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FROM ATOMIC PHYSICS TO SOLID-STATE PHYSICS:MAGNETISM AND ELECTRONIC STRUCTURE OFPrNi5, ErNi5, LaCoO3 AND UPd2Al3�R.J. Radwanskia;b, R. Mi
halskia;b and Z. RopkaaaCenter for Solid State Physi
s±w. Filipa 5, 31-150 Kraków, PolandbInstitute of Physi
s, Pedagogi
al UniversityPod
hor¡»y
h 2, 30-084 Kraków, Polande-mail: sfradwan�
yf-kr.edu.pl(Re
eived O
tober 9, 2000)A 
onsistent physi
al understanding of ele
troni
, magneti
 and spe
-tros
opi
 properties of PrNi5 and ErNi5 is obtained with treating thef ele
trons as highly-
orrelated. The �ne ele
troni
 stru
ture, related withthe atomi
-like states and determined by the 
rystal-�eld and spin-orbitintera
tions, has been evaluated by means of di�erent experimental te
h-niques. The importan
e of the higher-order 
harge multipolar intera
tionsand the lo
al symmetry of the 
rystal �eld for the realized �ne ele
troni
stru
ture and for the ground state are pointed out. We point out that asigni�
ant su

ess of the 
rystal-�eld theory indi
ates on the substantialpreservation of the atomi
-like stru
ture of the open-shell atoms even whenthey be
ome part of solid.PACS numbers: 75.10.�b, 71.70.�d1. Introdu
tionIn this paper we are interested in 
ompounds 
ontaining atoms of transi-tion metals of the iron group, of lanthanides and of a
tinides. These atoms
ontain 3d, 4f and 5f open shells. The aim of this le
ture is to provide theeviden
e for the existen
e of the dis
rete energy ele
troni
 states in solid-state 
ompounds 
ontaining open-shell atoms. The most eviden
e exists for
ompounds 
ontaining lanthanides (La-Yb) though there is growing eviden
efor the existen
e of the dis
rete energy states in 3d- and 5f -atom 
ompounds.It turns out from our studies that this dis
rete energy spe
trum is asso
iated� Presented at the XL Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, PolandJune 3�11, 2000. (3079)
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halski, Z. Ropkawith the atomi
-like �ne ele
troni
 stru
ture of the open-shell atom involved.The revealed �ne ele
troni
 stru
ture is related to the energy ex
itations inthe range 0�10 meV. The dis
ussed states are substantially populated withthe in
reasing temperature (thermal population). For 
onvenien
e, we usethe energy s
ale in K (1 meV = 11.6 K). Thus, we should realize that in thesolid-state physi
s we are interested in relatively low energies. In solid-statephysi
s we try to understand ele
troni
 and magneti
 properties of a solid atroom temperature and below, in
luding the absolute-zero properties. Theroom-temperature energy 
orresponds to 25 meV (290 K). Comparing it withenergies of the atomi
-physi
s interest we 
an say that in solid-state physi
swe are interested in the very low energy s
ale. It means that in solid-statephysi
s we are interested in the �ne stru
ture of the atomi
 ground state.Lanthanide(=Rare Earth, RE) systems are a subje
t of very intensivestudies, both experimental and theoreti
al [1,2℄. Most of them exhibit prop-erties useful for industrial appli
ations. Let us mention, for instan
e, thehard magneti
 materials for the permanent-magnet industry (Nd2Fe14B,SmCo5, Nd2Co17,...), magnetostri
tive materials (TbFe2,...), and laser mate-rials like the neodymium or erbium lasers, where RE atoms are introdu
ed asimpurities to a transparent matrix (e.g. CaF2, CaWO4, YAG-Y3Al5O12,...),as in PrCl3. The RECu2O4- and REBa2Cu3O7-based 
ompounds exhibithigh-temperature super
ondu
tivity [3,4℄. Among 3d 
ompounds we 
anmention LaMnO3 (with a 
olossal magnetoresistan
e), LaCoO3, CrO2 (asre
ording tapes), TiO2, V2O3, La2CuO4 (the parent 
ompound for high-temperature super
ondu
tors), NiO, FeO and FeBr2. Among the a
tinides,we mention UO2, UPd2Al3, UGa2, NpGa2 and NpPd2Al3.From theoreti
al point of view there is a prolonged dis
ussion aboutthe role played by the f ele
trons in f -atom 
ontaining 
ompounds. Su
hterms as mixed-valen
e or heavy-fermion behaviour (CeAl3, ...) have be
omealready a landmark of exoti
 and s
ienti�
ally intriguing phenomena. Inthe mixed-valen
e and the Fermi liquid (and related) theories a signi�
antdelo
alization of the f ele
trons, leading to a non-integer value of f ele
trons,plays a 
ru
ial role. At the same time, there is a growing number of rare-earth 
ompounds des
ribable within the 
rystal-�eld (CEF) model. In theCEF model, applied by the present authors, f ele
trons are treated as fullylo
alized with the integer value of valen
y. A similar dis
ussion 
on
erns thetreatment of 3d ele
trons.There are thousands of rare-earth 
ompounds. The main subdivision isrelated to the ele
tri
al behaviour � they are or they are not 
ondu
tive.Compounds of the �rst group are intermetalli
 
ompounds (here we 
an men-tion ErNi5, PrNi5, TbFe2, Ho2Co17, REAl2 : : :). Compounds of the se
ondgroup are insulators (here RE 2O3, PrCl3, and NdF3 
an be mentioned).



