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Influence of 4f hybridization on the structural and electronic properties of CeM 2Si2
„MÄRu, Rh, and Pd…
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and Departamento de Fı´sica, J. J. Giambiagi, FCEyN, University of Buenos Aires, Buenos Aires, Argentina

J. G. Sereni
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We present full potentialab initio calculations to study structural and electronic properties of CeM2Si2 with
M5Ru, Rh, and Pd. Two kind of calculations are performed: one considering the 4f states as hybridized ones
and another simulating Ce systems with nonhybridized 4f states. We calculate the hybridization function and
analyze the influence of the 4f states on structural properties such as equilibrium volume,c/a ratio, andbulk
modulusand study their evolution together with that of the spin magnetic moment under applied hydrostatic
pressure. The results are compared with experimental data.
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I. INTRODUCTION

Cerium compounds present several unusual phys
properties, which have their origin in the behavior of t
highly correlated 4f electrons. The hybridization of the 4f
states with the conduction band is considered as the pa
eter that controls the wide variety of ground states obser
in these systems. Hybridization can be tuned in two ways
applying hydrostatic pressure or by changing the chem
environment of Ce. In particular, the family of CeM2X2 in-
termetallics~with M a transition metal andX a p-type met-
alloid! which crystallizes in the ThCr2Si2-type structure
shows a wide variety of physical behaviors depending onM
andX, such as ambient or pressure induced supercondu
ity, long-range magnetic order, heavy fermion charac
paramagnetism, and nonmagnetic order with magnetic co
lations, among others.1

The competition between the Ruderman-Kittel-Kasu
Yosida~RKKY ! interaction and the Kondo effect determin
the ground state of these systems. In a regime of weak
bridization the dominant RKKY interaction leads to lon
range magnetic order, while in the case of strong hybridi
tion the Kondo interaction prevails and spin compensat
favors a nonmagnetic valence fluctuating state at
temperatures.2

Within the above-mentioned family of compounds, o
interest lies on the study of the influence of 4f and
conduction-band hybridization on the structural and el
tronic properties of the CeM2Si2 series, beingM a 4d tran-
sition metal with increasingd-occupation number (M5Ru,
Rh, and Pd!.

The low-temperature properties of these systems can
briefly summarized as follows. CeRu2Si2 is a heavy fermion
and its low-temperature behavior is well described as a p
magnetic Fermi liquid, in which no long-range magnetic
der has been observed down to 20 mK. The low-energy
citations are strongly renormalized heavy quasiparticles
inferred from the large value of its specific-heat coefficie
g.3
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CePd2Si2 and CeRh2Si2 show antiferromagnetic orde
~AF! being their respective Ne´el temperaturesTN;10 K and
36 K. Both systems show a rather fast decrease in the v
of TN with applied pressure, which is the prelude of press
induced superconductivity in both cases. In CePd2Si2 the
critical pressure at which AF is suppressed was reporte
PC;2.5 GPa, while for CeRh2Si2 a lowerPC;0.9 GPa de-
stroys the AF order.4

Among the peculiarities shown by the systems un
study, there is a controversy about the nature of the 4f states
in CeRh2Si2, on the one hand, the fact that CeRh2Si2 has a
large ordering temperature and that the value of the magn
moment of Ce is close to the free-ion one (mord51.5 mB)
~Ref. 5! suggests that the 4f states are very localized in thi
compound. On the other hand, the evolution of these qu
tities with applied pressure and the large value of the Kon
temperature (TK'TN) as compared to other compounds
the CeM2Si2 family, leads to the assumption that the 4f
states are strongly hybridized and quite delocalized.6 Another
peculiar feature of CeRh2Si2, which makes out of it a singu
lar system in the series, is the anomalous value of its lat
parameters, showing the highestc/a value within the series.

