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MAGNETIC PHASE TRANSITIONS ANDORBITAL MAGNETISM IN THE MOTT INSULATORSFeBr2, UO2 AND IN ErNi5�R.J. Radwanskia;b, Z. Ropkaa, R. Mi
halskia;b and A. BªautaaCenter of Solid State Physi
s±w. Filipa 5, 31-150 Kraków, PolandbInstitute of Physi
s, Pedagogi
al UniversityPod
hor¡»y
h 2, 30-084 Kraków, Poland(Re
eived July 10, 2002)Magneti
 phase transitions in FeBr2, ErNi5 and UO2 have been foundto be well des
ribed within the same quasi-atomi
 
rystal-�eld approa
hwith mean-�eld approximation for the ex
hange. The ��type peak ob-served at the magneti
 ordering temperature in the heat 
apa
ity is relatedto the time-reversal symmetry breaking at the atomi
 s
ale. The gooddes
ription proves the existen
e of dis
rete atomi
-like states, on the meVenergy s
ale, both in 3d, 4f and 5f systems 
on�rming a posteriori thebasi
 assumption of our theory. Our studies indi
ate that the intraatomi
spin-orbit 
oupling and the orbital magnetism are indispensable for a phys-i
ally adequate des
ription of both ele
troni
 and magneti
 properties.PACS numbers: 75.10.Dg, 65.40.Ba, 71.70.�d1. Introdu
tionIn this paper we are interested in the magneti
 phase transition in 
om-pounds 
ontaining atoms of transition metals of the iron group, of lan-thanides and of a
tinides. These atoms 
ontain 3d, 4f and 5f open shells,respe
tively. The aim of this paper is to provide the eviden
e for the mag-neti
 transitions involving the dis
rete quasi-atomi
 ele
tron states in solid-state 
ompounds 
ontaining open-shell atoms. We 
on
entrate on the mag-neti
 transition in FeBr2, UO2 and ErNi5. For des
ription of the magneti
transitions in all of these 
ompounds we have applied the 
rystal �eld ap-proa
h [1, 2℄.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1575)



1576 R.J. Radwanski et al.2. Theoreti
al outline and resultsA

ording to the 
rystal-�eld approa
h the n ele
trons in the in
om-plete 3d=4f=5f shell form the highly-
orrelated intraatomi
 3dn /4fn /5fnele
tron system also when the paramagneti
 atom be
omes a part of asolid. These strong 
orrelations among the in
omplete-shell ele
trons area

ounted for in zero-order approximation by two Hund's rules, that yieldthe 5D ground term the 3d6 system in the Fe2+ ion in FeBr2, the 3H4 groundmultiplet for the 5f2 system in the U4+ ion in UO2 and the 4I15=2 for the4f11 system in the Er3+ ion in ErNi5. Our interest in FeBr2 is related to thefa
t that it is one of the strongest metamagnet. At 4.2 K an external �eldof 3.15 T 
auses a jump of the magnetization from the almost zero value toa very big value of 4.4 �B. This value ex
eeds the theoreti
al value of 4.0�B, expe
ted for the spin-only moment. FeBr2 exhibits an antiferromagneti
(AF) ordering below TN of 14.2 K. The appearan
e of the AF ordering ismarked in the spe
i�
 heat by a pronoun
ed �-type behavior. The mag-neti
 phase transition in FeBr2 has been found to be well des
ribed withinthe same atomi
-like approa
h as has been su

essfully used for ErNi5 [3℄.However, we have to take into a

ount a fa
t, that the spin-orbit 
ouplingis mu
h weaker in 
ase of the 3d ions. The used Hamiltonian for the Hund'srules ground term ( S=2, L=2) takes a form [4℄:H = Hd +Hd�d= XXBmn Ômn + �L � S + n ��mhmi+ 12hmi2��m �Bext ; (1)wherem = �(L+2S)�B is the magneti
-moment operator of the d-atom andn is the mole
ular-�eld 
oe�
ient. The �rst term is the full-symmetry CEFHamiltonian. The magneti
ally-ordered state is 
al
ulated self-
onsistently.The optimal parameters found for FeBr2 are: the o
tahedral CEF parameterB4=+200 K, the spin-orbit 
oupling � = �150 K, n = �0:8K=�2B and theslight trigonal o�-
ubi
 distortion B02 = �30 K. The 
al
ulated temperaturedependen
e of the ordered magneti
 moment and of the heat 
apa
ity areshown in Fig. 1 together with the temperature dependen
e of the energy ofthe three lowest lo
alized states.UO2 is antiferromagneti
 below TN = 30 K. We have attributed themagnetism of UO2 to the U4+ ions. The U4+ ion has 2 ele
trons formingthe atomi
-like system 5f2. A