From Atomi
 Physi
s to Solid-State Physi
s . . . 3081

0 50 100
7��.�

0

10

20

c 
 (

J/
K

 m
ol

)
I

E rN i5

0

20

40

60

c 
(J

/K
 m

ol
)

0 20 40 60
7��.�

ErN i5

LaN i5

Fig. 1. (a) � temperature dependen
e of the heat 
apa
ity of single 
rystallineErNi5 and LaNi5 (experiment). (b) � temperature variation of the 
ontributionof the f subsystem to the heat 
apa
ity of ErNi5 derived as the di�eren
e of themolar spe
i�
 heat of ErNi5 and LaNi5. The dotted line shows the f -subsystem
ontribution 
al
ulated for the atomi
-like dis
rete energy spe
trum determined bythe strong spin-orbit 
oupling, CEF and spin-spin intera
tions [5℄.In order to fo
us our interest let us 
on
entrate on ErNi5, an exemplary
ompound that belongs to the wide 
lass of RENi5 
ompounds. The exis-ten
e of these 
ompounds with all rare-earth elements, i.e. 12 
ompoundswith the same hexagonal 
rystallographi
 stru
ture, makes this series veryuseful for systemati
 studies not only for the one 
ompound but also forthe whole series. Be
ause of that the 
hange, suggested by the 
rystal-�eld model, of the CEF parameters from one 
ompound to another, 
an betested. The CEF parameters represent the strength of the 
harge multipolarintera
tions of the aspheri
al 4f 
loud with the aspheri
al 
harge surround-ing. The RENi5 
ompounds with magneti
 rare-earth elements i.e. fromCe to Tm are magneti
 ex
ept PrNi5. The highest value for TC of 32 K
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halski, Z. Ropkais found for GdNi5. It indi
ates the dominant role of the rare-earth spinin the formation of the magneti
 state (de Gennes fa
tor S(S + 1) is thelargest for the Gd3+ ion). The ni
kel ions are non-magneti
 as we 
an inferfrom YNi5 and LaNi5. They both are Pauli paramagnets though with theex
hange-enhan
ed sus
eptibility.

