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The symmetry of rare-earth metals (REM) and f.c.c.-Ce ‘paradox’ are calcu-
lated by means of the method of many-electron operator spinors (MEOS).
Spin and orbital MEOS factors with [0001] axis of quantization of the angu-
lar moment J are responsible for hexagonal deformation A(c/a) o J2. Indirect
covalent 4f—4f bond via band fermions adds the bond energy E,;< n;. Cova-
lent electron collectivization (n;= 2) for Ce(4f%) gives J — 0 and A(c/a)=0. In
the REM-Ce, there is instability of 4f-shell contributing to the appearance of
5d-states with amplitude ,(T). Covalent bond I'*(k) (in the MEOS method)
appears because of the chemical-bond fluctuations (CBF) for temperature
T>T, in the form of (T >T,) jump. Hysteresis of the f.c.c.—f.c.c. o—y-
transition is caused by the band—covalent bond y,.. Its maximum width
AT, o< Yi/ CS determines jumps of the volume Aw(T',), entropy AS(T,), electrical
resistance (ER) AR(T,), etc. Particularly, the ER jump AR(T,) «< AT,. The ex-
perimental data are interpreted by the use of results of calculation.

Metomom 6araToesieKTpoHHUX onepaTopHux cuinopis (BEOC) pospaxoByeTbesa
cuMmeTpia pigkicHoszemenbuHux MetaniB (P3M) pasom i3 «mapagmoxcom» I'ITK-
Ce. Cminogi # opbitanbui dhaxTopu BEOC 3 Biccio [0001] kBaHTyBaHHA KYTO-
BOTO MOMeHTY J BimmoBimanwpHi 3a rekcaroHamsHy medopmariio A(c/a)e< J2.
Henpsamuit koBanenTHui 4f—4f-38’ 130K uepes 30HHI (hepMioHU Homae emepriio
3B’s18Ky E o< n, KoBamenrHa rosexrtusisauis n,=2 musa Ce(4f’) samyiioe
J—01i gae A(c/a)=0. B P3BM-Ce Bunukae mectabiibHicTh 4f-000JI0HKH, IO
cupuse nosasi 5d-cramis 3 ammiaityznoio &, (T). KosanenTauii 38’ a3ok (k) (B
metoni BEOC) 3’aBisAeTbcsa AK pe3yabTaT (GIOKTyaIliii xeMiuHuX 3B A3KiB
(®X3) za remneparypu T>T, y dopmi crpubra &,(T >T,). Ticrepesy o—y-
nepexony I'lTK-TI[K 3yMoBIeHO 30HHO-KOBAJIEHTHUM 3B’ A3KOM Y, ... 11 MaKcu-
MasibHa 1mmpuHa AT, o yi_/f Bu3HAaUae cTpubku o6’emy Aw(T,), eHTpomii
AS(T,), enexkrpooniopy (EO) AR(T,) Tomo. 3okpema, ctpubok EO AR(T,) «< AT,,.
PesynbraTamMu po3paxyHKiB IPOiHTEPIPETOBAHO eKCIIepUMEeHTAIbHI TaHi.

MeTomoM MHOTO3JIEKTPOHHBIX omepaTopHbIX cumHOopoB (MIOC) paccumrniBa-
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eTcA CUMMETPUA pefKo3eMesbHbIX MeTawtoB (P3M), BKaouasd «IapamoKc»
T'TIK-Ce. CnuuoBsble u opoutanbabie haxTopsl MOOC ¢ ockio [0001] kBaHTOBA-
HUSA YrJIOBOINO MOMEHTA J OTBETCTBEHHBI 3a I'eKCAaroHaJbHYI0 aedopMaIiuio
A(c/a) o J?. KocBenHasa KoBaleHTHas 4f—4f-cBA3b uepe3 30HHBIE (DEPMUOHEI
nobaBJisieT sHEPTUIO CBA3U K o< n;. KoBaleHTHAA KOJIEKTUBU3AINA N, = 2 A7
Ce(4f?) obmynser J — 0 u gaér A(c/a)=0. Bosaukaromasa B P3M-Ce HecTa-
OMIBHOCTE 4f-000JI0UKHM CIIOCOOCTBYET MOSIBJICHUIO DA-COCTOAHUIA C aMILINTY-
noit E,T). KosanenTtuasa ceass [%(k) (8 metoge MDOC) moapigeTca Kak pe-
3yabTaT QUIoKTyarnuit xumudeckux cBaseil (PXC) npu remueparype 7> T, B
dopme crauka &y (T >T,). T'ucrepesuc o—y-nepexoma I'[K-TIIK o6GycioBien
30HHO-KOBAJIEHTHOU CB#A3BIO Y,.. KEro makcumanbHasa mupuHa AT, o< yif
ompenesnseT ckauku obbeéma Aw(T,), sarponuu AS(T,), 3JI€KTPOCOIIPOTUBIIE-
Husa (9C) AR(T,) u r.u. B vactHOCTH, cKauoK IC AR(T,) o< AT,. PesyabraTamu
PacuéToB MPOMHTEPIIPETUPOBAHBI AKCIIEPUMEHTaIbHEIE JaHHEIE.

