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We report density functional calculations of the electronic structure, Fermi surface, and de Haas–van Alphen
�dHvA� quantities of the PrMIn5 �M =Co, Rh, and Ir� compounds. Our investigation is carried out within the
framework of the local density approximation, using a relativistic, full-potential band-structure method. A
critical analysis of the electronic structures and the de Haas–van Alphen quantities is performed, which shows
that good agreement with recent measurements is obtained when we assume the Pr 4f states to be localized.
The topology of the Fermi surface is calculated to be similar to that of non-4f reference compounds, e.g.,
LaRhIn5. The similarities of the Fermi surfaces and the dHvA extremal orbits among the compounds in the
series are discussed. We, furthermore, compare our calculated effective masses with experimental measure-
ments and discuss the differences between them.
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I. INTRODUCTION

Among the lanthanide compounds, praseodymium-based
compounds have recently entered into the focus
of scientific attention. Initially, heavy fermion �HF�
behavior—sometimes combined with superconductivity—
has been observed for a number of Ce, U, and Yb com-
pounds �see, e.g., Refs. 1–3�. Many of these compounds have
been intensively investigated for years. More recently, the
first observation of heavy fermion superconductivity was re-
ported for the Pr skutterudite PrOs4Sb12.

4 Other Pr skutteru-
dites, such as PrFe4P12, were recently discovered5 to be
heavy fermion materials with an enormously enhanced effec-
tive mass of 81 m0. Particularly, the HF superconducting
state in PrOs4Sb12 is drawing considerable attention,6–9 as it
appears to be of an unconventional type, possibly due to
Cooper pairing mediated by quadrupolar fluctuations.10

Prior to the discovery of the heavy fermion Pr skutteru-
dites, several other praseodymium-based intermetallic com-
pounds have been studied, which exhibited a variety of un-
usual ground states, such as antiferromagnetic nuclear
ordering in PrCu2,11–13 antiferromagnetic quadrupolar order-
ing in PrPb3,14–16 heavy fermion behavior in PrInAg2,17 and
Kondo behavior and antiferromagnetic ordering in PrSn3.18

A new group of Pr compounds, PrMIn5 �with M =Co, Rh,
and Ir�, was recently synthesized by Hieu et al.19 These Pr-
based 115 compounds crystallize in the HoCoGa5 crystal
structure, in which also the fascinating HF superconducting
Ce-115 compounds, CeMIn5 �with M =Co, Rh, and Ir�,
crystallize.20 The Ce-115 HF superconductors display an ex-
tremely rich behavior of anomalous phenomena. CeCoIn5
and CeIrIn5 are superconductors at ambient pressure,21,22

with Tc=2.3 and 0.4 K, respectively, whereas CeRhIn5 be-
comes a superconductor �with Tc=2.1 K� under pressure.23

At ambient pressure, CeRhIn5 orders antiferromagnetically
with an incommensurate spin spiral below the Néel tempera-
ture TN=3.9 K.24 Various experiments unambiguously estab-
lished that the superconductivity is unconventional.25–28 The
occurrence of unconventional superconductivity in these ma-

terials appears to be closely connected to antiferromagnetic
spin fluctuations �see, e.g., Refs. 29 and 30� for which reason
the Ce-115’s are considered as archetypal heavy fermion su-
perconductors.

The recently synthesized PrMIn5 �M =Co, Rh, and Ir�
compounds19 crystallize in the same HoCoGa5 structure as
the Ce-115 HF superconductors. The Pr-115 compounds re-
veal, however, a relatively low specific heat of
7–11 mJ /mol K2 and no magnetic ordering �down to 2 K�,
while the magnetic susceptibility is highly anisotropic, sug-
gesting a �4f2� singlet ground state in a tetragonal crystal
field.19 Also, Hieu et al.19 reported measurements of the de
Haas–van Alphen effect in the PrMIn5 compounds. They
concluded, from a comparison to measured and calculated
results for the non-4f reference compound LaRhIn5,31 that
the Fermi surface topology is approximately cylindrical.
These findings suggest that the Pr 4f electrons in the Pr-115
compounds are localized. As an alternative, the itinerant 4f
approach was recently applied to PrCoIn5.33

