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By using quantum theory, the magneto-opti@raday rotation, Faraday ellipticjtyproperties at photon
energies below 6 eV and the magnetic properties of tié n in the Y;Fe;0;, garnet are analyzed in the
50-300 K temperature range. The strong enhancement of the Faraday rotation induced by the Pr presence
originates mainly from the intraionic electrical dipole transitions between the sifliadd 45d levels. It is
shown that the most important factor is the Pr-Fe superexchange interaction: if there is no Zeeman effect, no
magneto-opticalMO) effects exist. The “paramagnetic” and “diamagnetic” contributions to the MO prop-
erties are discussed in detail: if only the Zeeman effect on the ground state is taken into account, the para-
magnetic term which is strongly temperature dependent is obtained; on the contrary, if only the Zeeman effect
on the excited configuration is considered, the diamagnetic contribution which is temperature insensitive is
present. The observed MO properties result from these two components but are mainly determined by the
paramagnetic one; the MO resonance frequencies are related to the energies of the multiplets of the ground
term and of the excited configuration and to the crystal-field splitting of all these multiplets. Using this
approach, the theoretically calculated results of both Pr magnetization and MO effects are in good agreement
with experimental data. It is shown that the simultaneous treatment of the magnetic and MO phenomena is a
powerful tool to prove the correctness of the approach and of the so-determined parameters. Finally, it is
demonstrated that the mixing of the different multiplets of the ground term has a great influence on both
magnetic and MO propertiefS0163-18207)08038-1

[. INTRODUCTION should be noted that although in paramagnetic and diamag-
netic materials, MO effects are observed under application of
Magneto-opticalMO) effects have been observed in dif- H only, in magnetically ordered crystals MO properties are
ferent types of materials including metals, semimetals, semiassociated with the inherent spin structure, and can be ob-
conductors and also ferrimagnets, antiferromagnets, ferrcserved in the absence bf.
magnets, and a large variety of paramagnetic ions imbedded The spin-photon or MO interactions may be separated ei-
in solids. In metals, semimetals, and semiconductors, MQher into scattering and absorption processes or into magnetic
properties reveal intrabandree carriers and interband ab- and electric dipole transitions, or into interactions via one or
sorption and dispersion. In ionic magnetic solids, the atomidwo magnetic ions; these three groups may be then divided
character of the valence electron disappears into energpto first- and second-order MO effects. For example, in the
bands while the remaining unfilled inner shells are stronglymicrowave range, the para- and ferromagnetic resonances are
affected by spin-orbit coupling, electric crystalline field ef- related to a one magnetic ion-photon interaction whereas in
fects, magnetic exchang@r superexchangeinteractions, the ferri, antiferro, and exchange resonances, a spin-photon
and important polarized transitions between the final energinteraction via two magnetic ions is involved. In the visible
levels can arise. Experimental studies are usually performerdange, the circular magnetic birefringené@raday effegtis
in transmission and reflection in one of two configurations:a first-order interaction and the linear magnetic birefringence
Faraday configuration with the wave vectpparallel to the  (Cotton-Mouton or Voigt effegtis a second-order coupling.
external magnetic fieldH (or to the magnetizatiodM) and  The first classification is well illustrated by the well-known
the Voigt (Cotton-Mouton configuration(qL H or gL M). It Kramers-Kronings relations which connect scattering and ab-
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sorption processes like the Farad®pigt) effect with circu-  tice as observed in some heai#blG, DylG, ErIG ..) and
lar (linean magnetic dichroisni=3 light (SmIG) iron garnets?

In a schematic description of the Farad#err) rotation, In the garnet series, many ionic substitutions have been
two types of MO phenomena have to be distinguishedstudied. But as the garnet structure could not form with a
“diamagnetic”-type rotation results from transitions from a lattice parameter greater than 12.540 A, the Pr content is
nondegenerate ground level to a double-degenerate excitdiehited to 1.33(value ofx) in bulk materialsi®*? However,
level which is split by some perturbation; “paramagnetic” by using lattice phase epitaxy on high lattice parameter sub-
rotation originates from transitions from a double-degeneratetrates, the maximum amount that Pr in thin films can attain
ground level which is split by some interaction to a nonde-is 1.81% In the visible and infrared bands, the Faraday rota-
generate or double-degenerate excited level. tion (FR) of Pr:YIG was observed as strongly negative what-

In simple systems, like transition metals Fe, Co, and Ni, iteverx is, contrary to the Faraday rotation of YIG, which is
has been shown by Oppenesral that the magneto-optical considered as positiVé.To separate the light rare-earth con-
Kerr effect scales linearly with the spin-orbit coupling but is tribution to the Faraday rotation, the hypothesis where the
a rather complex function of magnetizatiggxchange split- contribution of the two F& sublattices is the same in all
ting). A similar conclusion about the effect of spin-orbit cou- RIG’s was used, since in these bands, thé Fabsorption
pling in the Kerr rotation in MnBi has been deduced by spectrum is only very weakly affected by the substitution of
Misemer? Y3* by PP ions!® Furthermore, the magnetic momemt

