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Intelligent materials occupy a special place among the huge number of known
materials and those, which are being created all the time. Despite the impres-
sive number of publications, no attempt has yet been made to classify com-
pounds with a valence-unstable rare-earth element (R.E.) as smart materials.
In this review paper, we show that the valence of the R.E. in some compounds
can be changed by external and internal factors, such as temperature, pres-
sure, changes in the occupation of d- and f-levels, and changes in the coordi-
nation polyhedra of atoms. Changing the valence of the R.E. may significant-
ly alter the electrical and magnetic properties of compounds.

Key words: mixed valence, smart materials, x-ray absorption, ytterbium,
cerium.

IHTeNeKTYyaIbHI MaTepiaau 3aiiMaoTh 0COOJIMBE MicIle cepeli BeJIUYe3HOol Kilb-
KOCTH BiJOMUX MaTepisiiB i TMX, IO MOCTiIiHO CTBOPIOIOThCA. HesBarkarouu Ha
3HAUHY KiJIbKicTh myOJiKalliii, goci He 0yJIi0 3p00JIEHO »KOAHOI CIPOOU KJIaCH-
¢iKyBaTH CIIOJYKHU 3 BAJEHTHO HeCcTabiIbHUM PiAKicHO3eMeJIbHUM €J1eMEeHTOM
(P.E.) ak po3ymHi MaTepianu. ¥ il oraAm0Bil cTaTTi MU ITOKa3yeMo, III0 Ba-
aeuTHicTh P.E. y geAKnx cnoJykax MoKe 3MiHIOBaTHCS 30BHIIITHIMH Ta BHYT-
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pilIHiMY YMHHUKaMU, TAKUMU SK TeMIIepaTypa, TUCK, 3MiHM B 3aIllOBHEHHi d-
¥ f-piBHiB, 3MiHK B KOOpAMHAIIHHMX moJienpax. 3MiHeHHA BajmenTHocTH P.E.
MOJKe iCTOTHO MiHATH eJIeKTPUYHI i MarHeTHi BJJaCTHUBOCTI CIIOJIYK.

KarouoBi cioBa: 3minrana BaJeHTHICTh, PO3YMHiI MaTepifin, peHTTeHiBChbKe
morJIMHaHHA, ITepbiii, [lepiii.

(Received 20 September, 2023, in final version, 15 November, 2023 )

1.INTRODUCTION

The purpose of this paper, based on the review of a considerable num-
ber of research papers on the physics of compounds with intermediate
valence, is to demonstrate that such compounds may be attributed to
such a wide class of materials that are commonly referred to as intelli-
gent materials[1, 2].

First, consider one of the most important conceptual features ac-
cording to which it has been customary to classify certain substances
as intelligent materials. It is the presence of interdependent but inher-
ently different properties (mechanical, electrical, magnetic, etc.) that
makes diverse materials ‘smart’. This allows these materials to be used
either as sensors, sensitive to a given external impact, or as actuators,
transmitting the impact from the control device to the controlled ob-
ject. In both cases, the impact response function is usually non-linear.
Some of the smart materials can respond independently to external im-
pact. One example is the bimetallic plates in the simplest temperature
controllers. In this case, the ‘intelligence’ of the material manifests it-
self in having a ‘memory’, i.e., the ability to restore the original shape,
which the object had before plastic deformation, during which this
shape was changed. In some cases, the intelligent materials open up new
fields of science and technology and determine the fundamental perfor-
mance of the most complex devices. In particular, the very small move-
ments of the probe in a scanning tunnelling microscope cannot be
achieved by mechanical systems. This is where smart materials with a
piezoelectric effect come in.

The most difficult part of creating intelligent materials and systems
based on them is providing feedback between the external impact and
the object’s response. Materials become ‘intelligent” when the sensing
and actuating elements built on their basis are combined into an intel-
ligent structure to achieve the required advanced functionality.

Over the past decades, a separate field of research has emerged in
solid state physics on a new class of intermetallic compounds with
strong interelectron correlations, known as heavy fermions, Kondo
lattices, and systems with valence instability. The study of the phe-
nomena of this class of materials containing some rare earth (Ce, Eu,
Yb) or actinide (U, Np) elements is mainly concerned with the interac-
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tion of partially filled localized f-states with each other and with the
band states of the crystal matrix. At low temperatures, the coupling
between localized and band states can be multi-particle in nature, lead-
ing to the formation of a narrow resonance in the density of states near
the Fermi level. This corresponds to the emergence of a separate group
of charge carriers with large effective masses, which are manifested by
anomalous behaviour of the main magnetic, thermophysical, and
transport properties.