Keywords: hexagonal distortions of REM, f.c.c.—f.c.c.-transition of Ce, fluc-
tuations of chemical bonds, 4f-5d-transition, volume jump, entropy jump,
ER jump, wave function amplitude jump.
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1.INTRODUCTION

Structures of the rare-earth metals are determined by the symmetry of
the covalent bonds, H*". Isotropic coordinate parts of these 3d—3d-
bonds stabilize cubic phases of the Fe-group. ‘Sea’ of band electrons
contributes to enhancement of the symmetry up to f.c.c. or b.c.c.
phase, particularly, by H*" screening. Falling in magnetic symmetry
by the induction of magnetic order of S, spin system of the lattice sites,
r weakly reduces the total symmetry due to the isotropy of exchange
bonds (S,—Sg) [1-3]. Delocalization collectivization of the covalent
electrons [4] and their spins S, confirms high symmetry. The last is
weakly distorted by the localization of S, (Co, Mn, etc.).

An alternative picture is for REM Pr—Tm. The locality of mag-
netism carriers S, and L, [1, 2] of 4f-sublattice, as we will see below,
leads to the strong compression along the [0001], €33 = 0.1. The univer-
sality of h.c.p. compression requires universal explanation as its ex-
ception (Ce and Yb). Here, two contrary technical aspects arise:
(i) strong magnetic anisotropy of REM compounds as permanent mag-
nets and undying interest to its details (see, e.g., [5] as well as [6, 7]);
and (ii) shape memory of Ce alloys (works of the group of Yu. M. Koval
[8] et al.). The isomorphic transition in cubic Ce [1] and its alloys at the
temperatures T'= 300 K is convenient for application.

Their strong spin—orbit coupling (s-o0) approves unitary action S,
and L, on symmetry of REM. The nature of s-o (particularly, its sign
reversal for transition from heavy to light RE ions (REI)) requires
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elaboration of theory beyond the simple Bohr model of atomic shells.
Here, we try to give a more precise definition (introduce clarity) to the
theory within the framework of MEOS method [4, 6, 7]. We will rely on
the hypothesis of indirect (exchange and others) bonds. Here, we con-
sider as those 4f—6s-bonds through bond (6s) electrons. This bond es-
tablishes a magnetic order, which is rather difficult [1] except of fer-
romagnetic-only (FM) Gd (L = 0), but always relates to [0001].

The paradox of Ce consists in the absence of magnetic order, in spite
of the presence of (426s?) (spin S = 1) ‘conditional’ 4f-shell. There is no
an h.c.p. distortion, although there is a deformation for Ce—Al and
other alloys [8].

The paper is arranged as follows. In Section 2, we discuss the nature
of h.c.p. deformation. The Ce paradox is solved in Sec. 3 by the intro-
duction of f—s hybridization of REI in a metal. Also in Sec. 3, we calcu-
late first-order isomorphic f.c.c.—f.c.c. transition and reveal role of
the band—covalent bonds for width of its hysteresis area. Electrical re-
sistance (ER) jump for isomorphic transition is calculated in Sec. 4.
Generalization to Ce alloys is discussed in Sec. 5. Finally, summary and
conclusions are given in Sec. 6.