As previously noted, many factors can split the ground(reported to one Bf ion) deduced from Nel’s model was
and excited states and there exist several kinds of transitiongsund to be nearly independent of the substitution rate. Fi-
so the quantum theory has to be used to study the diamagrlly, it was concluded that the single-ion model was a good
netic and paramagnetic MO effects. To our knowledge, ther@pproximate description of both the observed magnetic and
is still a lack of the theoretical description of these effectsmo properties-1©
based on the quantum theory and the questions like what The Pr substitution for yttrium in YIG results in a very
kind of transitions, what interaction play the main roles in strong enhancement of the Faraday rotation which takes
Originating the MO effects, and what is the relative Weight Ofp|ace without noticeable Changes of the optica|
the diamagnetic and paramagnetic MO effects have to bgpsorption”:*® Furthermore, it is one of the largest among
solved. In order to discuss these problems, the MO propertiege trivalent rare-earth ions. It should be noted that a strong
of Pr-substituted iron garnet®r:YIG) will be considered, increase of the Faraday rotation was also observed in cerium-
the main reasons for this choice are detailed in the fO”OWing;ubstituted YIG but because of the limitation of the Ce con-
paragraph. tent (only a few percentand (or) the possible presence of

Within the general formula{R,Y; }[F&](F&)O:, tetravalent Ce ions, the analysis of both magnetic and MO
(R:YIG), the magnetic and MO properties of the rare-earthproperties of Ce:YIG is a very delicate challenge. According
(Re)-substituted yttrium iron garnets result directly from the to a previous work, where theoretical calculation of th&"Pr
atomic positions of the cubic space groim3d:R** and  contribution to the Faraday rotation was based on the quan-
Y3 jons distributed over the dodecahedrally coordinatedum theory, the intraionic electric-dipole transitions between
{24c} sites; octahedral sitelsl6a], and tetrahedral (29  the different perturbation split levels of thef4and 4f5d
sites are occupied by the Feions. The corresponding sub- configurations are of first importané&However, in this pre-
lattice magnetization!, andM 4 are strongly coupled anti- viously published paper only the Pr contribution to the
ferromagnetically because of the strong negative supereparamagnetic-type Faraday rotation at 1150 and 633 nm
change interactions through the oxygen ions betweéhl Fe wavelengths was calculated at room temperature. In this
ions on the two site.As these interactions are not influ- work, the following properties of Pr:YIG will be calculated
enced by theR*" ion presence, the ¢ temperature is the simultaneously: the magnetization, the paramagnetic, and
same(560 K) in all RIG’s; consequently, thél, and My  diamagnetic type and the full Faraday rotation and Faraday
values are equal to those measured{¥y}[Fe](Fe;)O;, ellipticity induced by the Pr sublattice. On the one hand, the
(YIG).” In light rare-earth-substituted YIG, the rare-earthmagnetic behavior originates from the split levels of the
sublattice magnetizatioM is, according to the ferrimag- ground configuration, on the other hand the MO phenomena
netic arrangement of N#¢s model, parallel to the resultant depend not only on the splitting of the ground configuration
Fe** magnetization M4—M,), which is usually written as but also on the splitting of the excited configuration, so the
Mvic- So the macroscopic garnet magnetization is simplycomparison with the different experimental data is helpful
equal toM.+ My, . It should be mentioned that tHe-Fe  for studying the origin of the MO effect and magnetization
superexchange interactions take place mainly between iorend for determining the correctness of the model and param-
of the{c} and[d] sites and are of the order of 25%. eters used.

The behavior of the magnetic ions depends not only on The arrangement of this paper is as follows: in Sec. Il the
the superexchange interactions but also on the crystal fieltemperature dependence of the Pr magnetic moment is cal-
(CF) effect. Because the orbital angular momentum may beulated and compared to the experimental data with attention
fully or partly quenched by CF in the crystal, the ionic mag-paid to the determination of the crystal-field and exchange
netic moment is usually, mainly at low temperature, smalleparameters. In Sec. lll, the origins of the paramagnetic and
than the free-ion value and may present a strong magnetaiamagnetic contributions to the MO effects are analyzed in
crystalline anisotropy. The anisotropies of the superex- details; the relative weight of these contributions to the full
change interaction and CF may lead to spin reorientation anBaraday rotation is then discussed. The influence of the mix-
(or) to the onset of noncollinear structure in thet sublat-  ing of the different multiplets of the ground term induced by
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CF on both magnetic and MO properties is treated in Sec.

IV. In each of these sections, we present first a general the- m=—ug> (9l(L,+2S,)[9)pg. 3
oretical description adapted to the case of the rare-earth ions 9

in insulators and then compare the theoretical and experiwhere|g) is the CF-SO split and superexchange-interaction
mental results. Finally, the conclusions issued from this workH,,-mixed (or split) state whose occupation probability is
are given in Sec. V. expressed as

Il. CALCULATION OF THE MAGNETIC MOMENT pg=exp— Eg/kT)/ S exp—E /kT). (4
g

The magnetic moment of the considered ion is determined
by the successive splittings of the ground configuration inNéel theory® reduces to the assumptions that the superex-
duced by spin-orbi{SO), crystal-field, superexchange, and change interaction acting on the rare-earth ions in rare-earth
external magnetic-field interactions. Usually, the energy gapgon garnets can be expressed as
between the ground term and the higher-lying terms of the
ground configuration are large enough, and the influence of Hexcr=2#8Hexcr>z » ®)

the higher-lying terms to the splitting of the ground term iswhereH,,, is the exchange field and is proportional to the

negligible especially for the lower-lying multiplets. So, only resultant spontaneous magnetization of th&" Feublattices
the ground term needs to be considered in the calculationy, . :

The strengths of the SO and CF interactions are usually com-

parable and much larger than those of the superexchange Hexai=No(1+ yT)My - (6)
interaction and external magnetic-field perturbations. Finally
the perturbation calculation has to be carried out with th
following order of priorities: Hgot Her and Heyent Hext:
hereHso, Her, Hexch: aNdHey: are the spin-orbit coupling,