It is particularly important to note that very different ground states
(superconductor, dielectric, band magnetics, heavy Fermi liquid, etc.)
can be realized in compounds of this class, depending on the properties
of the crystal matrix. This allows treating these systems as unique ob-
jects for the study of several functional questions about the nature of
cooperative phenomena in solid state physics.

At present, the ground state of the above intermetallic systems is
not well understood, and no theory has been developed to describe them
quantitatively at the microscopic level. When describing physical
properties, theoretical models often make conflicting assumptions
about the role of individual interactions in a crystal.

The available experiments are mainly devoted to the study of a ra-
ther narrow range of known Kondo systems and do not allow us to trace
in detail the effect of a number of characteristic parameters of the
crystal matrix on the formation of the ground state. Particularly, in-
sufficient attention has been given to the study of Kondo lattices con-
taining magnetically active d-elements of the iron group. The presence of
transition 3d-elements in such systems enables controlled changes in sev-
eral important parameters of the energy spectrum of the crystal matrix
and the ground state characteristics of the Kondo f-centres by means of
certain atomic substitutions. Also relevant in this area is the search for
new Kondo systems with well-defined magnetic f-sublattices of different
dimensions.

Apart from the purely theoretical interest in the intermediate va-
lence state as such, there are many areas where such compounds have
wide practical applications, for example, in information storage sys-
tems, as well as heat energy converters or efficient catalysts.

2. DISCUSSION

Using a series of examples, we are going to show the dependence of the
valence of a R.E., as the main parameter of valence instability, on sev-
eral external factors. The revealed instability of the valence state of the
R.E. on temperature, pressure, occupation of d (f) levels, changes in the
coordination environment, and other factors cause changes in the phys-
ical and chemical properties of the R.E. compound. In our view, this
means that intermetallic compounds with an unstable valence of the
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R.E. ions may be included in a subgroup of smart materials.

2.1. The External Pressure-Induced Change in the Valence Value

It is well known that Ce can exist in several phases [3]. We are interest-
ed in y-, a- and o'-phases, of which the first two have the f.c.c. struc-
ture; at room temperature, a 1° kind transition occurs between them at
a pressure of 7.5 Kbar with significant hysteresis. In the y-phase, ceri-
um is practically trivalent. The phase transition is accompanied by a
jump-like change in volume of = 15%; at the same time, magnetic prop-
erties, resistance, thermal and electrical EMF, etc. change dramatical-
ly. The a-phase, however, does not correspond to the total valence of Ce;
from the lattice parameter values and other data, it was found that im-
mediately near the transition, the Ce valence in the a-phase is ~3.67.
The occupation of the f-level continues to decrease with increasing
pressure, up to a value of 3.85, and then, at P =40 Kbar, a phase transi-
tion to a new phase o', which already has a valence of = 4+, occurs.

Let us now move on to the analysis of compounds containing va-
lence-unstable ytterbium. Figure 1 shows the variation of ytterbium
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Fig. 1. Yb Ly XANES spectra of YbInAu; at various pressures and room tem-
perature.
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valence in the YbInAu, compound with pressure [4]. For this com-
pound, the valence of ytterbium changes with increasing pressure
from the state of intermediate valence (P =0 GPa) to the integer va-
lence, namely 3+.

2.2, The Temperature-Induced Change in the Valence Value

The effect of changing the Eu valence on the demagnetization process
in the EuAg:Si; compound was investigated in [5] (Fig. 2). Strong 4f
and conduction-electron correlations enforce valence instability of eu-
ropium in EuCusSi: and EuPd:Si:. Doping with silver and platinum,
respectively, drives these systems at the verge of first order valence
transition where the competition between magnetic ordering and va-
lence instability becomes very clear [6]. With the increasing silver con-
centration in EuCu,-.Ag.Si,, the time averaged europium 4f-
elelectronic configuration is driven closer toward the divalent state.
The paper [7] shows that the valence of Eu changes not only with an
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Fig. 2. 15'Eu Mossbauer spectra for EuAg,Sis at several temperatures.



6 I.D. SHCHERBA, H. NOGA, and L. V. BEKENOV

Absorption

1 1
6965 70 80 90 7000
Energy, eV

Fig.3. X-ray absorption spectra for the intermediate valence compound
EuCusSi; at 300 K and 77 K. The spectra allow for distinguishing both config-
urations due to the exceedingly short observation time of the method [7].

external factor (temperature) but also with changes in the p-element
(Fig. 3). The latter is very surprising since both silicon and germanium
do not differ in the occupancy of outer orbitals.

