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Abstract. The effect of correlated hopping of d-electrons between
Nearest-Neighbor (N N) sites on Mixed-Valent systems has been stud-
ied with the theoretical support of extended Falicov-Kimball model
(EFKM). Both the thermodynamic and ground state properties have
been investigated through the exact diagonalization method. The f-
electron density (n{ ) decreases with the f-level energy (E) showing
valence transition. The maximum coulomb correlation is seen for lower
correlated hopping interaction (K'). The specific heat curves show sharp
single-peak structure. However, for higher values of f-level energy F,
an inclination to double-peak structure is observed at higher tempera-
tures (7). The system becomes more disordered with the increase of
hopping value.
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1 Introduction

A significant number of rare earth compounds (such as SmS, SmBg, SmSe,
SmTe etc.) exhibit mixed valence phenomena [1]. In rare-earth compounds,
the outermost shell configuration is (4 f)"(sd)™. When pressure or temperature
is applied, the f-level energy F rises, causing the 4 f shell to become unstable.
As a consequence of fact, two valence states (4f)"(sd)™ and (4f)" 1 (sd)™ !
coexist with one another in some rare-earth compounds, that’s why these com-
pounds are known as mixed valence (MV) compounds. The average number
of f-electrons per site becomes non-integral in value, and the f-level electrons
take on a partially band-like character. Therefore, the characteristics of mixed-
valent compounds are anomalous due to the non-integral valence [2]. Rare-
earth compounds have a wide range of uses in contemporary society because of
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their unique characteristics. Many computer components, including CD-ROM,
hard drive, and DVD, are built of rare-earth magnets. The refining process of
petroleum uses catalysts based on lanthanum. In the field of cancer treatment,
particularly in cancer diagnostics and therapy, rare-earth compounds have been
used in one of the most unexpected ways [3].

The ratio of two ions, Sm?>* and Sm®* in a homogeneous mixed-valence com-
pound, such as SmBg is 4:6. The ionic configuration of samarium is an admix-
ture of 4% and 4 f5 given with a 5d defined and localized electron, according to
numerous investigations on SmBg [4-7]. Actually, due to the electronic config-
uration of rare-earth elements, some rare earth compounds exhibit MV as well
as superconducting properties [8—13].

Both theoretical and experimental research was done on the different anoma-
lous features of MV compounds. To explain how different interactions affect the
characteristics of MV compounds, numerous models and techniques have been
employed. Two peaks in the X-ray L;;; absorption edge spectra of samarium
hexaboride (SmBg) support the mixed valence property of samarium [7, 14].
Many intensive experimental studies have been carried out to understand MV
phenomena [15]. The anomalous properties of MV systems are revealed by nu-
merous measurements of temperature dependence of resistance [16], low tem-
perature specific heat [17], magnetoresistance [18], electronic specific heat co-
efficient [19], and other MV compounds.

The magnetic characteristics of rare-earth tetraborides are studied in [20] by ex-
tending the Ising model with the first, second, third, and fourth nearest-neighbor
spin couplings using the Monte Carlo approach. The density functional theory
(DFT) is used in [21] to examine the electronic characteristics of rare-earth com-
pounds SmBg. Furthermore, a numerical investigation on rare-earth tetraborides
is conducted utilizing the FKM combined with the Ising model [22]. Research
on the FKM is still being conducted utilizing various methods. The effect of
external magnetic field on the stability of the excitonic phase due to local hy-
bridization is studied using the density-matrix-renormalization-group (DMRG)
approach in the one-dimensional spin-1/2 Falicov-Kimball model [23]. Calcu-
lations based on Hartree-Fock approximation (HFA) with charge-density-wave
(CDW) instability have been performed to explore the ground state properties
of the spinless FKM expanded by f-electron hopping and nonlocal hybridiza-
tion with inversion symmetry in two and three dimensions [24]. The EFKM has
been examined at half-filling within the HFA (for different crystal lattices) and
the results are compared with the rigorous ones generated inside the dynamical
mean field theory (DMFT) [25]. The DMRG technique is used to investigate the
impact of various parameters on the stability of charge and spin-order in the spin-
one-half FKM with the Ising-type Hund coupling [26]. The magnetization pro-
cess in the case of rare-earth tetraborides is detailed for the spin-electron model
utilizing both the exact diagonalization and Quantum Monte Carlo analysis [27].
A study on the effect of charge stripes on rare-earth tetraboride magnetization
processes was conducted in [28].
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MYV compounds exhibit a variety of interactions that extend the traditional FKM
[29]. Correlated hopping [30], electron-phonon interaction [31-33], nonlocal
Coulomb interaction [34], next-nearest-neighbor (NN V) hopping [35], NN N
Coulomb interaction [36], next-to-next-nearest-neighbor hopping [37], pseudo-
hybridization interaction [38], doping induced valence transition [39] and so
on are already well-studied. Experimental measurements of the mixed-valent
CeNiyCr compound’s temperature dependency of heat capacity have been made
[40]. Yet, an exact technique is used to examine the ground state phase dia-
gram of the extended Hubbard model with nearest and next-to-nearest neighbor
interactions at its ground state [41]. But, the impact of density dependent cor-
related hopping interaction on mixed-valent systems within FKM is not studied
properly.