With the aim of getting deeper insight into the differe
kinds of behaviors observed in this family of compound
several experiments have been recently done to follow
evolution of thec/a ratio and of the cell volume as a func
tion of chemical substitution and also to study their relatio
ship with magnetic, thermal, and transport properties.7,8 For
instance, it has been reported that a decrease in the con
tration of Rh in the alloy Ce(Ru12xRhx)2Si2 induces the
same effect as the application of pressure for the compo
with x50.05. That is, under these two control parameter
reduction of thec/a value and in the Ce-Ru distances ta
place. This seems to play a relevant role in the obser
spin-density wave transition shown by this system.9 Several
experimental studies on the variation of the lattice para
eters upon alloying have already been undertaken8,10 how-
ever, as far as we are aware of, their evolution under hyd
©2004 The American Physical Society16-1
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static pressure has not been reported yet, nei
experimentally nor theoretically. This kind of results, whi
are difficult to obtain experimentally, are of interest in ord
to understand the interplay between RKKY and Kondo int
actions through the analysis of the evolution of the CeM
distances andc/a values, since the main contribution to th
screening of the 4f comes from the transition metal. It i
known that a reduction of these distances favors the Ko
interaction while the RKKY one prevails if they increase.11

In this contribution we address precisely to the evolut
of the structure of the above-mentioned systems with hyd
static pressure and undertake a comparative study of
properties setting particular emphasis on the influence of
hybridization. With that purpose we do systematicab initio
calculations for the compounds under study. Within the
proximations used for the exchange and correlation poten
this kind of calculations are not able to describe the lo
temperature properties of these highly correlated compou
as the many-body and correlation effects are being unde
timated and statically treated. Notwithstanding this, it is p
sible to obtain detailed information about the ground-st
electronic structure, which plays an important role in t
determination of the structural properties and underlies
specific low-energy excitation spectra, through the charac
istics of their respective hybridization functions. In order
study the role played by the 4f states on these properties w
also perform calculations for the corresponding LaM2Si2
systems, which do not show occupied 4f states. The results
are compared with available experimental data. Finally,
order to give a more quantitative answer to t
4 f -conduction-band hybridization we calculate the hybr
ization function itself and discuss to which extent this qua
tity is related to the observed behaviors in terms of CeM
distances and 4d band filling.

The present paper is organized as follows. In Sec. II
describe the applied technique and the details of the calc
tion, in Sec. III we analyze some structural properties
equilibrium, in Sec. IV we follow the evolution with pressu
of c/a, Ce-M distances and of the spin magnetic moment
Ce for the different systems under study. In Sec. V,
present the results obtained through the calculation of
hybridization function and finally, in Sec. VI we summariz
and discuss our results.

II. METHOD OF CALCULATION

We performab initio calculations using the full potentia
linearized augmented plane-wave method~LAPW!,12 which
means that no shape approximation for the potential and
the charge density are introduced. We use the exchange
correlation potential in the generalized gradient approxim
tion ~GGA! of Perdew and Wang13 and compare with result
obtained within the local-density approximation~LDA !.
1000 k points are used to sample the whole Brillouin zon
with 99 k points in the irreducible one. The consider
muffin-tin radii, Rmt , are taken equal to 2.6 a.u. for Ce a
La, 2.2 a.u. for the 4d transition metals, and 2.0 a.u. for S
For the cutoff parameter that gives the number of pla
waves in the interstitial region we takeRmtKmax58, where
12511
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Kmax is the largest reciprocal-lattice vector used in the e
pansion of plane waves in that region. The used cutoff
plies 120 plane waves per atom approximately. The to
energy is converged up to 1024 Ry.

III. STRUCTURAL PROPERTIES

The influence of the 4f state on the structural properties
studied through the calculation of equilibrium volumes a
c/a ratios. We additionally calculate the bulk modulus. W
treat the 4f states as being part of the valence band a
compare the results with those corresponding to LaM2Si2
compounds which have almost the same electronic struc
except for the absence of 4f states. The calculations on th
La systems provide a way of simulating a nonhybridizedf
state of Ce. As cohesion in metals and, thereafter, their c
tal structure are mainly given by electrons in the valen
bands, the equilibrium properties of those Ce compou
which have localized 4f electrons very often can be analyze
by making this kind of substitution. Experimentalists ta
advantage of this fact in order to separate the contribution
the 4f electrons when analyzing the thermodynamical a
equilibrium properties of Ce intermetallics. In Table I w
show the ground-state values of the calculated properties
tained with the above-mentioned procedures within the G
approximation. The available experimental data are also
ing shown in the table.