The paper [8] reports on the synthesis of single crystals of EuCu,Si;
from an indium flux. In contrast to the previous studies [7] of poly-
crystalline samples, in which the intermediate-valence behaviour of Eu
is reported, it is found that in single crystals of EuCusSisthe behav-
iour of Eu is divalent, including the presence of antiferromagnetic or-
der at 10 K.

2.3. The Dependence of the R.E. Valence on the Structural Type of a
Compound

The electrical resistance, thermal EMF and magnetic susceptibility of
the compounds YbNisn and YbNiIns, with valence-unstable Yb were
measured at temperatures of 4.2-300K in Ref. [9] (Fig. 4). The va-
lence state of Yb was identified by measuring the x-ray L absorption
spectra at T=300 K (Fig. 5). It was shown that YbNisn has a Kondo
magnetic lattice and exhibits crystal-field effects. The preferred
scheme is the splitting of the 4f level of Yb® with the doublet for-
mation in the ground and first excited states. In the case of YbNilIny, a
valence-unstable state of Yb is formed that does not make significant
additional contributions to the transport coefficients.
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Fig.4. Temperature dependences of the electrical resistance of RNisIn
[R=Yb (1), Nd (2)] and YbNiIn4 (3). The inset shows the magnetic contribu-
tion to the overall electrical resistance of valence unstable Yb on a logarithmic
temperature scale.
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Fig. 5. The x-ray Lm edge of Yb in YbNisIn (1) and YbNiIn, (2) and their reso-
lutions into components (dotted curves).
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Fig. 6. The example of absorption data and their fits to the divalent and triva-
lent components of the Yb Liz-edge [10].

2.4. The Dependence of the R.E. Valence on the Second Component of
Ternary Intermetallic Compounds

a) YbTCu4 (T = Au and Mg)

Reference [10] and Figure 6 present the results of the dependence of
ytterbium valence on the second component of ternary intermetallic
compounds, which nevertheless retain their type of crystal structure.
b) Yb:2T'sSns (T =Pt and Pd)

In Reference [11], the valence states and thermoelectric properties
of Yb.TsSn; (T =Pt and Pd) with two inequivalent Yb sites were stud-
ied. For YboPtsSns, the 4f-hole occupancy number n; is estimated to be
0.4 at 300 K based on the magnetic susceptibility and Lm-edge absorp-
tion spectrum (Fig. 7).

2.5. The Effect of d- and f-Level Occupancy on the Valence State of Ce
and Yb in Compounds with the ThMn;. Structure

The L x-ray absorption spectra (77 and 300 K) and magnetic suscepti-
bility measurements were performed for RMAls compounds in [12].
The mixed valence state of Ce was observed in CeMAls with M =Cr,
Mn, and Fe. In the case of M =Cu the Ce?®" state is stabilized, but the
Yb-based compound shows an intermediate valence (vy,=2.5). In the
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Fig. 7. The x-ray Lm-edge of Yb at 300 K for Yb,T'sSn; (T =Pt and Pd) [11].

other Yb-based compounds, the Yb ion is mainly in the trivalent state
(Fig. 8). The temperature dependence of the magnetic susceptibility of
RFe,Als compounds fits the Curie-Weiss law over a wide temperature

range (Fig. 9).
Similar results were obtained in [13], where the temperature-
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Fig. 8. The x-ray absorption L spectra of Ce and Yb in RM 4Als compounds.



10 I.D. SHCHERBA, H. NOGA, and L. V. BEKENOV

4~
" 45
53T .
j=11| —
- 2 "'4 E
S B o
— <+
= 1l 13 3
TH
ol 12
& i
< 6l 5 1
SoAr
S 2f 6
=2 0 1 I 1

L
0 100 200 300 400 500
T,K

Fig. 9. Magnetic susceptibility curves for RM,Als: La (1), Ce (2), Yb (3), Y (4)
and RCusAls: Yb (5), Y (6), Ce (7).

dependent specific heat, magnetic susceptibility, and resistance meas-
urements were carried out to study the electronic state of Yb ion in
Yb2Nia(P, As);. All the measurements identify a valence fluctuating
state for Yb in both compounds [13].