(r:rgztr?é_tfilce-lf(ije,l d i'ugrigﬁ;ﬁgin%:Spgéﬁ\r/aelf;'on’ and  extern or all the multiplets of the ground ternM g is temperature
At first, the splitting of the ground term induced by the dependent and, in this vv_ork, values of tMB“‘."’ deduced
] . L ; : from the nuclear magnetic resonance experiments by Go-
spin-orbit and crystal-field interactions is calculated by solv—nano Hunt, and Meyéwill be used
ing the following secular equation: The challenge was to fit simultaneously to the temperature
(| Hsot Hedj)—E8; [ =0, (1)  dependences of both the magnetic and Maraday rotation
. and Faraday ellipticity speciraroperties with attention paid
where the bra and ket include all the states of the groungy the resonance frequencies below 6 eV photon energy,

1t is noted that, strictly speakingy, is not the classical mo-
Secular coefficient since the proportionality between the mo-
lecular field andH g, is included in it. Furthermore Ed5)

an be used at the same time with the saxpand y values,

term multiplets. _ _ since in Ref. 19 only the room temperature Faraday rotation
If the CF and SO split levels are degenerate, they will bengve been considered.
split further by the superexchange interaction(@md exter- At first, the splitting of the ground term induced by the

nal magnetic field. Then the occupation probability of thegpin-orbit and crystal-field interactions was calculated by
the magnetic moment. For non-Kramers' ions, sdmeall)  symmetry environment. The ground @ configuration of
CF and SO split levels may be nondegenerate and such leyse free P} jon contains three spin-triplet terniH, 3F,

els do not contribute to the magnetic moment. But if thesp) the 3H term being the ground term. According to the

energy gafs) between twolor morg CF and SO split non-  po0k py Martin, Zalubus, and Hag&hthe average energies
degenerate levels {gre) small, these levels will be mixed by ¢ these three terms are 2446, 6176, and 22 580'cne-

the superexchange interaction dod external fields and the spectively, and the energies of the three multipldts,,
so-mixed levels will now have a non-negligible contribution 3H,, 3H, of the 3H term are 0, 2152, and 4389 ¢ty re-

to the magnetic moment. _ _ spectively. Note that all these values were determined by
For both cases, the correction B, and He,; to high- optical spectroscopy.

order perturbation can be obtained by solving the following * The determination of the CF parameters was rapidly

secular equation: found to be a crucial question. In a first attempt, we discov-
: ; ered that the CF parameters calculated by the point-charge
(i Hsot+ Hert Hexatt Hed 1)~ E 8510, @ odel were, severpal times, too small to fit}t/he Prr:)YIG Farag
where|i) and(i|Hso+ Hcdi) are the eigenwave functions day rotation observed at 1150 and 633 nm wavelengths and
and eigenenergies obtained by solving EL). Because the at room temperaturf. From the study of the spin-
occupation probabilities of high-lying CF and SO split levelsreorientation in SmIG, Nekvas#t al?? concluded the same
are small, usually only some low-lying levels need be in-failure of the point-charge model for the Smion. In our
cluded in Eq.(2). It should be noted that even if the CF and second attempt, we used, as'PCF parameters, the St
SO split levels are degenerate, the high-order perturbatiomalues of Ref. 22 with a corrective factor taking into account
correction should be taken into account when the energshe difference between the®Prand Sni* radii. Although a
gaps between different CF and SO split levels are small. reasonable agreement between theoretical values and Fara-
The ionic magnetic moment, at a temperatiiyés given  day rotation room-temperature data was found as previously
by mentioned in Ref. 19, only a very poor fit of the magnetiza-
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TABLE |. The parameters of the CF upon the*Pions in YIG (in cm™2).

A20<r2> Ase 2(r2> A40<r4> Ageo(r A4¢4<r4>
4f —-917 353 —-8413 425 1274
5d —4403 1696 — 155928 8020 65 180
Aso(r®) Ago(r®) As=a(r® Ag+o(r®)
4f 3066 —-301 1085 136

tion temperature dependence and of the resonance frequgmation probabilities of the lowest two CF-SO split and

cies was obtained. But as the strong temperature dependenggperexchange-interaction-mixed levels are listed in Table

of Faraday rotation has also to be explained, we were conV. ) )

strained to modify the initial set of the CF parameters. The calculated magnetic moment with the measured val-
According to Egs.(2)—(5), it is worth noting that both Y€S qbtamed by Leycuras al.*” are listed in Tab_le V. Con-

magnetic and MO properties are influenced not only by thes'de.rlrlg the measuremen_t er@o9, the theoretical values