So, the central importance of our present study is the effect of the correlated
hopping in mixed-valent systems studied in 2D square lattice with 8-sites with
the support of FKM. Valence transitions as well as thermodynamic properties
have been studied using exact diagonalization method. However, in a finite size
cluster contained in a self-consistent host that represents the rest of the system,
finite size effects cannot be disregarded. Only nearest-neighbor (/N V) sites are
taken into consideration in this case. Furthermore, no computation taking into
account long-range correlations where the finite size effect dominates, has been
performed. As a result, the findings here can, at least qualitatively, establish the
behaviour of rare-earth MV compounds.

2 Hamiltonian and Formulation

This study considers the cluster of a 2D square lattice with 8 sites and two bands.
The Hamiltonian taken into consideration in this work is

H=Hy+H, (1)
where

Hy=E Z i fio +U Z Fhtatli g+ G St fiod! dio

ioco’
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H =Ky d,die(fl_,fimo + f] s fi—0)- 3)
1,7,0

Here, on the 2D square lattice, ¢ and j sites are all pairs of nearest neighbors;
f; and f;, represent the creation and annihilation operators for localized f-
electrons at lattice site ¢ with spin o, and d;rg, d;, for itinerant d-electrons with
spin o respectively. E stands for f-level energy; U is the on-site Coulomb inter-

action between f-electrons with opposite spins at site ¢; G represents the on-site
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Coulomb interaction between f and d electrons; V represents the f-d hybridiza-
tion interaction; ¢ is the hopping of d-electrons between nearest neighbour sites.
The correlated hopping interaction is represented by H'.

The basis states under consideration, as determined on eight-site, have the fol-
lowing form [38]:

d ,d d . d d d
\n{TnﬁnMnlinngginQTan e nngélnngSi) . 4

According to Eq. (4), the basis vectors are linearly combined to give the eigen-
vectors of H.

The f-electron density is
1
Iy _ Tor
(n) = 5 LSt (5)

where IV represents the number of lattice sites in this context.
Inter-site f-d correlation function is
Cra = (1, djo) - (6)
The on-site f-d correlation function is
C = (nlyniy) =l figdlydior) 0

io'Yio!

Entropy per lattice site is

1 H
5 L (kaaz s Y. ®

Temperature-dependent specific heat is

62
_ 2
C = kpf5onZ, ©)

Z = Ze_BE“,
a

over all basis states, the total partition function is computed, the correspond-
ing eigenvalues are with eigenvalues E,;’s and = @%’ kp is the Boltzmann
constant. Throughout our current investigation, kp is assumed to be one.

where

3 Results and Discussions

Two electrons are taken into account in this communication. The values of the
parameters used in this paper are taken from the results of various experimental
observations.
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Figure 1. Variation of f-electron density <nf ) with E for distinct values of K. Here
U=50,G=10,V =05,t=1.0.