Fig. 2. Temperature dependen
e of the paramagneti
 sus
eptibility along the prin-
ipal dire
tions of the hexagonal ErNi5. The 
al
ulated results (lines) fully repro-du
e experimental data (
losed 
ir
les). Violation of the Curie�Weiss law shouldbe noti
ed at low temperatures [5℄.
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Fig. 3. The high-�eld magnetization 
urves at 1.5 K for single 
rystalline ErNi5measured along the main hexagonal dire
tions. The 
al
ulated results (lines) fullyreprodu
e experimental data [5℄.
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s . . . 3083Some experimental results for ErNi5 are presented on Figs 1�3. Inspe
t-ing these �gures please know that we would like to understand the overalltemperature dependen
e of the heat 
apa
ity seen in Fig. 1 noting that theheat 
apa
ity of ErNi5 is substantially larger than that of LaNi5 and exhibitsa � type of peak at 9 K.We would like to �nd the reason for the violation of the Curie�Weiss lawat low temperatures in the temperature dependen
e of the paramagneti
sus
eptibility, Fig. 2.We would like to know the origin of so anisotropi
 behaviour in theexternally applied magneti
 �elds as we see in Fig. 3.Surely we would like to know how the magneti
 order forms at TC of 9 Kand why the ordered magneti
 moment is so large as 8.5 �B or is extremelysmall in other 
ompounds, or even zero like in 
ase of the Pr3+ ion in PrNi5.We would like to know ... � there are really a lot of interesting questions
on
erning the rare-earth 
ompounds. These are some example questionsthat we put on in the dis
ussion of rare-earth 
ompounds. The similarquestions are of interest in the studies of a
tinides and 3d-atom 
ompounds.The presented properties of ErNi5 are very well understood on the quan-titative level as originating from the dis
rete energy states of the Er3+ ion,11 f ele
trons of whi
h are treated as forming the highly-
orrelated ele
-tron system 4f11. For the des
ription of its states we need to remind theatomi
-physi
s knowledge. We should explain also that in di�erent 
om-pounds di�erent ioni
 states of the paramagneti
 atom 
ould be formed. Pris, for instan
e, trivalent in Pr2O3, PrAl2 and in PrNi5 but is tetravalent inPrO2. The di�erent ioni
 states we 
onsider as di�erent states of the atom.2. A brief reminder about the atomi
 physi
sThe atomi
 4f states of the highly-
orrelated 4fn system in the RE 3+ion are grouped in ele
troni
 terms that are the states with the same valueof total S and L. For the 
ase of 4f2 system, relevant to the Pr3+ ion,the possible terms are: 3H, 3F , 3P , 1I, 1G, 1D and 1S. The asso
iateddegenera
y amounts to 33, 21, 9, 13, 9, 5 and 1, respe
tively. One 
an
he
k that the total degenera
y of all terms amounts to 91 as should be. Itwas Hund who inspe
ting a great number of atomi
 spe
tra has formulatedin 1929 two phenomenologi
al rules, known at present as Hund's rules, for�nding the ground term. Namely, he pointed out that the ground term is
hara
terized by (i) the maximal possible value of S and (ii) the maximalpossible value of L provided the maximal S 
ondition is ful�lled. For the
ase of the Pr3+ ion with 2f ele
trons we have S = 1(= 1=2 + 1=2) andL = 5(3 + 2) and the ground term is denoted as 3H. The ground terms ofall rare-earth ions are 
olle
ted in textbooks (e.g. C. Kittel, Introdu
tion toSolid State Physi
s, 
h.14).
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halski, Z. RopkaFor the 
ase of the Pr3+ ion we have still the problem of the 33-folddegenera
y of the 3H ground term. However, we are somehow lu
ky thatfor the rare-earth ions (not for the 3d ions) these states are grouped intomultiplets 
hara
terized by the quantum number of the total angular mo-mentum J . From the quantum me
hani
s we know that as a result of theadding of two momenta S and L we have jL � Sj � J � L + S. In 
aseof the dis
ussed Pr3+ ion J 
an be 4, 5 and 6. The substates of the termwith the same value of J are 
alled a multiplet. A

ording to the 3rd Hund'srules (iii) the ground multiplet is 
hara
terized by the smallest J for theele
troni
 system with less than the half-�lled f shell and with the largest Jfor systems with more than half-�lled f shell. Thus the ground multiplet ofthe Pr3+ ion is 3H4. The further splitting of this 9-fold degenerated groundmultiplet is the subje
t of CEF intera
tions. The asso
iated energy ex
ita-tions of say 25 meV are the subje
t of solid-state physi
s 
onsiderations andof further 
onsiderations of the present le
ture. The multiplet degenera
ydepends on the J value of the ion involved and amounts to 6 (Ce3+ andSm3+), 8 (Gd3+ and Yb3+), 9 (Pr3+, also U4+), 10 (Nd3+, also U3+ andNp4+), 13 (Tb3+ and Tm3+), 16 (Dy3+ and Er3+) and 17 (Ho3+).The separation between multiplets depends on the strength of the intra-atomi
 Spin-Orbit (S-O) 
oupling. RE atoms are 
hara
terized by the strongS-O 
oupling � it assures that J serves as the good quantum number. Theex
ited multiplets are usually well above 200 meV � the smallest separationo