2. THE SYMMETRY OF REM

The REM lattice consists of RE ions (4f" 5d" 6s®). We represent the
REI by the many-electron operator spinors (MEOS) [4, 6, 7]in a form of
the wave function

Wl =& F +E,D, + Y &L, (2.1)

which consists of the f, d, and s components—electrons with spins c.
The MEOS for 4f shell:

d 1+0S 1+LL
F ={F ¢V} Fop = Hau roL? Crzc = 2 s V;2~L = 7 > (2.2)
n=1

where n=n,<7. Orbital moment [L| <3 and [S|< 7/2.
The MEOS for virtual 5d-electrons, which are real for Gd (n,<1):

D ={d_}, L =0, (D' =D,), DD, =FF =1. (2.3)
These conditions of locality of covalent electrons allow to introduce

unambiguously and rigorously fluctuations of the chemical (here, co-
valent) bonds (FCB) via the Fourier series (for given o and L)

E:F;J_I_ZEeeikr’Ee:ZEe—ikr/N’ﬁe:Zﬁeikr, (2.4)
k r r
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where N is a density of the lattice sites.
Covalent bond is indirect via the band electrons f,

H® = =>"T"(r = R)E.fy[.Fy, T7(R) = D . T"(r)e™. (2.5)

Substituting Eq. (2.2) and expanding spin and orbital factors over the
operators of spins S, and moments L,, we start from zero term and ob-
tain
H*"* = Hy+AH(u,), T ;) = T"(0) + Tu,, T =0I"/ou,. (2.6)
The second term in Eq. (2.6) appears only taking into account vector
components of MEOS,
I (r) = (I /or,)(62S2q + L L,

iS,; L), =1y tau (2.7)

ij?
where a; is a lattice parameter.

One can obtain deformation u; via introducing the quantization axe
(here, 0z || [0001]). Let us use a postulate (Hund rule) on dominance of
the Hund energy (e.g., over the Hubbard repulsion) and localization
S, =S. One more attribute of REM (strong spin—orbit coupling s-o0) cre-
ate a local moment L, | S, (for heavy REI, where H*°<0) or L, T\ S, for
light REI (H*°> 0). This allows introducing a total angular moment
J =S +L. Variation of thermodynamic potential ®(u) with an account
of elastic moduli C gives unitary value for REM

w; =u,d, = ()W) /C. (2.8)
Note that Ce is paradoxically omitted from this general result (h.c.p.
structure of REM), which also includes b.c.c. Eu (S=-L, J=0); see
Table.

For a qualitative comparison of theory with experiment, in the Ta-
ble, we give data for an angular moment of REI** [9] in a form of J 2
and h.c.p. deformation in a form of the relation modulo (c/a)—-1.633
(compression of u,, along [0001]). Correlation of the tabular data and
theoretical fit (2.8) is obvious. (Here, we do not give data for the mo-
ments of Ce®*" and Yb®', which strongly disagree with those for corre-
sponding pure REM.) It is obviously also that different normalization
of ¢? and Vv’ is not taking into account explicitly during universaliza-
tion of Eq. (2.8). Therefore, difference in the contribution of the mo-
ments S and L into the total expression (2.8) should be included care-
fully taking into consideration band structure and band-covalent
bonds (2.5).

Paradoxical missing of Ce out of general series of REM is caused by
the sharp distinction of REI in a metal and REI*" (data for which are
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not listed in the Table). It is quite clear cubic structure of such REM as
Eu (4176s%, at S=0=L) and Yb (4/**6s?). Theory resolves the paradox of
f.c.c. Ce proving vanishing of S=0=L during the crystallization (see
below).

3. F.C.C. LATTICE OF Ce**(4f°6s*) ISOMORPHISM

Let us start considering of the paradox of f.c.c. Ce from the analysis of
REI. Its internal structure requires going beyond the scope of the
atomic Bohr model and explicit introduction of f—s and f—d hybridiza-
tion. In the MEOS representation (2.1), for n, = 2, the local Hamiltoni-
an of REI

H, = _E4f‘F'rF;§? - E5d§3Dr5r - id&f(gpvrﬁr + H.c.) +
+(Ud§3/2) + UsE‘ﬁ;ﬁcF;'

Here, the last two terms of the Hubbard repulsion (U, > 0 and U, > 0)
restrict localization of the 5d- and 6s-shell. Spin component of the last
term favours the antiparallel spin orientation S, T{ s, of 4f-(S,) and 6s-
(s,) shells. Due to the equality of their filling (two electrons at each
shell), the total spin of REI in REM lattice vanishes (S =0). Strong
spin—orbit coupling (o > 0) annihilates the resulting orbital moment of
REI in REM, in contrast to REI*" [9], in agreement with experiment
and Eq. (2.8).