de Haas–van Alphen �dHvA� measurements in connection
with density functional theory �DFT� band-structure calcula-
tions are, in the first place, a very useful tool to analyze a
multiband situation with a complicated Fermi surface and, in
the second place, can give insight in the localization behav-
ior of the 4f electrons. Recently, such investigations were
carried out for the CeMIn5 �M =Co, Rh, and Ir�
compounds.29,31,33 A characteristic feature in all three com-
pounds is a substantial degree of a quasi-two-dimensional
electronic structure; yet, there exist pertinent differences in
the dHvA quantities of CeCoIn5 and CeIrIn5, on the one
hand, and CeRhIn5, on the other hand.29 DFT calculations of
the dHvA frequencies showed that when one treats the 4f
electrons like itinerant states for CeCoIn5 and CeIrIn5, one
can obtain a good agreement with the experimental dHvA
frequencies, while for CeRhIn5, the better agreement is ob-
tained when the Ce 4f electron is treated as localized.33,34

Here, we report the DFT electronic structure investigation
of the Pr-115 compounds. Specifically, we performed full-
potential relativistic band-structure calculations for all three
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compounds PrCoIn5, PrRhIn5, and PrIrIn5. From these, we
calculated the extremal Fermi surface cross sections and ef-
fective masses, and, in order to compare to the quantities
investigated in the experiments,19 we concentrate on the H �c
case as well as on the angular dependence of the dHvA quan-
tities. To investigate the localization behavior of the Pr 4f
electrons, we performed calculations both by treating the 4f
states either as delocalized valence states or as localized
states, using the so-called open-core approach �see, e.g., Ref.
35 for a review�.

After presenting our computational method �Sec. II� and a
short discussion of the resulting band structures �Sec. III A�,
we describe the extremal orbits in Sec. III B. The critical
comparison with experimental results �Sec. IV� allows us to
draw conclusions concerning the electronic structures of the
Pr-115 compounds in Sec. V.

II. COMPUTATIONAL APPROACH

We performed band-structure calculations using the fully
relativistic version of the full-potential local orbital �FPLO�
minimum-basis band-structure method,36 RFPLO.37 In our
calculations, the following basis sets were adopted: for Co,
Rh, Ir, and In, we used 3s3p3d; 4s4p, 4s4p4d; 5s5p,
5s5p5d; 6s6p, and 4s4p4d; 5s5p, respectively. The 5s5p;
6s6p5d states of Pr are treated as valence states, while the 4f
states of Pr have either been included as valence states or
treated as core states. In the latter f-core approach, two non-
spin-polarized Pr f electrons are treated as well localized
core states without hybridization with valence states and give
rise to a spherically averaged 4f charge density. No other f
orbitals are included in the set of valence states; therefore,
there are no unoccupied 4f states in this approach. The
FPLO compression parameters x0, which determine the ra-
dial extent of the basis orbitals, were optimized for each
basis orbital separately by minimizing the total energy. For
the site-centered potentials and densities, we used expan-
sions in spherical harmonics up to lmax=12. The number of k
points in the irreducible part of Brillouin zone was 196. The
Perdew–Wang38 parametrization of the exchange-correlation
potential in the local density approximation �LDA� was used.

III. RESULTS

A. Calculated electronic structures

The compounds PrMIn5 �M =Co, Rh, and Ir� crystallize in
the tetragonal HoCoGa5 structure, space group P4 /mmm
�Space Group No. 123�. This structure is built of alternating
groups of PrIn3 and MIn2 stacked along the c axis. In our
calculations, we adopted the recently published experimental
lattice parameters: a=4.600 Å, c=7.531 Å, and z�In�
=0.3089 �PrCoIn5�, a=4.642 Å, c=7.521 Å, and z�In�
=0.3052 �PrRhIn5�, and a=4.658 Å, c=7.510 Å, and z�In�
=0.3047 �PrIrIn5�.19 The parameters used for LaRhIn5 are
a=4.677 Å, c=7.599 Å, and z�In�=0.3078.31 The calculated
band structures of PrRhIn5 and LaRhIn5 are presented in
Figs. 1 and 2, respectively. As we shall see later on in more
detail, the 4f-core approach is the applicable description for
all three Pr-115 compounds. Therefore, the energy bands