From Table I it can be seen that the equilibrium volum
are better reproduced when the 4f states are considered a
part of the valence band for the three systems. The calc
tions for LaM2Si2 give equilibrium volumes that are large
than the experimental ones for CeM2Si2. In particular, for
the systems containing Rh and Pd the excess volume
around 4% while it is around 2% for Ru. From this volum

TABLE I. Structural properties of CeM2Si2. The second column
shows the equilibrium properties obtained from calculations con
ering the 4f states as part of the valence band. The third colu
corresponds to the optimized values for La2M2Si2, which simulate
nonhybridized 4f systems.

CeRu2Si2 Experiments 4f in valence LaRu2Si2

Equilibrium volume 172.4a 172.3 175.3
c

a
2.335a 2.322 2.380

B(GPa) 105b 113 103
CeRh2Si2 LaRh2Si2
Equilibrium volume 170.2c 171.2 176.3
c

a
2.489c 2.473 2.476

B(GPa) 104 102
CePd2Si2 LaPd2Si2
Equilibrium volume 177.4c 178.9 185.2
c

a
2.331c 2.354 2.330

B(GPa) 90 85

aReference 14.
bReference 15.
cReference 16.
6-2
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calculations we can say that, in comparison to other Ce c
pounds, the ones under study show an appreciable amou
4 f itineracy which cannot be disregarded when analyz
their physical properties.16 With this statement we are ce
tainly not meaning that the 4f states are completely itineran
but that a certain degree of itineracy is present in the th
compounds studied.

It is important to stress that the experimental trends in
evolution of the volumes with a decreasing number ofd
holes in theM atom is obtained only when the 4f states are
considered as part of the valence band. The calculated e
librium volumes of CeM2Si2 go down from Ru to Rh and
increase again when going over from Rh to Pd, in agreem
with the experiments. In the La series the volumes gr
steadily from Ru to Pd. The consideration of hybridizedf
states versus nonhybridized ones shows, then, well diffe
tiated trends.

With respect to thec/a ratios, it can be seen that th
calculatedc/a value for Ru fits better with the experiment
results if the 4f states are hybridized with the valence ban
In the case of Rh the ratio is rather insensitive to hybridiz
or nonhybridized 4f states, while the system with Pd show
a better performance for this ratio when calculated with n
hybridized 4f states. But as a whole, the evolution of th
ratio along the series is mainly determined by the transiti
metal d-occupancy, as it can be observed when compa
with the c/a values of the La series.

The calculated bulk modulusB of CeRu2Si2 is more sen-
sitive to the presence of 4f states than in the cases of Rh a
Pd, as it can be appreciated when comparing with the res
of calculations done without 4f states in the valence band
Actually, it can be assured that the tendency for the evolu
of B is that its value decreases as a function of increasingd
band filling. This also happens within the 4d transition-metal
series for bulk Ru, Rh, and Pd. Only the experimental d
for CeRu2Si2 is available in the literature, and the calculat
value compares well with it. We cannot draw a conclusion
the influence of 4f hybridization from the comparison with
the only one available experimental data due to errors
volved both in measuringB and in its calculation.

Amid making calculations replacing Ce by La, we ha
also performed calculations considering the Ce 4f electron
fully localized in a core level, which means that we place o
electron in the 4f state and treat this state as part of the in
core.17 The 4f electron charge is, in this way, entirely co
fined within the Cemuffin-tinregion, and does not hybridiz
with the conduction band. Within this last approach we ha
calculated the equilibrium volumes andc/a ratios for
CeRh2Si2 and CePd2Si2, obtaining similar volumes even i
some differences in thec/a values when comparing with th
corresponding LaM2Si2 systems. More precisely, by takin
the 4f states as core levels we obtainV5177 Å3 and c/a
52.502 for the system with Rh andV5186 Å3 and c/a
52.346 for Pd. As part of the above-mentioned proced
and in order to treat the 4f states as core ones, their ener
has to be shifted to negative values to be handled as bo
states by an atomic program. The criterium for choosing
mentioned energy shifts within LAPW has to be, natura
12511
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the same for the three tackled systems. But this criterium
somehow arbitrary as we are introducing a parameter in
ab initio calculation. Thereafter, we consider that the repla
ment of Ce by La constitutes a more transparent way to st
the influence of the 4f states on the structural properties.
spite of this, the conclusions drawn for the influence off
hybridization on the equilibrium volumes and for the tren
of c/a coming out of this last procedure are completely
agreement with those obtained when replacing Ce by La a
was expected.