urs for the Sm3+ ion. A value of 120.6 meV has been re
ently experimen-tally revealed by inelasti
-neutron-s
attering (INS) in SmBa2Cu3O7 [6℄.An f paramagneti
 ion, when pla
ed in a solid, experien
es the ele
tri
-�eld potential due to all 
harges 
onstituting the solid. As an e�e
t ofthis potential, that has multipolar 
hara
ter with important higher terms,the multiplet degenera
y of the partially �lled f shell is lifted and di�erent
harge-formed (CF) ground states of the f subsystem are realized. In 
aseof a Kramers system, the system with an odd number of ele
trons, the
harge-formed ground state is always a doubly degenerate Kramers doublet.This Kramers degenera
y 
an be only removed by external or/and internalmagneti
 �elds. The latter one originates from the Spin-Dependent (S-D)intera
tions. The resultant ele
troni
 stru
ture for the f11 ele
troni
 systemformed for the Er3+ ion in ErNi5 is shown in Fig. 4. In 
ase of the non-Kramers system, a system with even number of f ele
trons, the 
rystal �eld
an realize the singlet ground state as it happens for the Pr3+ ion in PrNi5,Fig. 5.
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Fig. 4. The energy level s
heme of the Er3+ ion in the hexagonal ErNi5 under thea
tion of the CEF intera
tions. All the levels are doublets as the Er3+ ion withJ = 15=2 is a Kramers ion. These doublet states are split in the magneti
allyordered state, below TC of 9.2 K [5℄.
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tros
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halski, Z. Ropka3. Examples3.1. Non-magneti
 RE 
ompound: PrNi5 (non-Kramers Pr3+ ion)The exemplary energy level s
heme for the Pr3+ ion in the hexagonalsymmetry of PrNi5 is shown in Fig. 5. From magneti
 experiments we knowthat PrNi5 does not show magneti
 order down to 0.5 K. Hen
e it is relativelythe easy 
ase � we try to des
ribe its properties with CEF intera
tions onlynegle
ting magneti
 intera
tions. The energy s
heme has the singlet groundstate of the Pr3+ ion in agreement with the non-magneti
 state of PrNi5.The shown eigenfun
tions j�ii re�e
t the hexagonal symmetry � there isthe mixing (hybridization) of the fun
tions jJJzi with Jz di�erent by 6.Having the eigenvalues Ei (= energies) and the eigenfun
tions j�ii we
an 
al
ulate thermodynami
s of various ele
troni
 and magneti
 propertiesby taking use of the Boltzmann distribution fun
tion. The main ele
troni
property is the heat 
apa
ity (= the spe
i�
 heat) and its temperature de-penden
e. The main magneti
 property is the magneti
 sus
eptibility andits temperature dependen
e as well as the magneti
 moment related with themagnetization and its temperature dependen
e. Having available energieswe 
an 
al
ulate the 
anoni
al partition fun
tion.
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Fig. 6. Experimentally derived temperature dependen
e of the f -heat 
apa
ity ofPrNi5 together with 
al
ulations for the atomi
-like dis
rete energy spe
trum ofthe Pr3+ ions [7℄. On top the energy position of the CEF states are shown.The temperature dependen
e of the heat 
apa
ity 
al
ulated for PrNi5is shown in Fig. 6. There are also shown the experimental data and one 
ansee that the agreement is quite ni
e. It is ne
essary to point out the overallagreement in the whole temperature range as well as of the absolute value.This later agreement indi
ates that the observed heat 
apa
ity 
omes outfrom all Pr ions � it means that all Pr ions exhibit pra
ti
ally the sameenergy level splitting. It is a surprise but it is the experimental fa
t.
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s . . . 3087Inspe
ting Fig. 6 one 
an �nd there the S
hottky-type heat 
apa
itynamed in the memory of S
hottky who the �rst studied the heat 
apa
ityfrom a 2-level system, a system with available two temperature-independentlevels separated by an energy interval of �. It 
an be shown that in su
h the
ase the heat 
apa
ity exhibits a maximum at T = 0.42 � with the maximalheat value of 3.6 J/K mol. In 
ase of PrNi5 the maximal heat rea
hes almost3 times more (� 10 J/Kmol) � it is related with 5, instead of one, 
loselylying ex
ited states: �1(singlet) and two doublets (�6 and �5).
0 50 100 150 200 250 300

T (K)

0

20

40

60

80

100

120

χ 
(1

0-3
µ B

  / 
T

 io
n

)

PrNi5

0

50

100

150

χ-1
 ( 

T
/ µ

B
  )

|| c

c || c

c

Fig. 7. Temperature dependen
e of the paramagneti
 sus
eptibility along the prin-
ipal dire
tions of the hexagonal PrNi5. The 
al
ulated CEF results lines) fullyreprodu
e experimental data (
losed 
ir
les) � in 
al
ulations the Pauli-like sus-
eptibility �0 = 4 � 10�3�B=T -ion is taken into a

ount. The violation of theCurie�Weiss law should be noti
ed at low temperatures [7℄.The temperature dependen
e of the paramagneti
 sus
eptibility 
al
u-lated for PrNi5 is shown in Fig. 7. There is visible large anisotropy of theparamagneti
 sus
eptibility � �(T ) depends on the applied magneti
 �elddire
tion. It reprodu
es well the experimental data. It is, however, ne
essaryto mention that for the 
omparison of the experimentally-observed sus
epti-bility of PrNi5 and the CEF sus
eptibility of the Pr3+ ions we have to takeinto a

ount the Pauli-like (= temperature independent) sus
eptibility �0of 4 � 10�3�B/Tf.u. originating from the 
ondu
tion ele
trons a