shown in Fig. 1 for PrRhIn5 have been obtained with the
4f-core approach. The band structures of PrCoIn5 and PrIrIn5
are only slightly different from the one of PrRhIn5 and there-
fore not presented here. We find for all three Pr-115 com-
pounds and for LaRhIn5 three bands which cross the Fermi
energy. These bands are denoted as band 131, band 133, and
band 135, according to their number in the valence band
complex of the fully relativistic calculation, counted from
below �note that the bands are twofold Kramers degenerate�.

Comparing in more detail the energy bands depicted in
Figs. 1 and 2, we first note that the two band structures in the
vicinity of EF are very similar along the high-symmetry lines
�-M-X. The crossing points of bands 131, 133, and 135 �in
identical order� with the Fermi level are clearly visible.
Along other high-symmetry lines, there exist several differ-
ences in the energy bands of PrRhIn5 and LaRhIn5. For ex-
ample, the Fermi level crossings of band 131 close to the Z
point differ and band 133 does not cross the Fermi level at R.
Also, there exists a difference in the Fermi level crossings of
band 131 along the R-Z line, close to the Z point. As a
consequence, the Fermi surfaces and dHvA effect are ex-
pected to be different: the PrMIn5 compounds have a smaller
number of extremal orbits than LaRhIn5 for H �c. By calcu-
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FIG. 1. �Color online� The calculated energy bands of PrRhIn5,
with the 4f states treated as core states. The bands crossing the
Fermi energy are highlighted through their color.
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FIG. 2. �Color online� The calculated energy bands of LaRhIn5,
the non-f-electron reference compound.

ELGAZZAR et al. PHYSICAL REVIEW B 77, 125105 �2008�

125105-2



lating additionally the different band weights, shown in Fig.
3, we see that the bands which cross the Fermi level in Fig.
1 have a considerable Rh 4d �green�, Pr 5d �red�, and In 5p
�blue� character. Most pronounced is the In 5p character
�band crossing EF near the Z point, between A and R and M
and X� and the Rh 4d character �green symbols at the R point
and close to the Z point�. If we compare Figs. 1 and 2 be-
tween the M and � points or between M and X, we find in
both cases three bands crossing the Fermi energy. The two
upper bands �133 and 135� give rise to closed orbits centered
at M �see Fig. 5�, which are of predominantly In 5p character
and present for all Pr-115 compounds. The same is true for
the two electronlike bands centered around the A point. From
computed band weights for LaRhIn5 �not shown�, we can
trace back these differences between LaRhIn5 and PrRhIn5 to
small energy differences in some of the band states. The
Rh 4d derived states at R and Z �cf. green symbols in Fig. 3�
are placed at a somewhat deeper energy for La RhIn5. The
Pr 5d states �red symbols in Fig. 3� are conversely higher in
energy for PrRhIn5 than the corresponding La 5d states in
LaRhIn5. In Fig. 4, we show the calculated total and partial
densities of states �DOSs� of nonmagnetic PrRhIn5. The par-
tial DOS is rather similar to that of the LaRhIn5 compound.
The dominant contribution to the total DOS in the vicinity of
EF stems from the In 5p states, as well as the Pr 5d and
Rh 4d states. A small contribution from In 5s states exists,
too.

B. Fermi surface and extremal orbits

The extremal orbits for H �c and the angular dependence
of the theoretical dHvA frequencies have been calculated us-
ing the numerical schemes discussed in Refs. 39 and 40. In
order to visualize the existing extremal orbits, we show in
Fig. 5 the computed Fermi surface of nonmagnetic PrRhIn5
and LaRhIn5. The Fermi surface sheets shown correspond,
from top to bottom, to bands 131, 133, and 135. To label the
extremal orbits, we use the same notation as in previous
experimental investigations,19,31 with the following addi-

