func-
tional Green’s function [12]. The resulting quasiparticle
peaks along high symmetry directions show that near the
Fermi energy some of the bands are strongly enhanced,
while others remain similar to the LDA bands.

In our discussion of Fig. 2 we mentioned that the
j = 5/2 DOS near the Fermi energy leads to the large
enhancement factor for these states. In row 3 of Table
II we give the U-5f j = 5/2 DOS averaged over a re-
gion 0.1 eV on each side of the Fermi energy, N*PA(EF).
For a simple half-filled one-band system with a rectan-
gular DOS one finds near the Fermi energy Im{Z(?)(w)}
ox w?NLPA(Er)3 (essentially one factor for each propa-
gator). Even though one does not find a cubic relation
for more complex systems, a comparison of rows 1 and 3

of Table II shows a correlation between the enhancement
factor and NIPA(Ep).

The material dependence of NF'PA(EF) can be under-
stood. The effective nuclear charge of the 5d metal in-
creases from Ir to Au, causing the 5d bands to move
away from the U-5f level. Consequently the smaller de-
gree of mixing between the U-5f and the 5d states in
UAus than in Ulrz causes the U-5f bands to become
narrower and have less conduction state character [13].
Concomitantly, the number of electrons per unit cell in-
creases by 3, shifting the Fermi energy from the bottom
of the U-5f5/, peak in Ulrz to the middle in UPt3, and
then to near the top in “UAusz.” Because of Coulombic
considerations the overall result of changing the relative
position of the Fermi energy and redistributing the U-5f
DOS does not much affect the total number of U-5f elec-
trons (2.48, 2.74, and 2.65, respectively). On the other
hand, the weight in the U-5f tails in the 5d-band region
drops dramatically from 2.25 to 1.53 to 0.59, illustrating
the redistribution of the U-5f weight. The fact that the
total U-5f occupation hardly changes indicates that the
LDA can capture the fact that it is energetically unfa-
vorable to change the U-5f occupation too much, and
so provides a posteriori support for our setting the LDA
result equal to the mean-field solution about which we
perturb.

The agreement between experiment and our specific-
heat results and our tracing the material dependence
of the enhancement back to the underlying one-electron
band structure lead to the question: How general
is the correlation between NLRA(Er) and the mass-
enhancement factor? We found that, although there
is no overall correlation between the different types of
strongly enhanced materials, in small groups of materials
the enhancement factors correlate with the NyR* (Er).
In these comparisons it is important to remember that
only the U-5f DOS are enhanced [14]. A typical exam-
ple is the substitution of Pd for Rh in URh3. The Fermi
energy moves from the bottom (low DOS) of the U-5f5/9
peak into the middle (high DOS), and results in a large
increase in the enhancement factor, driving the system
towards the localized limit [15]. Another example is the
series Ulry, Nplry, and Pulr;. If we suppress the antifer-
romagnetic transition in Nplry, we find that ]VsugA (EF)
and the mass enhancement increase on going from the
Ulrs to Nplrp [16]. Although the Pulrs specific heat has
not been measured, we expect it to be comparable to (or
maybe slightly lower than) that of the Np compound.

We now address a few additional points. First, as men-
tioned above, a 0.1 eV energy range around the Fermi en-
ergy accounts for more than half the enhancement. While
this is smaller than the relevant bandwidth (0.8 eV), it
is large compared to the relevant low-temperature scales
of the problem, so we must worry about higher-order
terms. Even though Luttinger showed that the second-
order contribution to the imaginary part of the self-
energy near the Fermi energy dominates any other order
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[17], the summation of an infinite series (i.e., the T ma-
trix) might produce large renormalization effects. Early
work based on free-electron ferromagnetic paramagnons
[18] can explain the temperature dependence of the spe-
cific heat, but is unable to explain the type of trend found
on going from Ulrz to UAus. Later work by Norman [19]
found good agreement for the temperature dependence
of the specific heat, but required knowledge of the exper-
imental susceptibility. Second, it is fortuitous that the
value of U suggested by Herbst et al. [10] gives such good
agreement, especially since we could not use the values
of U obtained by similar constrained density-functional-
theory calculations for the 3d transition metals (8], which
have about the same radial extension. Third, one would
naively expect higher-order terms to change the mass en-
hancement and worsen the agreement with experiment.
However, on including higher-order terms the value of
the effective interaction U should also change, to avoid
double counting screening effects already in U. For ex-
ample, Bulut and Scalapino [20] found that the effective
interaction needed for RPA susceptibility calculations to
reproduce Monte Carlo results is half the value used in
the Monte Carlo calculations. Finally, with respect to
energies away from the Fermi energy, joint x-ray photo-
electron and bremsstrahlung isochromat spectra show a
4-5 eV wide peak around the Fermi energy [21]. We find
that much of the U-5f spectral density is shifted to 4-6
eV above the Fermi energy, because the ReX(® (w) devi-
ates strongly from the expected limiting atomic type of
behavior ¥(w) ~ U?/4w at high energies [12,22].

To conclude, we found good agreement with experi-
ment for the specific heat of UX3 (X =Ir,Pt,Au). By
tracing the origin of the material dependence of the
mass enhancement back to changes in the one-electron
band structure we showed that, despite the importance
of many-body effects, properties of heavy-fermion sys-
tems can depend crucially on the underlying material-
specific one-electron spectrum, which is well described by
the LDA. More specifically, the enhancement factor cor-
relates well with the average LDA U-5f5/2 DOS in the
vicinity of the Fermi energy, which is dependent on the
chemical composition through the filling, the hybridiza-
tion, and the on-site energies of the components.
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