ording tothe formulae: �exp = �CF+�0. The overall agreement in the whole temper-ature range as well as its absolute value indi
ates again that the observedsus
eptibility 
omes out from all Pr ions what is possible provided all Prions exhibits exa
tly the same energy level splitting. It is 
onsistent withthe 
on
lusion from the heat 
apa
ity analysis.Inspe
ting Fig. 7 one 
an �nd that the high-temperature sus
eptibilityfollows quite well the Curie�Weiss law (�(T ) = C=(T��)) that is re
ognizedat the ��1 vs T plot as the straight line. From the slope of this line one
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halski, Z. Ropka
an derive the value of the e�e
tive moment, in �B, as p2e� = 3kB�T=���1.Su
h the derived value is usually 
ompared with the free-ion value expe
tedfor the ground state with the maximal value of Jz , that equals p2e� (freeion)= g2�2BJ(J+1). These 
al
ulations reprodu
e also the low-temperaturesus
eptibility. Thus the reason for the departure from the Curie (Curie�Weiss) law is the existen
e of the �ne ele
troni
 stru
ture related with thePr3+ ions.3.2. Magneti
 RE 
ompound: ErNi5 (Kramers Er3+ ion)ErNi5 orders ferromagneti
ally below 9 K. The Er3+ ion existing in ErNi5is the Kramers ele
troni
 system 4f11. The Hund's rules yield the groundmultiplet 4I15=2 with J = 15=2; S = 3=2 and L = 6 and the Lande fa
torg = 6=5. The overall degenera
y is 16. The energy level s
heme of thef11system in the 
rystal �eld of the hexagonal symmetry 
ontains 8 Kramersdoublets, see Fig. 4, where the energy stru
ture for the Er3+ ion in ErNi5 hasbeen shown. Su
h the doublet stru
ture is in agreement with the Kramerstheorem that says that the (
rystalline-)ele
tri
 �eld 
annot fully remove thedegenera
y of the states of the systems with an odd number of ele
trons, ingeneral of fermions, i.e. parti
les with own internal spin s = 1=2. It meansthat the ground state of an odd-ele
tron system in the ele
tri
 �eld of thelowest symmetry is at least a doublet. For the Pr3+ ion with the even number(= 2) of the f ele
trons the ground state realized by the ele
tri
 �eld 
anbe a singlet, like it was in PrNi5. The degenera
y of the Kramers doublet islifted only by the magneti
 �eld, external or internal. This internal �eld isset up in the magneti
ally-ordered state that is realized in ErNi5 below 9 Kand in NdNi5 below 7 K.The mi
ros
opi
 me
hanism for the magneti
 intera
tions is still understrong dis
ussion. Despite of the detailed me
hanism for the magneti
 in-tera
tions and the formed magneti
 stru
ture these magneti
 intera
tionssurely involve the atomi
 spins. Thus we use the name spin-dependent(S-D) intera
tions. The S-D intera
tions between f -ele
tron subsystems aremediated by 
ondu
tion ele
trons as is dis
ussed in the Kondo and RKKYintera
tions. In ioni
 systems 
on
epts of the double ex
hange or the su-perex
hange, the dire
t or indire
t ex
hange are dis
ussed. We will treatthese S-D intera
tions by the mean-�eld (MF) approximation and by 
on-sidering the RE moments. It is justi�ed as when J is the good quantumnumber then the magneti
 moment (� = �gL �B J) and the spin is propor-tional to J(S = (gL � 1)J). Thus the single-ion-like Hamiltonian of theRE 3+ ion 
an be written in the form:H = Hf +Hf�f =Xn Xm Bmn �Omn + ng2L�2B ��JhJi+ 12hJi2�+gL�B ~J � ~Bext :
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 Physi
s to Solid-State Physi
s . . . 3089The �rst term is the CEF Hamiltonian written for the lowest multipletgiven by Hund's rules. The se
ond term represents the spin-dependent inter-a
tions between the RE 3+ ions written in the MF approximation, where ndenotes the mole
ular-�eld 
oe�
ient. The last term enables 
al
ulations ofthe in�uen
e of the external magneti
 �eld Bext. The internal mole
ular �eldamounts to Bmol = n � �. This �eld produ
es the splitting of the 
harge-formed Kramers-doublet ground state at ea
h f site in the magneti
ally-ordered state below 9 K as is shown in Fig 4. This �eld has been 
al
ulatedto be 1.5 T at 0 K for ErNi5 [5℄. A �eld of 350 T, for example, has beenevaluated to be in Nd2Fe14B. Nd2Fe14B exhibits TC of about 500 K.The 
al
ulations with the use of the above Hamiltonian are performedself-
onsistently adjusting a value of n, for the given set of CEF parameters,that reprodu
es the value of the magneti
 temperature. Su
h 
al
ulationsare performed in two stages � at �rst we derived self-
onsistently CEFparameters remembering about the proper ground state that 
an reprodu
ethe experimentally-observed magneti
 moment at the ordered state. Laterthe value of n is adjusted to the existing T0 that has to reprodu
e the realvalue of the ordered magneti
 moment as well as its dire
tion within theelementary 
ell. Exemplary results of these 
al
ulations have been shownin Fig. 3 for ErNi5. All thermodynami
s is performed similarly to thatdis
ussed earlier for PrNi5 but now the levels are temperature dependentwhat makes the 
al
ulations mu
h more sophisti
ated.4. Spin and orbital momentsThe total moment is 
omposed from the spin and orbital parts. In 
aseof a system with the good quantum number J as is the 
ase of rare-earthions the spin S = (gL�1)J and the orbital quantum number L = (2�gL)J .The asso
iated spin moment in the z-dire
tion amounts to �s = 2(gL� 1)Jz(in �B) and the orbital moment �0 = (2 � gL)Jz . In 
ase of, for instan
e,the Nd3+/U3+ ion in a jJJzi state the orbital moment amounts to �0 =(14=11) Jz and the spin moment �s = (�6=11)Jz . The total moment is� = �0 + �s = (8=11) Jz as should be. (8/11 is the Lande fa
tor for theNd3+/U3+ ion.) For the Er3+ ion �0 = +0:8 Jz ; �s = +0:4 Jz .The ratio of the spin and orbital moments sometimes dis
ussed amountsto �s=�0 = 2(gL � 1)=(2 � gL) whereas �s=� = 2(gL � 1)=gL.For the Nd3+ (Er3+) ion it equals �3=7 (+0:5) and �3=4 (+1=3), re-spe
tively. One sees that (i) the orbital moment is very large and that (ii)the spin moment is opposite to the orbital moment for light RE ions andparallel for the heavy RE ions. These fa
ts are in agreement with the 3rdHund's rule.
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rystal-�eld in heavy-fermion systemsAn interesting situation is realized in the 
ase of 
ompounds 
ontainingatomi
 Kramers systems, when the ground-state doublet is only slightlysplit. It will result in a large heat 
apa
ity at low temperatures. Su
h asituation is thought to o

