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Electronic and magnetic properties of FeBgp
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Electronic and magnetic properties of FeBiave been surprisingly well described as originating from the
Fe&t ions and their fine electronic structure. The fine electronic structure has been evaluated by taking into
account the spin-orbit coupling, crystal-field and intersite spin-dependent interactions. The large magnetic
moment of iron, of 4.4.5, can be theoretically derived provided the spin-orbit coupling is explicitly taken into
account. These calculations show that for the meaningful analysis of properties gftReBpin-orbit cou-
pling is essentially important and that the orbital moment (Q:g2} is largely unquenchetby the off-cubic
trigonal distortion in the presence of the spin-orbit coupling
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FeBr, became famous a long time ago as one of the stronl’-u|eS.11’12 The low-energy electronic structure results from
gest metamagnet At 4.2 K an external field of 3.15 T the removal of the 25-fold degeneracy of the lowest tébn
causes a ]ump of the magnetization from the almost Zerdi turns out that there are 15 localized states within 80 meV,
value to a very big value of 110 emu}g.This latter value 10 others lying more than 2 eV above. The existence of this
corresponds to 4 Ag per formula unit(f.u.) and per one Fe fine electronic structure causes strong thermal effects in the

atom. This value exceeds a theoretical value ofidy0 ex- temperature course of the specific heat and of the magnetic
susceptibility. In fact, we have performed quite similar cal-

ected for the spin-only moment. The explanation for this ;
P P y b ulations to those that have been successfully made for the

large magnetic moment has been a challenge for th - .
3d-magnetism theoreticians. FeBexhibits the antiferro- %%Sg;r_ﬂogfcéfo;?gz'et?]rethelz ist:g::i S';';?e?gffﬁé' B}r? ac;re

magnetidAF) or.den'ng belOWT“.‘ of 14.2 K. The appearance .o e lated in the completely different way owing to much
of the AF ordering is marked in the specific heat by a veryg .. spin-orbit coupling in & ions
pronounced\-type of peak' The appearance of the AF The 25 levels, originated from théD term, and their

state is also seen in the temperature dependence of the maggentynctions have been calculated by the direct diagonal-

netic SUSC_eF’t'b'“t?-_ Properties of FeBrhave been de- jzation of the Hamiltoniar(1) within the [LSL,S,) base. It
scribed using effective Hamiltonians like tlgz=1/2 Ising  takes a forn¥18

Hamiltoniarl or the S=1 model with the anisotropic

exchang€=® All these approaches neglect the orbital contri-

bution. Hg=Hcupt ALS+BZ03+ ug(L+gsS)B. 1)
We have performed calculations of the?Fdon elec-

tronic structure taking into account the spin and orbital elec-

tronic momenta. In our approach we follow the original idea The separation of the crystal-electric-figl@EP Hamil-

of Van Vleck' that electronic and magnetic properties aretonian into the cubic and off-cubic part is made for the illus-

largely determined by atomic-like electronic structure, buttration reason as the cubic crystal field is usually very pre-

we have performed extended calculations in th8L,S,) dominant. In the crystallographic structure of FeBne Fe

basis. In this Brief Report we present results of calculationson is surrounded by 6 Br iorfs>® Despite of the hexagonal

of electronic and magnetic properties of FeBiith the aim  elementary cell Br ions form the almost octahedral

of providing the consistent physical description of zero-surrounding—it justifies the dominancy of the octahedral

temperature propertige.g., the magnetic-moment value and crystal field interactions. Moreover, this octahedral surround-

its direction, the insulating states well as temperature de- ing in the hexagonal unit cell can be easily distorted along

pendence of the specific heat and of the paramagnetic suthe local cube diagonal—in the hexagonal unit cell this local

ceptibility. It turns out that properties of FeBare predomi- cube diagonal lies along the hexagowahxis. The related

nantly determined by the low-energy electronic structure ofdistortion can be described as the trigonal distortion of the

the FE* ions. The F&" ion is considered to form thed  local octahedron. The cubic CEF Hamiltonian takes, forzthe

system described bg=2 andL =2 resulting from Hund’'s axis along the cube diagonal, the for’|=n;ub=—§B4-(O91
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a) b) ) d) e) FIG. 2. The calculated temperature dependence of the specific