We research the genesis of Ce isomorphism using numerous assump-
tions [9] of ‘unfreezing’ of 5d-electrons. Previous studies had no basis
for mathematical treatment of this idea. In our MEOS-based CBF-
method, the calculation of effects associated with isomorphism of
REM-Ce is consistent and strict enough. We proceed from the covalent
5d—5d and band—covalent d—s bonds:

H?” == &I(r - R)D,D, - &,3 (\D,ff, + H.c.), (3.2)

rRt

(3.1)

where Fourier series

D, =D, +Y De", D, =Y De™/NE, [D,,D,] =35, /NE. (3.3)
k r

TABLE. Values for |u,,|=(1.633 — c¢/a)-10°.

REI| Ce | Pr [Nd [Sm |Eu [ Gd | T | Dy | Ho | Er | Tm | Yb
J - 12 12 11 0 64 100 102 102 90 53 -
] O 22 20 26 0 39 53 57 58 60 58 O
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Bose operators D, give CBF for 5d-electrons.
In the interior of Ce-ion, we have to add to Eq. (3.2) energy of the 5d-
shell in a representation (3.3)

AH, = -E,,(1- D,D,)¢2 and E,, = E,, + (k) =T, +Tk*.  (3.4)

r

Density of CBF (IV,) is determined by the screening I'(k) with radius
scalesas 1/k

N, =(D,D,), T(k) = /(¥ +k*) = (0) - T,. (3.5)

Bose statistics of CBF (3.5),

N, =[exp(BE,) - 11" = 1/(BE,,), B =1/(k,T), (3.6)
results in covalent part of thermodynamic potential (TDP)
O™ = (H™) = &Y T(#)N, = -E1, /B, (3.7)
k

where integral

I, =Y T(k)/E,, =<T/E;, =0.1eV/1eV=0.1,
D (3.8)
E

af —

E

5d

=E

fd*°

Estimation of small value I, (3.8) allows now quantization of CBF with
band spectrum.
Transform Eq. (3.2) into k-representation

H" = édz{ykoDofkf—k * ZquDqﬁzﬁI—k +H.c.}+ Zékfl:ﬁe (3.9)

and introduce Green functions (of Bogolyubov type) taking into ac-
count their further using during calculation of ER jump,

G, = <<fk(ﬁk) | f"’+>>’ Gzsz) = <<Dq(0)ﬁ1+—k | ﬁ:>>- (3.10)
Motion equation (3.10)

s 1->y,, G
[(E—ek) Vi€ }(G;Zj:{ 2.V J (3.11)

'Yk/&.vd (E _Fo) Gl% 0
and also

(E~T)Git +&1,, (N, =1, [E)G] =0, n, =(['f,),  (3.12)
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where a density of band electrons, n,, is introduced.
Note renormalization of the band spectrum,

&) =& +(v[/8) - LIV, /(E-T ), ~&N,),  (3.13)
and correlator '
K, (@) = (£, D,) = iy, —EN)N,, Ky(0) = 7,0, /&,. (3.14)
Its contribution
AD =&, v =D (Wl /8 )n, o< W /e, (3.15)
into the TDP contains combin:tion of y-factors (3.15) after averaging
of '(I‘Salszl)ng into account Eq. (3.5) and Egs. (3.9)—(3.15), one can write
the TDP as
® = (U,/2)8 + (T, - TIEA —E,, (3.16)
where the fixed point of the first-order transition
T.. = E,/ky, A =1k (3.17)
Variation of ®(&) yields (§,=£)
Uug* -1, -y/£=0, (3.18)
or
o7 = 6UE* — 241, >0, (3.19)
ie. for 1, =T-T, <0, & = 0. Solution of Eq. (3.19) corresponds to

low-temperature f.c.c. phase of Ce.
Hysteresis of the transition can be calculated introducing its width

Ths
AT, =<, =T, -T_=rm, (3.20)
from the equation
AT+ J(U/A)? /T2 =0, § =< y. (3.21)

Hence width of loop AT, (3.20) of hysteresis of o.—y-transition in Ce has
a form:
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= JFU)?/A. (3.22)