ur for the heavy-fermion (h-f) 
ompounds thatexhibit enormous low-temperature heat 
apa
ity. It is worth to note thatthe Kramers degenera
y has to be always removed before the absolute zerotemperature is rea
hed. Otherwise the 3rd law of thermodynami
 would beviolated. In this model the f ele
trons are lo
alized but spin-like ex
itations
an propagate.The splitting of the Kramers ground doublet of so small value as 0.4 meVhas been re
ently revealed by high-resolution inelasti
-neutron-s
attering(INS) experiments in Nd2CuO4 [8,9℄. These results 
on�rm the earlier the-oreti
al predi
tion on basis of temperature dependen
e of the heat 
apa
ity[10℄. In 
ase of ErNi5 the splitting of the ground doublet is 1.5 meV atzero temperature. This gap 
loses with temperature at TC (TN). Su
h thebehaviour is typi
al for the Kramers system. To make it 
lear, the CEFprovides the Kramers doublets on individual atoms. These doublets 
anintera
t via spin-spin intera
tions. These intera
tions 
an be quite 
omplex.6. Magnetism and ele
troni
 stru
ture of LaCoO3One of the very intriguing property of LaCoO3 is related with its dia-magneti
 state at zero temperature [11℄. The diamagneti
 state is a surpriseas most of Co 
ompounds are strongly magneti
. CoO, for instan
e, isantiferromagneti
 below 291 K. In the insulating state LaCoO3 the 
obaltatoms are in the trivalent state as is seen from the 
ompensated valen
esLa3+Co3+O2�3 . LaCoO3 
rystallizes in the perovskite-like stru
ture wherethe Co3+ ions are situated in the o
tahedral surrounding of the oxygen ions.The Co3+ ion has 6 d-ele
trons in the in
omplete outer shell and here theywill be treated as forming the highly-
orrelated ele
tron system 3dn. In azero-order approximation these ele
tron 
orrelations within the in
omplete3d shell are a

ounted for by the two phenomenologi
al Hund's rules. Theyyield for 3d6 ele
tron 
on�guration the term 5D with S = 2 and L = 2 asthe ground term, Fig. 8. Under the a
tion of the dominant 
ubi
 
rystal�eld, the 5D term splits into the orbital triplet 5T 2g and the orbital doublet5Eg. For the 3d6 
on�guration the orbital triplet 5T2g is lower.The �ne ele
troni
 stru
ture 
an be 
al
ulated from the Hamiltonian [12℄Hd = H
ubCF + k�0~L � ~S +B02O02 + �B(~L+ ge~S) � ~Bext(3) :The 
rystal-�eld intera
tions have been divided into the 
ubi
 (domi-nant) and the leading axial term B02O02. The se
ond term is the intra-atomi
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s to Solid-State Physi
s . . . 3091spin-orbit (S-O) 
oupling where k denotes the 
hange of the S-O 
oupling ina solid 
ompared to the free-ion value. These terms are written in the de-
reasing energy sequen
e though we pro
eed 
al
ulations treating all termson the same foot in the same diagonalization pro
edure. The results areshown in Figs 8 and 9.