CF parameter set but also by the superexchange field. It grel in good agreemen_trx\_/lthd'ghe measured ones e_xceptfthose

reminded that the set of Ref. 19 has to be associated with a{ te %szirg‘f)enrg;lﬁ:]e:ér m;:gnést;i:res?sjré?l{rga% {?br}legéz%tu-rom

exchange field of 480 kOe at room temperature. Finally, th%i

. . : ce as observed for many heavy rare-earth iron garfiets.
best fit of all the con&dergd properties leads to the nonzero Now we would like to present some comments about the
CF parameters reported in Table I, tg equal to —5.0

o _ previous determination of the CF parameters. Many works
X 10" Oe/(ug/one formula of YIG), and toy is 185 haye heen devoted to the crystal-field effects upon the rare-

x10"° K™%, These values are used in this section and in albarth jons in various magnetic compounds. For some rare-
the following sections. It is worth pointing out that the sign garth transition-metal intermetallics, the magnetic properties
and the order of magnitude of each nonzero CF parameteigere well interpreted by the CF parameters calculated with
are the same as those of Ref. 19. the point-charge model but the CF shielding factors were
The energies of the lowest 12 and the highest level of theften determined by fitting the experimental d&ta* For
CF and SO split levels of the ground term obtained by solvRIG’s and rare-earth trifluorides, the parameters of the CF
ing Eq. (1) are listed in Table Il. The corresponding wave upon the rare-earth ions were deduced generally from either
functions of the lowest three levels and the seventh and tentime optical ofand magnetic data. The sets of CF parameters
levels are listed in Table Ill. From this table, it can be seerproposed by different authors are not usually in good
that the lowest two levels can be mixed by the superexagreemerif?®and it is found that these parameters appear to
change interactiotfor He,,), however the third level cannot be strongly sensitive to the nature of the next-nearest neigh-
be mixed with the lowest two levels by the superexchangeors, even though the electric charges of the neighbors are
interaction orHe,. The fourth, fifth, and sixth level$for  the samé&/?8 Furthermore, attention has to be paid to the set
simplicity, the wave functions of these levels are not listed indetermined in Ref. 19: the changes of the rare-earth nearest-
the table also cannot be mixed with the lowest two levels. and next-nearest neighbor distances, when passing from
The energies of the lowest two higher levels, which can beSmIG to Pr:YIG, have not been taken into account. From
mixed with the lowest two levels, are 178.4 andthese facts, we can conclude that the set of CF parameters
1683.8 cm®. The energy differences between them and theused in this paper, which is obtained according to thé'Sm
lowest two levels are larger than 1300 ¢ which is so  set of Ref. 22 with the corrective factor mentioned above,
large that the mixing of the lowest two levels with the higherand is made to fit both the experimental magnetic and MO
levels induced by the superexchange interactiortgy; is  (see next sectiongata, is reasonable. One reason that the
negligible. So, in calculating the Zeeman effect of the lowestorrect values of Faraday rotationnaequal to 1150 and 633
two levels, only these two states were included inyand  nm, and at room temperature, can also be explained by using
the effect of other higher levels were neglected. The thirdhe old set of the CF parametétss as follows: these wave-
level can also be mixed with some other levels and has &ngths are far from MO resonance frequencies, so the Far-
contribution to the magnetic moment. However the energy olday rotation is not very sensitive to the accurate location of
the third level is about 680 cnt higher than the second one, the resonance frequencies.
the occupation probability of this level is very small. There- Now we will have some discussions about the superex-
fore it was neglected in the calculation of the magnetizatiorchange interaction. The thermal evolution of the exchange-
and Faraday effect. Because of the same reason other levdisld coefficient, to the first-order approximation, is ex-
were also neglected in the calculation. The so-obtained enepressed asy(1+ yT). The temperature dependence of the
gies, were functions, average magnetic moments, and occexchange-field coefficient is first attributed to the thermal

TABLE II. The energiegin cm™?) of the lowest 12 and the highest CF-SO split levels of the ground term of theidr.

4f2 —1140.95, —1123.70, —448.32, —82.36, 105.38, 145.54, 178.40
260.19, 269.71, 1683.81, 1702.6, 2028.2, ...5657.3
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TABLE Ill. The wave functions of the lowest three and the seventh and tenth CF-SO split levels of the
ground term of the PF ion. Here and in Tables IV and VII, the representatidnl,) is used, so, for

example 4,3 represents the wave functidd=4, M;=3) (L=5).
Energy (cm?) Wave function

—1140.95 —0.696 544,3) +0.042 844,1) — 0.042 844, 1)
+0.696 544,— 3)
+0.010 955,5 —0.112 395,3)— 0.002 275,1)
—0.002 275,— 1)
—0.112 395,— 3)+0.010 955,— 5) +0.001 446,5)
~0.012 766,3)
—0.008 136,1) +0.008 136,— 1) +0.012 766,— 3)
—0.001 446,—5)

—1123.70 0.692 88,3 +0.072 384,1) +0.072 384,— 1)
+0.692 854,— 3)
—0.007 575,5) +0.120 335,3) +0.004 795,1)
—0.004 795, 1)
—0.120 335,— 3)+0.007 575,~ 5)— 0.000 826,5)
+0.011 756,3)
—0.004 516,1)—0.004 516,— 1) +0.011 7%6,— 3)
—0.000 826,—5)

—448.32 0.066 418,4) +0.700 324,2) +0.051 024,0)

+0.700 324,— 2)
+0.066 454, 4)—0.016 575,4)+0.054 225 2)
+0/5,0)
—0.054 295, 2)+0.016 575,— 4) — 0.005 776,6)
—0.007 766,4)
+0.022 916,2) —0.002 866,0) + 0.022 916, 2)
—0.007 766,—4)
—0.005 776, 6)
178.40 —0.049 834,3)+0.692 994,1) + 0.692 994,— 1)

—0.049 834, 3)
+0.026 865,5 —0.128 4()5,3) + 0.007 705,1)
—0.007 705,— 1)
+0.128 405, 3)—0.026 8¢5, 5)+0.000 646,5)
+0.000 226,3)
+0.004 116,1) +0.004 116, 1) +0.000 226, 3)
+0.000 646, 5)