Substituting (3.22) into (3.18), we obtain amplitude jump of 5d-
states

& (h) = EX(T,,) = 2(3/U)"", (3.23)
that allows calculation of jump Aw(T) for transition.
The last can be found via introducing of mechanical part of TDP
(I o< oI'/0w , C—elastic module),
AD(w) = (C/2)0” - "wE?, (3.24)
that gives
o,(T,,) = 2(T"/C)(v/2U)*"*. (3.25)
Subsequent growth of the volume for T>T,,,
Aw(T) = I'E(T) = (I"A/CU)(x, +q/T)*), (3.26)

scales nonlinearly with T (Fig. 1, a).
We find entropy S from the total TDP

® = (A*/2UNT - T, )*, S =—-00/0T = —-(A*/UNT -T..), (8.27)
and its jump for o—y transition (Fig. 1, b),

AS(T.,) = ~[(Ik,)* /UIAT, . (3.28)

A® A S A

Ao, | ~—/ AS - ~—/

Y-

- v i
G " r © T, T T

b

Sy

.
0 T

)

Fig. 1. Enhancement of the volume Aw (a) and change in the entropy S(T) (b)
vs. temperature T for o—y-transition in Ce.
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Fig. 2. Dependences of temperature of o—y-transition T,.(x) (o) and width of
its hysteresis AT),(x) (a) for Ce, ,Al,. Experimental data are adapted from
Ref. [8].

Calculated jumps of the volume (3.25), entropy (3.28), and further ER
are expressed by the width of hysteresis AT, (3.22). Comparison with
experimental data from Ref. [8]is shown in Fig. 2.

4. ELECTRICAL RESISTANCE AND ITS JUMP, R(T..)

Experiment helps us to connect data for jumps of the volume Aw(T,,)
(Fig. 1, a), entropy AS(T,;) (Fig. 1, b) and electrical resistance during
o—y-transition. Appearance of the covalently bonding 5d-electrons (D,)
and their CBF (D,) adds after-transition mechanism of scattering of
bond electrons. Additional Hamiltonians of the scattering (§,=&)

AHC_b = g{Z[\h(k, q)qu;efq—k + &Yz (k’ q)Dq]cI2+‘50ﬁe+q] + HC} (41)
kq

introduce two mechanisms of s—d-scattering. In addition to Green
functions (3.10), we add

G = (DD e, 1)) (4.2)

for the second scattering mechanism.
Two systems of motion equations are

(E -§,)G] +&y,,Gry + & [1,(k, Q)Gy +Ey,Go*IN =1,
q (4.3)
(E +8&,)GT +Ey,,p2Gl +...=0.

and also (E,—CBF energy)
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(4.4)

(E-§,_,-E)G" -n_,Glv,(K,q)/E+...= 0,
(E-§,, - E)GI —pin, 1,(K,q)G[/E=0, p)=(D,D,).

Using Eqs (4.4) and (4.3), we obtain renormalization (3.13) of band
spectrum with addition from the second mechanism

N, Y (&, q)
OZE+Eq -g, (4:5)

Its imaginary part (IP) gives scattering on the CBF (E,_,)
Im&, = 2npiE" Y v, (k, Ony(E, )d(e, + E, —¢,.,). (4.6)
q
Delta function extracts angular part

S(e, — €, + E,) = 2™ 5(cos6, ~Tm'q/k), (4.7)
q

where m” denotes basic effective mass of band electron.
Integral over the angular part dQ, is removed, and IP remains:

Imég, = CzpﬁizjYz(k,q)nB(Ek,q)L(Fm*Q)qqu o< T, (4.8)
where L(x)—linear function, t—relaxation time.
We can extend the next quantities in a limit of small energies of CBF
of Bose function

ny(E)=1/BE, L < I'm”, Y,(k,q) = v, = const, (4.9)

and average frequency of scattering of the band electrons

41 242 2 Yoq
=—>» Imeg¢, = TI , where I_ = d : 4.10
N; k pOEJ T T J.q q(q—k)2 ( )
forT>T,,,
()« T-T., &(T,) = Lo3T, ~T )T, , (4.11)

where averaged value ff for (4.10) is introduced. According to the
Drude formula for ER (R),

AR(TLJr) o Tc+(Tc+ - Tc—) = T;JrAT;z ’ (412)

i.e. repeatedly observed ER jump after o—y-transition, AR, is propor-
tional, according to Eq. (4.12), to the loop width AT, of temperature
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hysteresis of this transition.