We have also performed calculations within LDA obtai
ing as a whole a less good agreement than within GGA. A
is usual, LDA equilibrium volumes are always reduced w
respect to the experimental values and to the GGA one
the 4f ’s are considered in the valence band. On the ot
hand, when they are considered as core electrons thec/a
values of the studied systems depart more from the exp
mental ones as within GGA. Taking this into account and
well-known drawbacks of LDA when calculating equilib
rium properties, we present in the following sections just
results obtained within GGA.

IV. EVOLUTION UNDER HYDROSTATIC PRESSURE

In the preceding section we have seen that in the th
systems under study the 4f state of Ce shows a certain de
gree of itineracy or hybridization with the conduction ban
The degree of hybridization can be controlled throu
chemical or external pressure. As mentioned above, th
have been extensive studies on the evolution of electro
magnetic, and transport properties under the application
hydrostatic pressure on the CeM2Si2 series and their
alloys.6,9,18 We undertake here the study of the evolution
the structural properties under hydrostatic pressure and s
late this as follows: We obtain first the equilibrium volum
for a given system, the volume then is reduced stepwise
discussed in the preceding section, keeping the tetrag
symmetry of the cell and relaxing thec/a value in each step
In this way, we study the evolution ofc/a and Ce-M dis-
tances with and without the 4f states in the valence band
and also the evolution of the spin magnetic moment of C

A. cÕa ratio and Ce-M distances

Even if there have been extensive studies of electro
magnetic, and transport properties of CeM2Si2 (M5Ru, Rh,
and Pd! under the application of hydrostatic pressure,
experimental results are available on the evolution ofc/a
and of Ce-M distances.

In Fig. 1 we show the calculatedc/a ratios with pressure.
Open circles, solid circles and crosses correspond
CePd2Si2 , CeRh2Si2, and CeRu2Si2, respectively. Solid
lines depict the results for the corresponding La calculati
which should help to disentangle the influence of 4f states
on the determination ofc/a. The trends ofc/a are already
present in the nonhybridized calculations, but the appeara
of 4f hybridization remarkably enforces the tendencies~in
particular, Pd and Ru cases! and there are clear differences
the role played by 4f hybridization in each case.
6-3
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In the system with Pd,c/a increases with applied pres
sure. In this case, the growing itineracy of the 4f states due
to pressure gives rise to a slightly larger positive slope ofc/a
as a function of compression as compared to the situa
without hybridization~La calculation!. Together with the ini-
tial difference in the value of thec/a ratio between the hy-
bridized and the nonhybridized calculation, already pres
at equilibrium volume, this ratio is always larger for itinera
4 f bands. On the other hand, in the case of Rh,c/a is not
sensitive to the presence of itinerant 4f states nor to applied
pressure. And finally, in the case of Ru,c/a decreases as
function of pressure if the 4f ’s are in the conduction ban
and it remains almost constant if they are not. Ru shows
largest hybridization effect on this parameter among
three systems.

The different effects of 4f hybridization onc/a for the
three systems is a manifestation of the anisotropy of the
teractions within these tetragonal compounds and depe
mainly on 4f -4d hybridization. From the obtained result
that is, from the values ofc/a at equilibrium volume and
from the evolution of the spin magnetic moment~following
section!, we expect that under applied pressure the evolu
of c/a will follow experimentally the behavior of the curv
calculated with the 4f states in the valence band.

The largest value ofc/a corresponds to the system wit
Rh, it is, namely, equal to 2.47 at equilibrium. The value
this ratio for CePd2Si2 tends to the value of CeRh2Si2, going
from 2.33 to a value close to 2.4 when the cell volume
reduced. This result is consistent with the experimental

FIG. 1. Evolution ofc/a with pressure.
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havior shown by Ce(Pd12xRhx)2Si2 alloys as a function ofx,
namely,c/a goes from 2.330 to 2.489 forx going from 0 to
1 ~Ref. 8! and reflects that, in this case, both kinds of pre
sure, hydrostatic and chemical, lead to increasingly el
gated unit cells when the volume of CePd2Si2 is being re-
duced until the maximumc/a is reached. Actually, when
substituting Pd by Rh, there is not only a chemical press
present but also an alloying effect due to the different nu
ber of 4d electrons of the involved transition metals, whic
leads to a larger limitingc/a value than under applied exte
nal pressure.