tions: we label orbit a2, which was found in experiment for
all Pr-115 and for LaRhIn5 compounds, and orbit �3, which
arises from the same Fermi surface sheet as �1 and �2. The
main experimental extremal orbits are denoted19,31 �i
�i=1,2 ,3� and �i �i=1,2 ,3�, which are located on the two
tubular Fermi surface sheets corresponding to bands 133 and
135, respectively. Due to the corrugation of these sheets
along the M-A axis, there exist three distinct extremal orbits
along the z direction; orbits �3 and �1 occur for kz=0.24 and
kz=0.18, respectively. The other extremal orbits, �1 and ai
�with i=1,2 ,3� are located on the more three-dimensional
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FIG. 3. �Color online� The calculated �4f core� energy bands of
nonmagnetic PrRhIn5 in the vicinity of the Fermi level. The
amounts of In 5p, Pr 5d, and Rh 4d characters are indicated by the
colors and fatness of the bands; green symbols denote Rh 4d, red
Pr 5d, and blue In 5p, respectively.
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FIG. 4. �Color online� Total and partial DOSs of nonmagnetic
PrRhIn5, calculated with the 4f-core approach.

FIG. 5. �Color online� Calculated Fermi surface of nonmagnetic
PrRhIn5 �left-hand panels� and LaRhIn5 �right-hand panels�, with
extremal orbits indicated. The Fermi surface sheets correspond,
from top to bottom, to bands 131, 133, and 135.
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Fermi surface sheets of band 131. The three ai orbits are
located near the Z point and �1 is located in the z=0 plane.
The latter orbit has a high frequency and a high cyclotron
mass, and, due to its location, its observation could depend
sensitively on the alignment of the crystallographic c axis
and the magnetic field. So far, it could only be detected for
PrIrIn5.19 The � and � orbits are experimentally the best
visible ones.

In Tables I–III, we compare the calculated and experimen-
tal dHvA frequencies and cyclotron masses for PrCoIn5,
PrRhIn5, and PrIrIn5, respectively. In general, we observe
from the Tables I–III a rather good agreement between
theory and experiment, in particular, for orbits �i
�i=1,2 ,3� and �i �i=1,2 ,3�. The dHvA frequencies are well
given by the present open-core calculations. The dHvA cy-
clotron masses do show deviations of the order of a factor of
2. However, taking into account the absence of many-body
enhancement in our calculations, such a deviation is not un-
usual. For PrIrIn5 �Table III�, all experimentally observed
extremal orbits correspond nicely to computed orbits. For
this compound, also, the high frequency orbit �1 was experi-
mentally detected, and its dHvA frequency corresponds very
well to the computed result.

In the experimental investigation of Hieu et al.,19 a com-
parison was made to calculated as well as experimental re-

sults for LaRhIn5.31 As we mentioned before, the computed
Fermi surface of this non-4f reference compound is very
similar to that of the Pr-115’s, but there are also some differ-
ences. In Table IV, we compare our present calculations for
LaRhIn5 with the full-potential linearized augmented plane
waves �FLAPW� calculations as well as experimental results
of Ref. 31. The agreement between the two theoretical data
and between the theory and experiment is rather good. Due
to the already mentioned different shapes of the Fermi sur-
face sheet corresponding to band 133, the extremal orbit �3
does not exist, neither in experiment nor in the calculations.
Differences with regard to the Pr-115 compounds also exist
in the Fermi surface part due to band 131 around Z. In our
calculations for LaRhIn5, we included the 4f states as delo-
calized valence states. Comparing in more detail the two sets
of computed data, we note that the FLAPW method gives,
for most of the extremal orbits, a somewhat larger dHvA
frequency and mass, which is in better agreement with the
experiment. This might be related to small differences in the
used lattice parameters or the exchange-correlation func-
tional. There is a good agreement of the theory with experi-
mental results of Shishido et al.31 �who give, however, not all
frequencies that exist�. Only the orbit around R of band 133
was apparently never observed. Band 131 now gives rise to
two extremal orbits around Z, which we denote a2 and a2�. It
seems that only the larger orbit a2 was observed experimen-
tally. The calculated cyclotron masses are for LaRhIn5 closer
to the measured values than is the case for the three Pr-115
compounds. This indicates that although the Pr 4f electrons
are localized, they still play a small role in the many-body
enhancement. Such enhancement could occur through Pr on-
site f-d exchange interactions, which couple f spin fluctua-
tions to Pr 5d states near the Fermi level. The measured20