5. GENERALIZATION OF THE THEORY FOR Ce-ALLOYS
ON THE EXAMPLE OF Ce,_ Al

Admixtures of nonmagnetic metals modify lattice of alloy and mecha-
nisms of transition. Leaving aside the 4f—3d-alloys, let us specify only
the appearance of new effects for them, unexpected as for pure 3d-,
and for 4f- (REM) metals. One of them is the change in the critical
temperatures (and mechanisms of transition) as a function of concen-
tration x. The changes in magnetic phase diagrams (MPD) [10, 11, 4]
are the most technically important ones. Even for nonmagnetic alloys
Ce—Yb and Ce—Al (3s®°3p'), interesting peculiarities for behaviour of
the lattice phase diagrams (LPD) are experimentally revealed [8].
Here, we (qualitatively) correlate data in Ref. [8] with electronic struc-
ture of Ce—Al alloys and bonds in them: covalent (of ions), band (metal-
lic), and band—covalent ones.

Except of the wave function for Ce, y,(Ce) (1.1), we introduce wave
function of Alion:

VIAD =&V, +EI(AL)+ DY & fi, V, =V, + D Ve, (5.1)
c k

with amplitudes of the states of ion and atom (Al* and Al°) and band
fermions f,;. The MEOS for Al" ion including locality condition [4]

V, ={V..c,o}» [V,,V,1, =8, /NxE.. (5.1")

GCI’G

Without considering MPD for Ce alloys, we omit the spin index o.

Considering (CBF and band) spectra for the Hamiltonian terms of
different order, we introduce factors (1 — x)’ for p =1, 2, ..., and add
functional V,:

AH® = —x* ET™V,V, — (1 - x)x&,E,> . (F”D,V,V, + H.c.) -

rR ] _ rRt (5.2)
—&,8,(1 — x)x(I'"*D, Vo f, + H.c.) = xE, ) (v,V.f + H.c.).
rR

In the k-representation (z;—coordinate numbers):

H=H,+) H,,
F (5.3)
H,/N = -ET"(@1-x)* - x"EI™ - (1 - x)xE £, "z,,.

Term H,is added to TDP for

E =5 & =1 (5.4)
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ie.
O =D, + A, (5.5)
including band—covalent term
AD? =~y E (1-x)-(1-x)xE, K, (5.6)
where the introduced correlator (which will be calculated separately)
K, = (DVif,)s (5.7)

allows finding the change of the critical temperature T..(x) and width
of hysteresis AT, (x).

Introduce a renormalization (at x#0) for band—covalent term vy,
which is crucial for AT,

W) = v, + XK 1, Y g (5.8)
Varying TDP as in Sec. 2, one can obtain
&U, = /P - x) - E,; +(x)/28, (5.9)
We observe a drop of the fixed o—y-transition temperature,
T, (x) =T, (0)1-x), T,,(0) = £, /Ik,, (5.10)
and (maximal) width of hysteresis,
AT, (x) = P2 (UL /k » = AT, (001 - 2K, lvpl/v,).  (5.11)

Generally, decrease or increase in the hysteresis width depends on the
signs of v, and Y,,..

However, AT, (x) is affected more strongly by the character of do-
mains in o—y-phases, i.e. by the transition mechanism. Note also that
(Fig. 2) conclusion (5.10) agrees with data in Ref. [8] for Ce—Al.
Agreement of (5.11) with data in Ref. [8] is not so unambiguously
caused by influence of character of domains.

6. SUMMARY AND CONCLUSIONS

The h.c.p. symmetry of almost all REM can be explained only by the
many-electron quantum statistics methods. One can divide the bonding
forces of REM (as usually) on band (of 6s-electrons) and covalent ones
in a form of MEOS [4]. Since the number of 6s-electrons (n, = 2) is un-
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changed in REM series, their band energies E, can consider as equal.
Covalent energy of REM (2.3) is

H® = H, =-&> I"Ff, Ff,, =-T"nn, =-En, (6.1)
ko
since
F,FE =n, for & =1 (except Ce). (6.2)

Number of 4f-electrons (2 < n;< 13) rises as REM number rises that lin-
early increases contribution of (6.1) into the bonding energy.