) . ) heat of FeBy (the solid ling as composed from the lattice contri-
FIG. 1 The fine electronic structure of the hlghly-correlatd& 3 bution, shown by the dashed-point line, and thelectron contri-
electronic system(a) The 25fold degenerateD term given by 5o with then peak at T,. Points represent experimental data
Hund'’s rules:S=2 andL =2; (b) the effect of the cubic octahedral after Ref. 3.
crystal field;(c) the combined action of the spin-orbit coupling and
the cubic crystal fieldB,= +200 K, A\=—150 K; (d) and (e) an ) ) ) ) )
extra splitting produced by the trigonal distortion—the cémeis ~ States resulting from the consideration of the Hamiltonian
realized in FeBy, the trigonal-distortion parameterds —30 K (1), with Eq.(3) if the magnetically-ordered state is realized.
produces a spinlike gap of 2.8 meV. Similarily, the paramagnetic susceptibility4(T) can be
evaluated.
720@0431), whereO! are the Stevens operators. The last Results for the temperatur_e depend_er_1_ce of the specific
term in Eq.(1) allows studies of the influence of the mag- N€atCa(T) and of the magnetic susceptibility,(T) of the
Fe*-ion system are shown in Figs. 2 and 3, respectively.

netic field.
The obtained energy level scheme is shown in Fig. 1.1"€ Parameters used are as follows:

These three above-mentioned interactions yield a magnetic

doublet ground state with an excited singlet at 33 K, see Fig. 1.0 30
1(e). The degeneracy of the ground doublet is spontaneousiy—~ =
removed by the formation of the magnetic state. In the or- o . . =
dered state occurring below 14.2 K the molecular field is set._ 0.8 in FeB I'2 7 2
up self-consistently asB=-—n(mg), where n is the = A / . ] &
molecular-field coefficient anthy= — ug(L +9S). It origi- - ¢ . 420 ®
nates from intersite spin interactions. Thus our full Hamil- 0.6 E
tonian for FeBg contains two, intra- and interion, terms:
? . Bs=+200K [ |
H=2 Hg+ X Ho-a, 2 4 , A= 150K
b ] —B=-30Kf 10
whereHq_4 can be written s g "."ﬁf A
0.2 F exp.
o ¢ lc
1 A -
Hgg=2 2 N md<md>_§<md>2 : & N VR NN
0.0
. _ . . 1 1 2 2
The last term in Eq(3) is included in order to avoid the 0 50 00 50 OOT (K)50

double counting(see, for instance Refs. 13 and)1Z his

intersite interactions produce the magnetic state; in case of rg 3 The calculated temperature dependence of the paramag-

FeB, it is antiferromagnetic arrangemegationg thec axis)  netic susceptibility of the e ion in the slightly-distorted octahe-

of the ferromagnetic planes €). dral crystal field(the solid ling. The dashed line shows the suscep-
The d-electron specific heat is calculated by making useiibility for the exactly octahedral crystal field and the spin-orbit

of the general formufd**cy(T) = —T[ 8°F(T)/5T%], where  coupling. Points represent experimental data for FeRef. 6, p.

F(T) is the free energy calculated over the available energgs).
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FIG. 5. The calculated temperature dependence of the local
FIG. 4. Temperature dependence of the three lowest IeveIg;rzﬂgleggnrg?brzteig:]gfatthg Eé fon in FeBy, together with spin and
showing the splitting of the lowest doublet in the magnetic state '
(below Ty=14.2 K). The collapse of the splitting of the ground-

state doublet should be noticed. The magnetic-moment value is perfectly reproduced by