ording to Hund rules it is des
ribed by thequantum numbers L=5, S=1, and J=4. The used single-ion-like Hamilto-nian takes the form:H = Hf +Hf�f= XXBmn Ômn + ng2L�2B ��JhJi+ 12hJi2�+ gL�BJ �Bext ; (2)
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Fig. 1. Magneti
 phase transition in FeBr2. (a) temperature dependen
e of the 3lowest energy levels; (b) temperature dependen
e of the magneti
 moment of theFe2+ ion; (
) temperature variation of the 
ontribution of the d subsystem to themolar heat 
apa
ity. The points represent the experimental data [5℄.Fig. 2. Magneti
 phase transition in UO2. (a) temperature dependen
e of the 3lowest energy levels of the ground triplet �5; (b) temperature variation of the f -subsystem 
ontribution to the heat 
apa
ity of UO2; (
) temperature dependen
eof the atomi
 magneti
 moment of the U4+ ion.where gL is the Lande fa
tor and the magneti
 moment of the U ion isexpressed as m=-gLJ�B: The CEF parameters B4 = +733 mK and B6 =+3:88 mK, resulting from the 
ubi
 oxygen surroundings, yields the triplet�5 as the ground state. These parameters provide the states in agreementwith the inelasti
-neutron-s
attering data of Ref. [6℄. The 
riti
al analysisof the CEF intera
tions in UO2 performed in Ref. [7℄ shows that evaluationof CEF parameters, for des
ription of the ele
troni
 stru
ture on the energys
ale of 160 meV was quite troublesome for more than 40 years. All ofthese results agree about the triplet �5 (T2) as the ground state. In Fig. 2we present the 
al
ulated temperature dependen
e of the ordered magneti
moment and of the heat 
apa
ity, together with the temperature dependen
eof the three lowest energy levels 
omposing the �5 triplet. The value n of�11:0K=�2B yields TN = 30 K and the mole
ular �eld of 34 T at 0 K.



1578 R.J. Radwanski et al.3. Con
lusionsWe have presented a mi
ros
opi
 des
ription of the magneti
 transi-tion for two di�erent systems 
ontaining partially �lled 3d /5f shell atom,namely FeBr2 and UO2 performed within the same atomisti
 
on
ept as wehave used before, Ref. [3℄, for rare-earth 
ompound ErNi5. In all of these
ompounds exist dis
rete low-energy states originating from the atomi
-likehighly-
orrelated ele
tron system 3dn, 4fn and 5fn. For the des
ription ofthese states we took into a

ount the orbital quantum number and the spin-orbit 
oupling. The �-type peak observed at the magneti
 ordering temper-ature is related to the time-reversal symmetry breaking at the atomi
 s
ale.The good des
ription of FeBr2, UO2 and ErNi5 proves the existen
e of thedis
rete atomi
-like states both in 3d, 4f and 5f systems, on the meV en-ergy s
ale, 
on�rming a posteriori the basi
 assumption of the 
rystal-�eldtheory. REFERENCES[1℄ R.J. Radwanski, Z. Ropka, 
ond-mat/0010081.[2℄ R.J. Radwanski, R. Mi
halski, Z. Ropka, A
ta Phys. Pol. B 31, 3079 (2000).[3℄ R.J. Radwanski, N.H. Kim-Ngan, F.E. Kayzel, J.J.M. Franse, D. Gignoux,D. S
hmitt, F.Y. Zhang, J. Phys.: Condens. Matter 4, 8853 (1992).[4℄ Z. Ropka, R. Mi
halski, R.J. Radwanski, Phys. Rev. B63, 172404 (2001).[5℄ M.C. Lanusse et al., J. Phys. 33, 429 (1972).[6℄ R. Osborn et al., J. Phys.: Condens. Matter 21, L931 (1988).[7℄ H.U. Rahman et al., Physi
a B 252, 160 (1998).