Let us compare result (6.1) with experimental data [9] for melting
(T;) and Debye (T,) temperatures (Fig. 3). We use relation

k,T, = E, + E;n,, E,/k, =1.2-10° K, E; =0.5-10° K.  (6.3)

Analogously, one can explain linear rise of T, [9] on n;. Exceptions to
the rules (6.3) in REM series,—Eu, Yb, and Ce,—are caused by &, — 0
for n;= 7 (Eu), n;= 14 (Yb) and Ce (4f — 5d). Their lattices preserve the
f.c.c. symmetry since simultaneously have J=0. The case of Lu
(47*5d") confirms given theory by inclusion of 5d—5d-bonds as (6.1)
type and others, and in this case T, (Lu) = T(Ta).

The paradoxical nature of Ce (4f?) is that spin (exchange) component
of the bond (6.1), which delocalizes 4f-electrons of Ce, annihilates both
spin S, and orbital moment L,. That is why even o—y-transition is iso-
morphic (f.c.c.—f.c.c.). Thermal effect is realized by the excitation of
CBF represented by the Fourier transformations of MEOS. The jump of

2.2
K 2
o
o
= 184
Q
ST
&

1.44
o«
o
= .0
o L2
B~

l T T T T T T T

Fig. 3. Melting T;(n,) (o) and Debye T(n;) (1) temperatures vs. the 4f-electron
number (7). Lines—theory (6.1), o and A—experimental data [9].
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amplitude £,(T) results to the volume jump Am(T) (which is connected
with covalent 5d—5d-bond energy I'*?) and leads to the jumps of entropy
AS and ER (also observed experimentally). However, width of hystere-
sis AT, of the first-order transition is caused by the band-covalent en-
ergy Y,.. General theory [1, 9] connects first-order transition mecha-
nism with transition domain structure. Therefore, real (experimental)
values of the jumps will be estimated in another study.

Earlier revealed jumps AR ~ 107*Q, (see Ref. [12]), as well as pres-
sure effect on this isomorphic o—y-transition in Ce [13], attracted a
considerable interest.

The role of cycling for trend of ER R(T) during a—y-transition pro-
cess [14], diffraction of electron backscattering [15], electron—
positron annihilation [16], high-pressure effect on R(T) [17] are stud-
ied.

Observations of new phase boundaries [18] and anomalous behaviour
of Griineisen parameter [19] somehow deal with transition domain
structure.

Theoretical studies of Ce were still limited to either phenomenologi-
cal models (which involved 4f-5d-transition) or single-electron (band)
calculations [20]. Among recent works, we note review [21] of theories
for ion states in the seven phases of Ce, single-electron calculation [22]
at T=0K, and analysis [23] of change in valence Ce*"** of Ce—(0, Au)
film. Note also data for Ce;;Al,; [24] for pressures up to 5 GPa.

We conclude as follows.

1. The MEOS method allows expressing of the hexagonal distortions of
REM via the angular moment J (of REI) in agreement with experiment
(Ac/a) < J?).

2. Within the scope of the MEOS, indirect covalent 4f—(6s)-interaction
of REI via the band (6s-fermions) parts adds to the metallic bond ener-
gy E, term E,; < n;(2 < n; < 13) interpreting behaviour of the melting
T (n;) and Debye T(n;) temperatures.

3. Smallness of n; = 2 contributes to the partially covalent delocaliza-
tion of 4f-electrons and zeroing of spin (S,) and orbital (L,) moments of
Ce. This ‘paradox’ removes the hexagonal distortion (J=0) of REM
series, makes stable f.c.c. symmetry and lowers E ;.

4. Instability of partially delocalized 4f-shell allows the appearance of
5d-electrons. Additional covalent 5d—5d-bond (I'*Y) manifests itself
during increase of T as a CBF result.

5. Screened I'*)(k)-bond and its CBF (within the MEOS method) sur-
mount the barrier of 4f-shell and increase the volume by Aw=0.1 at a
jump of o—y-transition.

6. Its hysteresis (k) with maximal width AT, < y»? is expressed by the
Y. parameter of band—covalent bond that gives Aw, o< AT,

7. Transition entropy AS e AT, is determined by the jump of 5d-
amplitude &,(T) of the wave function of REI A{(T.,) near the transition
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temperature T=T,,.