T2g

L = 2
S = 2

Eg

120 B4

2.2 eV

5
D

2

2

2

2

2
2

2

1

1

1

1

1
3

3

3

3

2  5

3  5

5  5

Co /Fe
octahedral
B = +200 K

< 0

2+

4

l

3+

FeBr2
LaCoO3

0 mB

0 mB

.

.

.

2.7 mB

4.2 mB

trigonal
distortion

B  > 0    B  < 00
2

0
2

a)         b)              c)          d)          e)
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2lFig. 8. The �ne ele
troni
 stru
ture produ
ed by the 
ubi
 CEF in the presen
e ofthe spin-orbit 
oupling for the Co3+ (3d6) ions. The 25-fold degenera
y of the 5Dground term in the spin-orbital spa
e is removed by the o
tahedral CEF, the S-O
oupling and the trigonal distortion.The results are quite pe
uliar. The low-energy ele
troni
 stru
ture has(i) a non-magneti
 singlet ground state and (ii) highly-magneti
 ex
iteddoublet states ( �2.32 �B and �3.66 �B). The size of the lowest splittingdepends on the value of the trigonal-distortion parameter B02 . The singlet-doublet sequen
e with the non-magneti
 ground state, of Fig. 8(d), is therealization of the Jahn�Teller theorem.The 
al
ulated temperature dependen
e of the paramagneti
 sus
eptibil-ity exhibits the low-temperature non-magneti
 state, the pronoun
ed max-imum at 90 K and the Curie�Weiss law at temperatures above 150 K [12℄.The 
hange of the e�e
tive moment, 
al
ulated from the slope of ��1 vs T
urve, is seen at about 300 K. Su
h behaviour of � vs T is quite general for
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Fig. 9. The detailed low-energy ele
troni
 stru
ture of the Co3+ ion in LaCoO3related with the splitting of the 5T2g 
ubi
 subterm.positive values of B02 as then always the ground state is singlet. The positionof the maximum depends on value of the energy gap that depends on B02 and� (k�0): In order to reprodu
e the behaviour for LaCoO3, the maximum at90 K, we have performed 
omputations for the parameters B4 = +17 meV,�0 = �20 meV, k = +2:7 and B02 = +15:5 meV that yields the spin gap of11 meV. The Eg sub-term lies 2 eV above the ground state (= 120B4) inagreement with opti
al data. In the ele
troni
 stru
ture presented in Fig. 9one 
an �nd the single-ion mi
ros
opi
 base for the low-, intermediate- andhigh-spin states postulated in theoreti
al dis
ussions [13℄.Thus, the non-magneti
 state of LaCoO3 is asso
iated with the non-magneti
 singlet ground state of the Co3+ ion formed by the slight trigo-nal distortion of the o
tahedral 
rystal �eld in LaCoO3. One 
an say thatthis non-magneti
 singlet state is the physi
al realization of the Jahn�Teller
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s to Solid-State Physi
s . . . 3093theorem. Our atomi
-like model explains in very natural way the insu-lating state of LaCoO3 � in fa
t, LaCoO3 is one of the best insulators(� at 77 K amounts to 107 
m). These 
al
ulations prove the importan
e ofthe quasi-atomi
 �ne ele
troni
 stru
ture resulting from the 
rystal-�eld andS-O intera
tions for des
ription of low-temperature properties of 
ompounds
ontaining 3d ions. In magneti
 Co3+ and Fe2+-ion 
ompounds the doubletmagneti
 ground state is realized, see Fig. 8(e). Detailed analysis performedby us for FeBr2 provides very 
onsistent des
ription of its magneti
 andele
troni
 properties [14℄.7. CEF states in UPd2Al3The s
ienti�
 interest in UPd2Al3 is related with the 
oexisten
e of theh-f phenomena and the large magneti
 moment of about 1:5�B (TN = 14K).Moreover, UPd2Al3 exhibits super
ondu
tivity below 2 K [15℄. The sear
hfor the 
rystal-�eld ex
itations in UPd2Al3 has been undertaken by thegroup of Stegli
h [16℄ with the purpose to verify the U4+ states proposed inRef. [17℄. The inelasti
-neutron-s
attering experiments [16℄ have revealed at25 K the existen
e of the 
rystal-�eld ex
itations with energies of 7 and 23.4meV. This experiment at 150 K has revealed further ex
itations at 3 and 14meV at the energy-loss side and at 7 meV at the energy-gain side.The observation of CEF ex
itations as well as their energies are in goodagreement with those predi
ted on basis of the spe
i�
-heat analysis, butperformed with the U3+ 
on�guration [18℄. This spe
i�
-heat analysis hasyielded the energy levels at 0, 100, 150, 350 and 600 K, i.e. at 0, 8.6, 12.9,30.1 and 51.7 meV, Fig. 10. All of them are Kramers doublet owing tothe assumed U3+ 
on�guration. The observed transitions are marked onthis energy level s
heme [19℄. The analysis of other ele
troni
 and magneti
properties has been performed within the same Hamiltonian as presentedfor ErNi5 but with the ground multiplet J value of 9/2. The hexagonalsymmetry CEF parameters amount to B02 = +7:5 K, B04 = +60 mK, B06 =+0:07 mK and B66 = � 32 mK. The 
rystal �eld in UPd2Al3 is more thantwo times bigger than in NdNi5 (the overall splitting amounts to 54 and21 meV, respe
tively). The CEF parameters for NdNi5 of B02 = +3:35K, B04 = +14:5 mK, B06 = �0:35 mK and B66 = �13:5 mK are quitesimilar to that of UPd2Al3 what is very ni
e owing to the same hexagonal
rystallographi
 stru
ture. In fa
t, the ele
troni
 stru
ture the U3+ ionfound in UPd2Al3 is very similar to that found for the Nd3+-ion NdNi5 [20℄.Moreover in both 
ompounds the magneti
 moment is dire
ted perpendi
ularto the hexagonal 
-axis. Value of their magneti
 moment is largely redu
ed,
ompared to the free-ion value, due to the 
rystal �eld.
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Fig. 10. Energy level s
heme of the U3+ ion in UPd2Al3.The arrows indi
ate CEFtransitions revealed by inelasti
-neutron-s
attering experiments [19℄.Su
h good agreement with predi
tions derived for the U3+ ion in UPd2Al3on basis of 
ompletely di�erent experiments indi
ate the large physi
al ad-equa
y of the derived �ne energy level s
heme and of the U3+ state. Wewould like to point out that the existen
e of the lo
alized f ele
trons maynot 
ontradi
t the formation of the 
ooperative phenomena like magnetismor super
ondu
tivity. In system like UPd2Al3 the metalli
 properties are as-sured by 
ondu
tion ele
trons made by, among others, three outer uraniumele
trons. Within the individualized-ele
tron model, in intermetalli
s there
oexists a few ele
troni
 subsystems, 
ondu
tion-ele
tron and f -ele
tron sys-tem, that strongly intera
ts but without the 
harge ex
hange between them.The observation of the lo
alized states by su
h di�erent te
hniques andtheir 
onsisten
y provides strong argument for the appli
ability of the CEFmodel to (at least some) a
tinide 
ompounds like it was found for UGa2 [20℄and NpGa2 [21℄.
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s to Solid-State Physi
s . . . 30958. Con
luding remarksThe basi
 