The x-ray photoelectron spectroscopy (XPS) and magnetic suscepti-
bility () of CeNi:Als; and of the reference compound YNi.Al; were re-
ported in [14]. Both the valence band and core level spectra were ana-
lysed.

2.6. The Dependence of the R. E. Valence on the Occupation of d-
Levels

The x-ray absorption spectrum at the Yb Liy-edge and x-ray emission
spectra of Ni and P at the K and Li-edges were studied experimentally
and theoretically in the mixed valent compound YbNi:P: with the
ThCr:Sis-type crystal structure [15, 19]. The electronic structure of
YDbNi.P; was investigated using the fully relativistic Dirac linear muf-
fin-tin orbital (LMTO) band-structure method. It was shown that the
individual Yb?" or Yb?" related x-ray absorption spectra contain the
weights of 0.73 and 0.27, respectively (Fig. 10).

Compounds of the same structural type (ThCr:Siz), namely RNi.Ge;
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Fig. 10. The x-ray Yb Ly absorption spectrum (open circles) in YbNi;P; meas-
ured at 300 K compared with the theoretically calculated ones for trivalent
(the full blue line) and divalent (the dashed red curve) Yb ions. The dashed-
dotted black curve presents the spectrum from the electric quadrupole
2p —> 4f transitions for the Yb®* solution multiplied by 10.

(R=Dy, Ho and Er) and YbNi:Si,, were studied in Ref. [16].

Although strongly correlated f-electron systems are well known as
reservoirs for quantum phenomena, a persistent challenge is to design
specific states. What is often missing are simple ways to determine
whether a given compound can be expected to exhibit certain behav-
iours and what tuning vector(s) would be useful to select the ground
state. The authors of Ref. [17] address this question by aggregating
information about Ce, Eu, Yb, and U compounds with the ThCr:Si,
structure. They construct electronic/magnetic state maps that are pa-
rameterized in terms of unit cell volumes and d-shell filling, which re-
veal useful trends including that (i) the magnetic and nonmagnetic ex-
amples are well separated, and (ii) the crossover regions harbour the
examples with exotic states. These insights are used to propose struc-
tural/chemical regions of interest in these and related materials, with
the goal of accelerating discovery of the next generation of f-electron
quantum materials.

The results of a comprehensive study of the magnetic properties of
the single crystal compound YbCosSi; are presented in Ref. [18]. The
data obtained confirm the stable trivalent state of Yb and the nonmag-
netic state of Co in the compound. A significant anisotropy of the
magnetic susceptibility y(T) was observed, whose moment in the
ground plane is twice that in the ¢ direction. The combination of this
result with the previously published neutron scattering data places
strong constraints on the values of the crystal electric field parame-
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TABLE 1. The valence of Ce and Yb in some compounds.

Compounds Structure Valence, T=78 K |Valence, T=300 K
CeCriAls ThMn;; 3.18 3.15
CeMnAls ThMn;, 3.13 3.19
CeFe Als ThMn;; 3.20 3.26
CeCusAlsg ThMn;; 3.05 3.08
YbFe Als ThMn;; 3.00 3.00
YbCusAlg ThMn, 2.46 2.48
YbNisIn MgSnCuy 3.00 3.00
YDbNilng YNilny 2.30 2.37
YbNiGa4 YNilng 2.67 2.62

YbCuo.5Gas.s BaAl, 2.18 2.11

YbPdo.5Gas.s BaAl, 2.17 2.20

YbAgo.315Gas.e2 BaAl, 2.27 2.26

YbAue.5Gas.s BaAl, 2.14 2.14

ters. The magnetic ordering in the YbCo:Siz compound at Txy=1.65 K
was found to have the antiferromagnetic nature.

3. CONCLUSIONS

The presented results of the study of the valence state of the R.E. in
some compounds (see also Table 1) give rise to certain conclusions
about their possible classification as a subgroup of smart materials. It
should be noted that the manifestation of unusual properties of Ce, Eu,
and Yb in many compounds is associated with the presence of anoma-
lies in their electronic configurations arising from the partial delocali-
zation of 4f-electrons and can initiate the transition to the states with
intermediate valence.

We demonstrate that the valence of the R.E. in some compounds can
be changed by external and internal factors, namely, (a) temperature
(e.g., cerium, EuCusSi», EuAg,Sis), (b) pressure (YbInAus), (c) the
change of the occupation of d- and f-levels (compounds with the
ThCr:Siz or ThMn;; structure), (d) the change of coordination polyhe-
dra of atoms (YbNisIn, YbNilIn,).
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