1683.80 —0.115 334,3) — 0.126 324,1)+0.126 324, 1)
+0.115 334,— 3)
+0.073 175,5) +0.659 315,3) + 0.127 305,1)
+0.127 305,— 1)
+0.659 315,—3)+0.073 175,~5)— 0.035 636,5)
+0.113 256,3)
—0.020 006,1)+0.020 006,~ 1) —0.113 256, 3)
+0.035 636, 5)

lattice expansion. When we refer to the variation of the ex-sis; since they are stronger at low temperatures, they will
change integral versus ¢—2r) for many 3, 4d, and & also contribute to thes coefficient in Eq.(6).

metals or alloyg§is the distance between two nearest atoms Let us now discuss further the difference between the ex-
andr is the orbital radius of the @ 4d or 4f electronic change and the classical moleculat, fields. In the mo-
shel) proposed in 1936 by N2 it is easily concluded that lecular field approximation, the Zeeman Hamiltoman is writ-
when temperature increases, the superexchange interactit#h ugHm(2S,+L,), and the molecular field is expressed as
may be either weakened or enhanced depending on the chadtyn=ng(1+ y'T)My,g. From the comparison with Eg5),
acteristics of the considered ion and on the ion-next-neareswe conclude that for one state, the ratlg,.,/H, is equal to
neighbor distance. In other wordy, may be negative or ((2S,+L,))/{(2S,), here (S,) represents the expectation
positive. Furthermore, it should be noted that the abovevalue of the operato§, in this state. When only the ground
analysis is based on the mean-field approximation, in whiclmultiplet is taken into account, this ratio is a constant and the
no correlation effects are introduced. Generally, these effectdamiltonian Eq.(5) and the HamiltonianugH,(2S,+L,)

are expected to improve the quality of the theoretical analyare equivalent. But because of the values @RS,
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TABLE IV. The energiegin cm™1), occupation probabilitiespg), magnetic momertim, in ug/ion), and
wave functions of the lowest two CF-SO split and superexchange-interaction-mixed levels of the ground term

at 294 K.

Energy Pg m Wave function

—1154.41 0.5539 2.029 36 —0.197 504,3)+0.075 714,1)+ 0.004 314,— 1)
+0.963 444,— 3)+0.004 945,5 — 0.027 145,3)
+0.000 7¢5,1)—0.004 545,— 1)— 0.160 185,— 3)
+0.013 315,—5)+0.000 7%6,5 — 0.004 146,3)
—0.009 266,1)+0.004 286,— 1)+0.017 126,— 3)
—0.001 6%6,— 5)

—-1110.19 0.4461 —2.029 36 0.962 4%,3)+0.036 644,1)+0.084 004,— 1)

+0.192 404, 3)—0.012 3¢5,5)+0.162 415,3)
+0.005 255,1)—0.002 745,— 1) —0.038 135, 3)
+0.000 265,~5)—0.001 476,5)+0.016 846,3)
+0.000 746,1)—0.008 246, 1) +0.002 746, 3)
+0.000 126, 5)

+L,))(2S,) are different for different multiplets, when the  Finally, it should be pointed out that spin-orbit interaction
free-ion model ceases to be valid, the relation between thsplitting of the H term is about 4000 cit as mentioned
exchange and molecular fields becomes complex mainly beabove, while the splitting induced by the crystal field and by
cause of the mixing of different multiplets by the crystal field the superexchange interaction are estimated to be 1000 and
(see Sec. Y. Therefore when this mixing cannot be ne- 50 cmi %, respectively. So the order of priority in the pertur-
glected, the superexchange interaction should be expressedtion calculation, which is presented at the beginning of this
by the Hamiltonian Eq(5) and the exchange field. However, section, can be applied for the analysis of magnetic and MO
it is expected that the value range pfs more or less alike properties of the Bf ions in the garnet structure. We em-
that of ', though in many rare-earth garnets, the mixing ofphasize that both the spin-orbit and crystal-field interactions
the different multiplets of the rare-earth ions is not negligibleshould be taken as the first perturbation correction, otherwise
and the value ofy is not the same ag’ obtained by using the mixing of different multiplets induced by the crystal-field
ueHm(2S,+L,) as the Zeeman Hamiltonian and neglectingcannot be correctly introduced. It will be proved in Sec. IV
the influence of the higher-lying multiplets. This conclusionthat such a mixing influences strongly both the magnetic and
explains why the molecular field coefficient and values MO properties.

reported by Krinchiket al®® for Nd, Sm, Gd, Dy, and Yb
iron garnets are strongly influenced by the nature of the rare
earth, for exampley’ varies from—0.63< 10" * (YbIG) to
1.1x10 3 K1 (TbIG). Finally, we can conclude théi) the For each nonequivalent magnetic site, the specific Fara-
v value determined for the PrYIG garnet in this work lies in day rotation and Faraday ellipticity caused by the electric
a very reasonable range of magnitudi&) our n, (—5.0 dipole transitions are given, according to Refs. 31 and 32, by
X 10* Oefuglone formula of YIQ and vy (1.85

X102 K1) values lead to an exchange field which is 7N(n?+2)%e?

weakly temperature dependegnt280 to —300 kOg in the 9F=W

100-300 K temperature range. The important role of the

value is illustrated through the following numerical ex- wX(why— 0?=T3)
amples: according to our calculation, the above-mentioned XZ Ang (02— @2+ T2 )+ 4?2 Pg>
ne and y values correspond to a magnetic moment equal to " no ng no
0.22(at 294 K) and 0.64.5 per PF" ion (at 100 K), respec- ) )
tively; changing only they sign (y=—1.85x10"3 K™} _ wN(n?+2)%e? S A ol g wpgt 0> +T7))
and keepingn, constant lead to a strong decrease of the” 9cnh g 9 (wﬁg— w2+1“§g)+4w21“ﬁg Pg:
rare-earth magnetization, which is now equal to 0.0&D 8
295 K) and 0.4%.5 per PF" ion (at 100 K), respectively,

except at very low temperatures. where

Ill. THE CALCULATION OF FARADAY EFFECTS

Y

TABLE V. The calculated and measured magnetic moment of&iBn (in g /ion) at various temperatures* is the calculated value
without taking the mixing of different multiplets of the ground term into account.