specific heat coefficients of the Pr-115 compounds are quite
small, �=11, 7.7, and 7.2 mJ /mol K2, respectively, for
PrCoIn5, PrRhIn5, and PrIrIn5. These can be compared with
our calculated unenhanced specific heat coefficients, which
are, respectively, �=6.0, 4.8, and 4.6 mJ /mol K2. The many-
body enhancement of nearly a factor of 2 in the specific heat
coefficients is in accordance with the enhancement factor
observed for the cyclotron masses �see Tables I–III�.

C. Angular dependence

For further comparison to the experiment, we investigated
in addition the angular dependence of the dHvA frequencies

TABLE I. Comparison of experimental �Ref. 19� and calculated
dHvA frequencies F �in kT� and the cyclotron masses m �in electron
masses m0� for PrCoIn5 with H �c.

Orbit
Central
point

Band
No.

F �kT� �m� �m0�

Calc. Expt. Calc. Expt.

�1 M 131 13.40 0.98

�1 M 133 10.32 9.93 0.70 1.66

�2 A 133 5.96 5.97 0.71 0.76

�3 Akz=0.24� 133 5.53 0.79

�1 Akz=0.18� 135 4.73 4.65 0.69 0.70

�2 M 135 3.99 3.97 0.49 0.83

�3 A 135 4.00 0.61

a2 Z 131 0.74 0.73 0.26 0.30

TABLE II. Comparison of experimental �Ref. 19� and calculated
dHvA-data of PrRhIn5 for H �c.

Orbit
Central
point

Band
No.

F �kT� �m� �m0�

Calc. Expt. Calc. Expt.

�1 M 131 12.42 0.82

�1 M 133 10.15 10.04 0.63 0.93

�2 A 133 6.06 6.30 0.55 0.76

�3 Akz=0.24� 133 5.96 6.12 0.59 0.65

�1 Akz=0.18� 135 4.59 4.65 0.54 0.56

�2 M 135 3.95 3.93 0.46 0.40

�3 A 135 3.50 3.40 0.47 0.31

a2 Z 131 0.51 0.39 0.23 0.60

TABLE III. As Table II, but for PrIrIn5.

Orbit
Central
point

Band
No.

F �kT� �m� �m0�

Calc. Expt. Calc. Expt.

�1 M 131 13.66 13.84 0.93 1.72

�1 M 133 10.02 9.82 0.65 1.20

�2 A 133 5.61 5.90 0.64 1.41

�3 Akz=0.24� 133 5.24 5.88 0.66 1.48

�1 Akz=0.18� 135 4.16 4.21 0.53 0.92

�2 M 135 3.80 3.76 0.48 0.77

�3 A 135 3.32 3.26 0.45 0.79

a2 Z 131 0.51 0.47 0.23 0.94
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of the branches for the three Pr-115 compounds �treating the
4f electrons as localized� and LaRhIn5. A comparison of the
computed and experimental results19 is shown in Fig. 6. As
can be seen, the characteristic angular dependence of the
various dHvA branches is well reproduced.

The rather two-dimensional shapes of the Fermi surface
sheets of bands 133 and 135 gives rise to the steep upturn
observed for the � and � branches when the field is turned
toward the �100� direction. The other extremal orbits, �1 and
the a2 orbits, behave differently: the large orbit �1 disappears

TABLE IV. Comparison of experimental �Ref. 31� and theoretical dHvA data of LaRhIn5 for H �c. The
calculations of Ref. 31 were performed with the FLAPW method, the calculations denoted “present” by the
FPLO method.

Orbit
Central
point

Band
No.

F �kT� �m� �m0�

Present Calc.a Expt. Present Calc.a Expt.