on
epts of the CEF model have been presented with the ap-pli
ations to ele
troni
, magneti
 and spe
tros
opi
 properties. The very
onsistent physi
al understanding of properties for PrNi5 and ErNi5 inter-metalli
s has been obtained treating the f ele
trons as highly-
orrelated ele
-tron systems 4fn. The �ne ele
troni
 stru
ture, related with the atomi
-likestates and determined by the 
rystal-�eld and spin-orbit intera
tions, hasbeen evaluated. These dis
rete energy states are within the meV range andtheir number agrees with that derived from atomi
 physi
s. We pointed outthat signi�
ant su

esses of the 
rystal-�eld theory indi
ate the persisten
eof the atomi
-like stru
ture of the open-shell atoms even when they be
omea part of solid. The analysis of experimental results for RENi5 series revealthe importan
e of the higher-order 
harge multipolar intera
tions for the�ne ele
troni
 stru
ture and for the realized ground state. There is verystrong interplay of the magneti
 state of a paramagneti
 ion and the ele
tri
�eld produ
ed by surrounding 
harges. The well-known example is the Pr3+ion in PrNi5. Similar situation takes pla
e for the Co3+ ion is non-magneti
in LaCoO3. It is the lo
al symmetry of the 
rystal �eld that produ
es thenon-magneti
 state of the paramagneti
 ion. These non-magneti
 states arethe manifestation of the Jahn�Teller e�e
t. We would like to stress thatthe non-magneti
 state in LaCoO3 is produ
ed by the lo
al trigonal o�-
ubi
 distortion provided the intra-atomi
 spin-orbit 
oupling is taken intoa

ount.Finally we should mention about very good des
ription of ele
troni
,magneti
 and spe
tros
opi
 properties of UPd2Al3, UGa2 and NpGa2 withinthe CEF theory with the trivalent state. It indi
ates the existen
e of thedis
rete energy states and the substantial appli
ability of the CEF theoryto (at least some) a
tinide 
ompounds. In the CEF-like pi
ture the numberof f ele
trons is integer and ex
itations are the lo
al neutral spin-like ex
i-tations. The same holds for ex
itations to the 
onjugate Kramers-doubletstate, whi
h in 
ase of small splitting 
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