T (K) 294 255 200 150 100 50 4.2
m (cal) 0.22 0.26 0.34 0.44 0.63 1.10 1.99
m (meas 0.25 0.25 0.34 0.41 0.56 0.90 1.56

m* 0.18 0.21 0.28 0.36 0.52 0.92 1.73
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Ang=|<n|V_|g>|2—|(n|V+|g)|2. (9) transitions from|gl) to any CF and SO split level of the
_ _ ., excited configuration and the value Af4 corresponding to
In Egs.(7) and(8), N is the number of ions on each consid- {he glectric dipole transition frofg2) to the same level of
ered sitel',q are the half-widths of resonance lines, the defi-the excited configuration have the same magnitude and are of
nition of |g) has been given in Sec. I, which are the split opposite sign.
states _of the ground conf_iguration_ with _enerlgy, [n) are In the following, we definede(ng) and ¢(ng) as the
the split states of the excited configuration with enefgy  Faraday rotation and Faraday ellipticity induced by the elec-

andhwng/(27)=E,—Eg, n is the mean refractive index of tric dipole transition from one stathy) to one stateln),
the crystaleV. are the electric dipole moment operators for respectively, given by

right- and left-handed circularly polarized light:

0 B aN(n?+2)2%e? wz(wﬁg—wz—rﬁg)
eV.=eS [x(k=iy(K)]. a0  F9="5cm "9 (02— w2+ T2+ 40T’
X (13)
pg is the occupation probability of each statp. To calcu- 5 o
late the Faraday rotation and Faraday ellipticity, besides _ wN(n®+2)%? ol hg(opgt 0+T7)
those of the ground configuration, the CF-SO split and $(ng)= 9cnk ng(wﬁg_wZJrrﬁ )+4w2r§ '
superexchange-interaction- atat) H,,-mixed (or split) en- g (?12)

ergy levels and the corresponding wave functions of the ex-
cited configuration must be calculated by solving E(fs.  assuming that the occupation probability of the stateis
and (2), respectively. equal to 1.

As the spin-orbit interaction of the excited configuration ~Now, we return to the two CF-SO split and
is larger than that of the ground configuration, the energies ofuperexchange-interaction- afat) He,-mixed (split) states
the lower multiplets of one term in the excited configurationof the ground configuration described above. The electric
may be below the energies of the higher multiplets of adipole transitions fromig1) and|g2) states to the same)
neighbor term, although the average energy of this latteptate have almost the same resonance frequency. If the dif-
term is smaller than that of the former. Furthermore, theference between these two resonance frequencies is ne-
crystal-field interaction on the excited configuration is largerglected, we have
than that on the ground configuration. Therefore, the mixing

of different terms induced by the crystal field is generally 0r(ngl)=—6:(ng2), 13
important, and consequently when we solve Hg, all the
excited configuration terms having a spin-angular momen- Y(ngl)=—(ng2). (14

tum quantum number identical to that of the ground term o ) .
have to be considered. It should be noted that, contrary to thBUt it is worth noting that the occupation probabilities of
ground configuration, not only the lower levels but also the!91) and|g2) states are different, hence we get

higher levels of the excited configuration contribute to the

MO effects. Finally, for the excited configuration, the ener- 0r(ng1)pg1+ Or(NG2) pg2#0, (15
gies and wave functions of the CF-SO split and
superexchange-interaction- andr) He-mixed (or split) #(ngl)pg1+ (Ng2) pg# 0. (16)

states are determined by solving E®), the bra and ket

including all the CF and SO split states. We conclude that the electric dipole transitions from these

two states to the statm) result in Faraday rotation and
Faraday ellipticity. The magnitude of both the Faraday rota-
tion and Faraday ellipticity induced by such transitions de-
The MO effects do not exist in absence of the Zeemarpends sensitively on the difference of the occupation prob-
effect on both the ground and excited configurations; theabilities and then on the temperature and are usually named
reason is that the sum of the values/gf; corresponding to the “paramagnetic-type” Faraday rotation and ellipticity.
the electric dipole transitions from all the states of any CF  For the P#* ions, the lowest parity allowed excited con-
and SO split level of the ground configuration to all the statediguration (45d) has the following five spin-triplet terms:
of any CF and SO split level of the excited configuration is °F, 3G, *H, 3D, and 3P with two of them(®*H and 3G)
equal to zero. The origin of the so-called paramagnetic typénvolved in the allowed electric dipole transitions fromf ¢}
Faraday rotation can be summarized as follows. Supfipse 3H term. However, théG (D) lowest multiplet lies below
for the ground configuration, there exist either two nonde-the 3F(3H) highest multiplet and the mixing of various spin-
generate CF-SO split states which will be mixed by the sudiriplet terms induced by CF cannot be neglected. So, in the
perexchange interaction andr) the external field or two calculation of the CF splitting of thefdd configuration, the
states of a double degenerate CF-SO split level which will bdora and ket in Eq(1) have to include all the spin-triplet
now split by the superexchange interaction &od external ~ multiplets. The diagonal matrix element valués|HJi),
field [in the following, the two CF-SO split and were also taken from the book by MartihThe spin-triplet
superexchange-interaction-afar) He.-mixed (split) states  multiplets are split into 105 nondegenerate states by CF; the
will be expressed bygl) and|g2), respectively; (i) the energies and the wave functions of these levels were deter-
Zeeman effect of the excited configuration is neglectedmined by using the CF parameters of Table I. The energies
Now, the value ofA4 corresponding to the electric dipole were found in the 23 055-97 120 cthrange. But because