�1 M 131 12.31 12.46 0.94 1.14

�1 M 133 9.91 10.11 10.02 0.66 0.88 0.98

�2 A 133 5.76 6.08 6.13 0.58 0.62 0.73

�1 Akz=0.18� 135 4.26 4.33 4.62 0.57 0.63 0.69

�2 M 135 3.45 3.56 3.76 0.48 0.53 0.51

�3 A 135 3.30 3.12 3.56 0.49 0.55 0.64

b R 133 0.37

a2 Z 131 0.63 0.60 0.37

a2� Z 131 0.31

aReference 31.
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FIG. 6. �Color online� Top: The calculated angular dependence of the dHvA frequencies of PrMIn5 �M =Co, Rh, and Ir� and of LaRhIn5.
Bottom: measured angular dependence of the main dHvA frequencies of the Pr-115 compounds �Ref. 41�, after Hieu et al. �Ref. 19�.
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when the field is turned away from the c axis, while the orbit
a2 increases slightly when the field is rotated, but then it
disappears. When the field is approximately along the �100�
axis, there exists another Fermi surface part �the tubular arms
of the Fermi surface sheet of band 131, see Fig. 5�, which
gives rise to three extremal dHvA orbits. The corresponding
dHvA orbits are denoted as �2, �3�, and �3�, and their calcu-
lated frequencies are shown in Table V.

IV. SUMMARY AND CONCLUSIONS

In recent years, praseodymium-based crystals have en-
tered the scientific focus because of observed anomalous
phenomena that are related to the Pr 4f electrons. Here, we
have investigated the Pr-115 compounds, which crystallize in
the same tetragonal HoCoGa5 structure as the family of Ce-
115 unconventional superconductors. The behavior of the
Pr 4f electrons is, however, significantly different from that
of the Ce 4f electrons in the isostructural analogs. Our inves-
tigation confirms that the Pr 4f electrons are basically local-
ized in the Pr-115 crystals. This is most clearly demonstrated
by the good agreement between experimental and calculated
angular dHvA quantities, which we achieve when the Pr 4f
states are treated as core states. In another recent computa-
tional investigation,32 the Pr 4f electrons were adopted to be
delocalized, but the here achieved correspondence between
the computed and measured dHvA data does support the lo-
calized view point. We checked this statement by additional
calculations with 4f states included in the valence basis �not
reported here�. Also, as pointed out by Hieu et al.,19 the
correspondence between the measured dHvA quantities of
the Pr-115 compounds and LaRhIn5 shows that there are es-
sentially no Pr 4f states present at the Fermi energy. Our

calculations for LaRhIn5 confirm this point: the Fermi sur-
face of LaRhIn5 is similar to that of the Pr-115 compounds
when the Pr 4f states are treated as core states. There exist,
nevertheless, several differences between the Fermi surfaces
of the La- and Pr-based 115 compounds. These differences
could yet be more clearly discerned in careful dHvA studies
on high-quality single crystals, something which would com-
plete our understanding of these materials.

LDA calculations, in which f electrons are treated as va-
lence states, can lead to a poor description of the physical
properties of lanthanide materials because of the occurrence
of an unphysical broad 4f resonance near the Fermi energy.
The presented 4f-core calculations for the Pr-115 compounds
provide Fermi surfaces which are in good quantitative agree-
ment with experiment: the computed dHvA frequencies com-
pare closely with the experimental data. The computed
dHvA cyclotron masses follow the same trends as the mea-
sured masses, but the latter are larger due to many-body
enhancement factors. Two small differences between theory
and experiment exist in the number of observed branches.
Our calculations predict the presence of the �1 dHvA branch
for all three Pr-115 compounds. So far, this branch could be
observed experimentally for PrIrIn5 only, but it might well be
present for all three compounds. Theory also predicts three ai
branches for the Pr-115 materials, of which, so far, only the
a2 branch—which has the largest dHvA frequency—appears
to be unambiguously detected.

Lastly, we propose that pressure experiments on Pr-115
crystals might provide interesting information. Detailed
dHvA experiments under pressure on CeRhIn5 revealed,30

recently, a crossover from antiferromagnetic localized 4f be-
havior to a heavy fermion superconducting state in which the
4f electron partially delocalizes. A similar behavior might
occur for the Pr-115 materials, albeit presumably at a higher
pressure.
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