CeRu2Si2 is the system which presents mored holes and
the repulsion among the unscreened 4d orbitals leads to a
decrease ofc/a as a function of pressure. A decreasingc/a is
the mechanism which prevents Ru atoms to get close
each other through compression. CePd2Si2, the other ex-
treme case, is within the three compounds the one with
smallest number ofd holes, the repulsion among Pd atoms
less important than in the case of Ru and this leads to
increment in the value ofc/a. For hybridized 4f states the
relative decrease ofc/a in CeRu2Si2 with respect to the non-
hybridized compound is more pronounced than
CePd2Si2, thus revealing a larger 4f -hybridization effect on
this ratio for the Ru compound than for the other two sy
tems.

As mentioned above, 4f -4d hybridization together with
anisotropy is responsible for the different behaviors sho
by the three systems, it is then useful to study in more de
the variation of the Ce-M distances (dCe-M) with pressure.
Figures 2~a! and 2~b! correspond to the calculations withou
and with 4f -conduction-band hybridization, respectively.
can be seen that when 4f hybridization is turned on,dCe-M
decreases in the three compounds, as compared to La-M dis-
tances (dLa-M), indicating that there is a hybridization effec
on this variable for the three systems. It can also be obse
that the relative effect varies from compound to compou
since, at equilibrium, the percent decrease ofdCe-M with re-
spect todLa-M is 0.9% in the system with Pd, 1,1% in Rh
and 1.2% in Ru. Under applied pressure this percent va
tion changes and, for instance, for a 10% volume comp
sion it is of 0.7%, 0.9%, and 1.6%, respectively. From the
results, it can be concluded thatdCe-M decreases faster with
pressure with decreasing 4d band filling (Pd→Rh,→Ru).
Taking this into account, we expect the 4f hybridization to
be more important in CeRu2Si2 than in CeRh2Si2 and, in
turn, than in CePd2Si2. This is going to be confirmed in the
following sections.

The fact that thec/a ratio of CeRh2Si2 does not change
with applied pressure does not imply that hybridization
fects are not present on the other variables such as, fo
stance,dCe-M .

B. Spin magnetic moment

We are aware of the underestimation of correlations in
calculations, and that this fact together with the absence
dynamical effects make it impossible to reproduce
ground states of these Ce compounds within this appro
However, the study of the evolution of the spin magne
6-4
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INFLUENCE OF 4f HYBRIDIZATION ON THE . . . PHYSICAL REVIEW B 69, 125116 ~2004!
moment of Ce,m, with pressure within a static band
structure framework, should provide further information
the close relationship between 4f conduction-band hybrid-
ization ~itineracy! and magnetism. For this purpose, only fe
romagnetic configurations are being considered and thef
states are being kept in the valence band~hybridized!.

In Fig. 3 the calculated spin magnetic moments of Ce
the three systems and their evolution with pressure are
picted. The largest magnetic moment at zero pressure is

FIG. 2. Evolution of La-M and Ce-M distances with volum
compression.

FIG. 3. Evolution of the local spin magnetic moment with pre
sure.
12511
r
e-
b-

tained for the system with Ru. The spin magnetic momen
CeRh2Si2 follows in magnitude and, finally, the smallest on
at equilibrium is the corresponding to the system with Pd

The magnetic moment of Ce in the system with Ru sho
a faster decrease with pressure than the corresponding
netic moment of the systems with Rh and Pd and this
related to the decrease of thec/a value obtained in the pre
ceding section. The decrease in thec/a ratio leads to reduced
Ce-Ru distances. Within the other two compounds the
which loses its Ce magnetic moment next is Rh and fina
Pd. This can be associated with an increas
4 f -conduction-band hybridization with decreasing 4d band
filling and explains the observed experimental trends, in p
ticular, the fact that the magnetic order in the system with
disappears at lower pressures than in the one with Pd.

V. HYBRIDIZATION FUNCTION

In order to quantify the relative degree of hybridization
the three systems under study, we report in this section
results obtained for the hybridization functionG(«), which
gives information on the energy distribution of th
4 f -conduction-band hybridization. Following Refs. 19 a
20, G(«) can be obtained from theab initio calculated pro-
jected 4f densities of states and it is given by

G~«!52Im@Gf f~«2 i0!21#

52ImF H E d«8
r f f~«8!

«2«82 i0
J 21G . ~1!