A. Paramagnetic-type Faraday effects
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FIG. 1. The split energy levels of thefZand 4f5d configurations and the electric dipole transitions between tif@nthe energies of
some multiplets and CF-SO split levels, no MO transitions between tlimthe CF-SO split 45d levels and CF-SO split and
superexchange-interaction-mixed?4evels, the electric dipole transitions between them result in the paramagnetic Faraday(@ffbet;
CF-SO split 42 levels and CF-SO split and superexchange-interaction-mik8d #evels, the electric dipole transitions between them result
in the diamagnetic Faraday effectd) the CF-SO split and superexchange-interaction-mixEdl@vels and 45d levels, the electric dipole

transitions between them result in the full Faraday effect.

of the selection rules, only four levels of the excited configu-superexchange-interaction-mixedf?4 states obtained, at

ration whose energies are 23055, 23700, 34 169, antbom temperature, by using the exchange-field coefficients

37228 cm?, respectively, yield large contributions to the determined in Sec. liwe only consider the spontaneous MO

Faraday rotation and ellipticity below 6.0 eV photon energyeffect, so no external magnetic field has been introduced.

(207 nm wavelength Here the energy of the multipleH, (i) the most important CF and SO split&d energy levels;

of the 4f? configuration has been taken as zero. The energie§ii ) the electric dipole transitions between them. These tran-

of some multiples and of the CF and SO split levels of bothsitions result in the paramagnetic Faraday effect. The calcu-

configurations are shown in Fig(d) where, for simplicity’s  lated room-temperature spectra of the Pr contribution to both

sake, only the levels which will strongly contribute to the the specific paramagnetic Faraday rotation and Faraday ellip-

MO effects and the highest levels are given. Because thgcity in Y ,PrFe0O,, are shown in Figs. 2 and 3, respectively.

Zeeman effect of both configurations has not been taken intBesides the total Faraday rotation and ellipticity, the Faraday

account, theA, value associated with each electric dipole rotation and ellipticity produced by the transitions from the

transition from any nondegenerate CF and SO siifitldvel  lowest two 42 states to 45d levels with energies of 23 055,

to any nondegenerate CF and SO spfi5d level is zero and 23 700, 34 169, and 37 228 crhare shown as well. Since

no MO effect exists. other 4f5d states give small contributions to the MO effects,
Figure 1b) shows a summary of our calculations throughthe total Faraday rotatiotellipticity) is not rigorously equal

(i) the most important energy levels of the CF-SO split ando the sum of the contributions of the four states. Because the
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resonance frequencies of the two of these transiti€mosn
the 4f2 states to 45d levels with energies: 23 055 and
23700 cm?) are nearly the same, only the sum of the con-
tributions of these two transitions is given in the Figs. 2 and
3.

The value ofAng related to the electric dipole transition
from the lowest 42 level (its energy is—1154.4 cm?) to
the 4f5d level located at 37 228 cnt is positive, but the
Ang values of the transitions from the same level to other
three 45d levels mentioned above are negative. Therefore,
the peaks in the Faraday ellipticity spectrum contributed by
the 4f5d levels with energies 23055, 23700, and
34 169 cm* are negative, while the peak contributed by the
level with energy 37 228 cit is positive as shown in Fig. 3
(please note that the first peak in the Faraday ellipticity spec-
trum is produced by the two f&d levels with energies
23 055 and 23 700 cnt). The shape of the Faraday rotation
spectrum contributed by the fB8d level located at
37228 cm? is also different from those induced by other
4f5d levels as shown in Fig. 2. According to the values
determined by Kucera, Bok, and Nitschand Gomi, Fu-
ruyama, and Abé&? in our calculation, the value of
hI'g/(2) is taken to be 0.17 eV for all the MO transitions.
The values ofr)454 andn of YIG, which is only moder-
ately changed by the rare-earth substitution, are taken from

FIG. 2. The paramagnetic-type Faraday rotation spectrum conRefs. 35 and 36, respectively.

tributed by the P¥" ions in Y,PrFe0;, at 294 K. @-@ Faraday
rotation caused by the f&d levels with energies 23 055 and
23700 cm'—4f2 states transitionsV-V-V Faraday rotation
caused by the #5d level with energy 34 169 cmt—4f? states
transitions; A-A-A Faraday rotation caused by thd5d level
with energy 37 228 cmt—4f? states transitions;—total Faraday
rotation.

4 150'0 11000 5(')0 30{0 200
B Waxelength znm)

Faraday Ellipticity ( 10000 deg/cm )

Photon Energy (eV)

FIG. 3. Same as Fig. 2, but for Faraday ellipticity.