The value of the f-electron density decreases from a maximum value with in-
creasing value of f-level energy E (Figure 1). The maximum value of (n{ ) from
which it starts to decrease is different for different values of correlated hopping
of d-electrons, which is perturbed by the f-electron density with opposite spin
at the VN sites. The first-order valence transition occurs at a critical value of £
= F. [42]. E. is the same for all graphs for distinct values of correlated hopping
interaction (/). The valence transition is sharper for higher values of correlated
hopping terms (K). (n{ ) becomes almost saturated near the zero value despite
the increasing value of E.

The value of the inter-site f-d correlation function (C'¢4) is shown in Figure 2.
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Figure 2. Inter-site f-d correlation function Cyq vs. E curves for distinct values of K.
Here U =5.0,G=1.0,V =0.5,t = 1.0.
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Figure 3. On-site f — d correlation Céc versus f-level energy E for different K. Here
U=50,G=1.0V =0.5,t=1.0.

The correlation decreases with increasing value of E up to a critical E, that is,
E.. E. is different for different graphs indicating different values of correlated
hopping. Attaining E., it further increases with E. For metallic or insulat-
ing state, the correlated function approaches a value close to zero [43]. In the
insulating phase for smaller E (negative) or at higher E value (positive) the cor-
relation is near equal to zero. This figure is in agreement with Figure 1.

Figure 3 shows the variation of on-site f — d coulomb correlation function with
E for various values of K. The value of correlation is maximum in the vicinity
at the energy ' = E.. But the maximum coulomb correlation is seen for lower
values of correlated hopping interaction. It appears that correlated hopping in-
teraction destroys the uniform distribution of f- and d-electrons [41]. With the
increase of F, the f-electrons are shifted to d-electron orbitals due to valence
transition (Figure 1). It appears that there is a symmetry of numbers of f- and d-
electrons at £ = F.. Hence, we get a maximum of the correlation. At lower or
higher values of E (in the insulating or metallic phase) the correlation decreases.

Figure 4 depicts the characteristics of variation of entropy per lattice site .S with
temperature 7. At any particular temperature, entropy S increases with K.
Therefore, K induces disorder in the system. It implies the significance of cor-
related hopping in MV phenomena. The deviation between the curves becomes
more pronounced as the temperature rises, peaking around 0.25 < T" < 1.0.
This temperature range is known as the transition temperature region [44], and
the condition associated with the valence fluctuation is indicated by the maxi-
mum entropy at K = 1.0. For 7" > 1.0, good convergence is seen.

Figure 5 shows the characteristics of specific heat variation with temperature for
different correlated hopping interaction K. The curves show single-peak struc-
ture at low temperature region. The peak-height decreases with K indicating a
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Figure 4. Temperature variation of entropy for distinct values of K. Here £ = —2.0,
U=50,G=1.0,V =0.5,t=1.0.

decrease in effective energy. The appearance of this sharp peak is caused by the
large number of many body states which is degenerate with the ground state.

Comparing these results with our previous findings, it is apparent that correlated
hopping and pseudo-hybridization behave oppositely. Figure 6 represents tem-
perature variation of specific heat for different f-level energy E at a correlated
hopping strength K = 0.5. For E < —2.0, tendency to double-peak structure
appears [45]. This wide peak at higher temperature is caused by the Schottky ef-
fect [46]. With the increase of the magnitude of f-level energy, the peak-height
decreases and shifts to lower temperature region. Comparing the characteristics

Figure 5. Variation of specific heat (C') with T for distinct values of K. Here £ = —2.0,
U=50,G=1.0,V =0.5,t=1.0.
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Figure 6. Graph of specific heat with temperature for different values of E. Here U =
50,G=1.0,V =0.5,t=1.0, K =0.5.

with the previous results [38], it can be concluded that K decreases the peak-
height, i.e., the effective energy of the system.

4 Conclusion

Summarizing, the present study on the relevance of correlated hopping (X) in
MYV phenomena has established that valence transition is sharper for enhanced
values of K. The symmetry of f- and d-electrons at £ = F. is broken due to the
presence of K. Entropy curves show that K induces disorder in the system. The
specific heat curves show single-peak structure. However, a tendency to double-
peak structure appears at higher values of K (Schottky effect). This hopping
also decreases the effective energy of the system. The results clearly indicate
the relevance of correlated hopping in mixed valence phenomena.
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