In Eq. ~1!, Gf f 8 is the 4f Green’s function in thenonin-
teracting limit and it is estimated using for the spectral de
sity r f f the ab initio calculated 4f densities of states pro
jected onto the Ce site.f and f 8 label the irreducible
representations at this site in the tetragonal point group
Fig. 4 the totalG(«)5(G f f(«) are plotted for the three com
pounds. The energy weight of the hybridization function
shifted towards higher energies when M goes from Pd to
This result can be understood if we take into account that
main contributions to the hybridization interaction of the 4f
states in these compounds is with the 4d band of the transi-
tion metalM. The calculated 4d band centers are indicate
with arrows, and it can be seen that they are shifted towa
higher energies with decreasing 4d occupation number. The
average 4f -hybridization strength is 0.61 eV for Pd, 0.71 e
for Rh, and 0.92 eV for the Ru compound. This monotono
behavior~increasing hybridization strength with decreasi
4d band filling and the shift towards the Fermi level! is
consistent with what has been reported in the previous
tions, that is, with the evolution ofm under pressure and Ce
M distances.

The calculated hybridization functions could in princip
be used as input for a many-body Hamiltonian in order
obtain the low-energy excitation spectra of the systems c
sidered here.20

-

6-5
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VI. DISCUSSION AND CONCLUSIONS

We have calculated structural and electronic propertie
CeM2Si2 systems (M5Ru, Rh, and Pd! within the GGA
approximation to density-functional theory. We have co
pared results coming out from both localized and itiner
treatments of the Ce ’s 4f electron. They indicate that th
structural properties are, in general, in better agreement
experiments for the 4f states hybridized with the conductio
band ~itinerant! than when treated as nonhybridized leve
For instance, this is clearly seen when regarding the ev
tion of equilibrium volumes along the Ce series as compa
to the La one. In all the cases under study, it is clear that
4 f ’s contribute to cohesion.

We stress that from this study we cannot conclude that
4 f states are completely itinerant in these compounds,
that they show a degree of hybridization which affects th
structural properties in a way which is particular for ea
system.

FIG. 4. Total 4f hybridization function for CeM2Si2 with M
5Ru, Rh, and Pd. The dot line indicates the Fermi level. The ar
points to the 4d-band center of the corresponding transition me
M.
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We have analyzed the evolution of thec/a ratios with
pressure, which remarkably reflects the different characte
tic behaviors of each of the three systems. When exte
pressure is applied the 4f states should become increasing
itinerant, and we expect that the experimental evolution
c/a will follow the curves obtained for the respective hybri
ized calculations. Thisc/a evolution and the correspondin
Ce-M distances, which seem to be related to the competi
between the Kondo and the RKKY interactions,9 have not
been measured as a function of pressure. Our results sh
provide a contribution in the direction of understanding th
low-energy many-body physics.

The calculated evolution of Ce-M distances and spin
magnetic moment with pressure, together with the obtai
hybridization function, indicate that the degree of itineracy
the CeM2Si2 series increases with decreasing 4d band fill-
ing.

It is interesting to point out that CeRh2Si2 shows proper-
ties which are sensitive to the presence of 4f states in the
valence band and properties which are not. While it ends
being more hybridized than CePd2Si2 , the evolution of its
c/a ratio is not affected by 4f hybridization, being this an
indication of the anisotropy of the interactions present in t
compound. These behaviors can be associated with the m
tioned controversy between the itinerant and localized na
of the 4f state in CeRh2Si2 existing in the literature.5,6

Even if only the spin contribution to the magnetic m
ment is taken into account in the study of the evolution un
applied pressure the experimental trends are qualitativ
well reproduced~e.g., PC of the system with Rh is smalle
than the one with Pd!, and consistent with the studied evo
lution of the structural properties with pressure and with
relative degree of hybridization of the 4f band given by the
calculated hybridization functions.

In the studied compounds, many of the unusual and in
esting physical properties have their origin in the behavior
the highly correlated 4f electrons. In spite of the shortcom
ings of ab initio calculations to describe effects that a
dominated by strong correlations, they provide a useful t
to investigate the structural properties of Ce, intermeta
compounds. A detailed information of the electronic stru
ture is necessary to get insight and understanding of t
complex behavior and this information should provide re
able inputs for model Hamiltonians which capture the d
namics of the low-energy many-body excitations of the
systems.
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