our calculations. We have obtained a value of 4u26in

(1) The cubicB, parameter is taken a5200 K in order  very good agreement with experimental data’he moment
to get the overall crystal-field splitting=4-T,, of about is directed along the hexagonalaxis that is the natural
2 eV (=120 B4)—such splitting explains the yellow color distortion direction. Such the direction provides the Ising-
of FeBn; this splitting is visible also in optical measure- like behavior of the F&" ion moment, seen in the magneti-
ments; (2) the spin-orbit couplingh equals—150 K as is  zation curves. The present approach allows for the evaluation
given for the F&" ion in Ref. 15 on p. 399(3) the trigonal  of the orbital and spin contributions; see Fig. 5. Bevalue
distortion Bgz —30 K yields the singlet-doublet splitting of amounts to+ 1.74(the spin moment of 3.48g) whereas the
D=33 K(2.8 meV) with the doublet lower, see Figel calculated orbital moment amounts to 0&8. It is very

(4) the molecular-field coefficientn=—-0.8 K/,u,é(z large—it amounts to 18% of the total mome(®n the other
—1.2 T/ug) has been adjusted in order to reproduce the exhand sceptists can say that it is only 39% of the full orbital
perimentally observed Negeemperature of 14.2 K. moment of 2ug.) These studies about the magnetic-

All these parameters are physically very reasonable. Thenoment value and the different effects on the fine electronic
cubic CEF is responsible for the large energy sdaley, structure indicate that the orbital moment has to be “un-
1.5-4.0 eV) and the spin-orbit coupling for the medium,quenched” in the solid-state physics.

25-200 meV, energy scale. The off-cubic distortion causes This large orbital contribution is also seen in the tempera-
energetical effects up to 10—-15 meV. The magnetic interacture dependence of the paramagnetic susceptibility. The ef-
tions range up to, say, 20 meV for compounds with the higifective moment of 5.3@.z, calculated from theg *vs T
magnetic ordering temperature. In case of RetBey are of  plot at room temperature, exceeds by 11% the spin-only mo-
1.5 meV only. The inclusion of the relatively weak intersite ment withS=2. Our calculated effective moment is in very
magneticH4_4 interactions is indispensable for the appear-good agreement with typical values often found irf Féon
ance of the long-range magnetic order. They cause an intecompoundgRef. 11, Table 14.2; Ref. 12, Table 31.&uch

nal magnetic field, of 5.15 T at 0 K, and a Zeeman-likethe increase is attributed in the effective approaches to the
splitting of the doublet levels. The splitting is strongly tem- change of they factor; instead of 2 it would be 2.22. It means
perature dependent and it diminishes gt The temperature that our approach allows the calculation of the spectroscopic
dependence of the three lowest levels is shown in Fig. 49 factor that is in good agreement with experimental data.
These three levels with their temperature dependence are re- The found molecular-field coefficiemtof 1.2 T/ug, de-
sponsible for the low-temperature specific heat. In fact, théermining the magnetic-ordering temperature, indicates that
\-peak dependence is mainly determined by the temperatu23 of it is related with antiferromagnetic interactions as a
dependence of the lowest level. Of course, the temperatunealue of 0.8 Tip is derived from the metamagnetic field of
dependence occurs only in the magnetically-ordered state &15 T.

the temperature dependence of the CEF levels, if exist, is In conclusion, temperature dependence of the specific
expected to be negligible provided the crystallographic strucheat and of the magnetic susceptibility of FeBis well as
ture is not changed. the zero-temperature magnetic moment and its direction have
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been surprisingly well described as originating from low- Hund'’s rules quite well. These calculations show that for the
energy localized states of the #eions. The present ap- meaningful analysis of electronic and magnetic properties of
proach provides the consistent physical description of thé-eBr, the spin-orbit coupling is essentially important and
electronic structure in the 0—4 eV energy range. The obthat the orbital moment is largely “unquenchedby the
tained good agreement indicates that the sixeBectrons in  off-cubic trigonal distortion in the presence of the spin-orbit
the Fé" ion fulfills the Russel-Saunders scheme and twocoupling.
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