8. Transition jump of ER in a form AR(T,,) =< AT, is caused by the scat-
tering of band fermions on CBF.

9. Impurities (Al,, ...) decrease T,.(x) and AT ,(x) and affect other prop-
erties of Ce—Al via the change in ,(T,x) and CBF spectrum.

REFERENCES

1. S. V. Vonsovsky, Magnetism (Moscow: Nauka: 1971) (in Russian).

2. Yu. P. Irkhin and V. Yu. Irkhin, Elektronnoe Stroenie i Fizicheskie Svoystva
Perekhodnykh Metallov (Electron Structure and Physical Properties of
Transition Metals) (Sverdlovsk: Ural State University: 1989) (in Russian).

3. A.I. Mitsek and V. N. Pushkar’, Real’nye Kristally s Magnitnym Poryadkom
(Real Crystals with Magnetic Order ) (Kiev: Naukova Dumka: 1978)

(in Russian).

4. O. I. Mitsek, Uspehi Fiziki Metallov, 13, No. 4: 345 (2012) (in Russian).

5. G. P. Brekharya, O. A. Kharitonova, and T. V. Gulyayeva, Uspehi Fiziki
Metallov, 15, No. 1: 35 (2014) (in Russian).

6. 0. I. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 34, No. 6: 721
(2012) (in Russian).

7. 0. I. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 36, No. 1: 103
(2014) (in Russian).

8. Yu. M. Koval’ and S. O. Ponomaryova, Metallofiz. Noveishie Tekhnol., 34,
No. 3: 359 (2012) (in Russian).

9. K. N. R. Taylor and M. I. Darby, Physics of Rare Earth Solids (London:
Chapman and Hall LTD: 1972).

10. K. P. Belov, M. A. Belyanchikova, R. Z. Levitin, and S. A. Nikitin,
Redkozemel’nye Ferro- i Antiferromagnetiki (Rare-Earth Ferro- and
Antiferromagnetics ) (Moscow: Nauka: 1965) (in Russian).

11. K. P. Belov, Redkozemel’nye Magnetikii Ikh Primenenie (Rare-Earth
Magnetics and Their Application ) (Moscow: Nauka: 1980) (in Russian).

12. F. H. Spedding, A. H. Daane, and K. W. Herrmann, Metals J., 9, No. 4: 895
(1957).

13. N. N. Sirota and A. V. Morozov, Doklady RAN, 402, No. 5: 2005 (613)

(in Russian).

14. R. W. Major and T. E. Leinhardt, J. of Physics and Chemistry of Solids, 28,
No. 9: 1669 (1967).

15. C. J. Boehlert, J. D. Farr, R. K. Schulze, R. A. Pereyra, and J. A. Archuleta,
Philosophical Magazine, 83, No. 14: 1735 (2003).

16. J. M. Leger, Phys. Lett., 57 A, No. 2: 191 (1976).

17. R. F. Gempel, D. R. Gustafson, and J. D. Willenberg, Phys. Rev. B, 5, No. 6:
2082 (1972).

18. E.King,J. A. Lee, I. R. Harris, and T. F. Smith, Phys. Rev. B, 1, No. 4: 1380
(1970).

19. R. Ramirez and L. M. Falikov, Phys. Rev. B, 3, No. 8: 2425 (1971).

20. J.Ramakrishnan and G. C. Kennedy, J. Appl. Phys., 51, No. 10: 2586 (1980).

21. A. V. Nikolaev and A. V. Ivashchenko, Uspekhi Fizicheskikh Nauk, 182, No. 7:

701 (2012) (in Russian).



448 O. I. MITSEK and V. M. PUSHKAR

22. N. Lanata, Y.-X. Jao, C.-Z. Wang, K.-M. Ho, J. Schmalian, K. Haule, and
G. Kotliar, Phys. Rev. Lett., 111, No.19: 196801 (2013).

23. Y. Pan, N. Nilius, H.-J. Freund, J. Paier, Ch. Penschke, and J. Sauer,
Phys. Rev. Lett., 111, No. 20: 206101 (2013).

24. G.Li,Y.Y.Wang, P. K. Liaw, Y. C. Li, and R. P. Liu, Phys. Rev. Lett., 109,
No. 12: 125501 (2012).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