B. Diamagnetic-type Faraday effects

As we did for the paramagnetic-type Faraday rotation, the
so-called diamagnetic-type Faraday rotation originates from
the following situation. Suppog@ The Zeeman effect of the
ground configuration is neglecte(;) in the excited configu-
ration, either two nondegenerate CF and SO split states or
two states of a double degenerate CF and SO split level are
present. Theses two stats will be mixed with each other or
split by the superexchange interaction afw) external
fields. In the following, we usénl) and|n2) to express
these two CF-SO split and superexchange-interaction- and
(o) Hexrmixed (split) states. TheA,4 values corresponding
to the electric dipole transitions from a nondegenerate CF
and SO split statég) of the ground configuration tfn1)
and|n2) states have the same magnitude and are of opposite
sign. Therefore the absolute value of the Faraday rotation
0e(nlg)py and 6(n2g)py have the same functional rela-
tion with w, but the resonance frequencies,y and w4 of
these two transitions are slightly different. Then the variation
of the sum offe(n1g)py and Ox(n2g) p4 versus the wave-
length presents a narrow peak.

To calculate the diamagnetic Faraday rotation in Pr:YIG,
we need first to determine the strength of the superexchange
interaction on the exited configuration. The average space
expansion of the & wave function is larger than that of the
4f wave function, and the superexchange interaction of the
Fe** ions with the 5l electron of the B¥ ions is larger than
that with the 4 electrons of the Bf ions. To our knowl-
edge, there is no theoretical or experimental informations
about the magnitude of the interaction involving trek &ec-
trons. In our calculation the superexchange interaction acting
on the &l electrons has been estimated to be four times
stronger than that on thef4electrons at the same tempera-
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ture. The energies and the wave functions of the CF-SO spl €
and superexchange-interaction-mixed states of fttel4£on-
figuration were determined by solving E@), where all the
105 CF and SO split states were included. -
In Fig. 1(c), the lowest two CF-SO split # levels, the
most important CF-SO split and superexchange-interactior
mixed 4f5d levels, and the different associated electric di-
pole transitions are schematically shown at room tempere
ture. When only the lowestf4 state is considered, the,
values associated with the electric dipole transitions from—
this state to the CF-SO split and superexchange-interactior=—"
mixed 4f5d states with energies 23 050 and 23 706 ¢m
were found to be equal te-2.48X10 %X ((r)459)2 and
2.45x10 2X ((r)asq)?, respectively. Because the two ¢z ©
states are not only mixed with each other but also weakly>
mixed with other states by the superexchange interactiorg
their absolute values are not rigorously identical. As thereg -
exists a very small difference between the resonance frét-
guencies of these two transitions, the sum of the two Farada
rotation contributions leads to a first narrow peak in the Far- ! 1 . | \ 1
aday rotation spectrum near 3.0 eV. 2 4 6
Now let us consider the second split®state. As shown
in Table Ill, it is clear that the characteristics of the wave
functions of the lowest two CF and SO splif 4states are
very similar. So theA4 values related to the transitions be- 16 4. The diamagnetic-type Faraday rotation spectrum con-

0000 deg/cm )
1

otation

Photon Energy (eV)

tween the second splitf4 state and theisplit ¥d states  yipyted by the P ions in Y,PrFgO;, at 294 K. - Faraday
having en(_arzgles of 232050 and 23 7926 Crare eqzual t0  rotation caused by the lowestf%4state+4f5d states transitions;
—2.49< 107 “X((r)arsg)” and 2.4 107X ((r)arsq)", 1€~ ... Faraday rotation caused by the secofitildvel—4f5d states

spectively. These values are very near those calculated faransitions; please note the above two curves are very near,—total
the lowest split 42 state. Because the occupation probability Faraday rotation.

of the second # state is slightly different from that of the

first state, the transitions issued from the second level alsgrder of magnitude of the so-determined values is correct
have a contribution to the first peak previously determined agithough the precise values of the Faraday rotation and the
3.0 eV, but with a smaller magnitude compared with thatFaraday ellipticity are sensitive to our choice; for example,
contributed by the lowest ¥4 state as shown in Fig. 4. A

second peak at higher photon ener@gy5 eV) originates 15
from various transitions between the lowest two CF and SC

split 4f? states and the CF-SO split and superexchange i
interaction-mixed 45d states whose energies are 34 168,

36032, 36250, 36332, 37221, 37783, 37913, 1o
39 546 cml, respectively[Fig. 1(0)]. Finally in Fig. 4 are 5 X
reported the contributions, at room temperature, to thegv
diamagnetic-type Faraday rotation spectra(ipftransitions © 0.5 [~
from the lowest CF and SO splitfd level to the CF-SO split & |
and superexchange-interaction-mixetbd levels; (ii) tran- =

sitions from the second CF and SO split?4evel to the < o0
CF-SO split and superexchange-interaction-mixéfdtlev- 2>

els. The resultant diamagnetic Faraday rotation spectrum 2

given as well. The diamagnetic Faraday ellipticity spectra= 05 L

calculated at the same conditions, are shown in Fig. 5. Thestd

figures reveal that the diamagnetic Faraday rotation reachess -

maximum value of about 1:810* deg cm near 3 and 4.5

eV. However, the peaks are very narrow; therefore, the digP

magnetic Faraday rotation is important only in the vicinity of i

these peaks. It is noticeable that the peaks of the diamagnet

Faraday ellipticity are broadéFig. 5). -1.5
At the end of this section, we would like to emphasize

that the values of the diamagnetic type Faraday rotation an Photon Energy (eV)

Faraday ellipticity have been calculated assuming that the

superexchange interaction acting on thiedectrons is four

times stronger than that on thd #£lectrons. However, the FIG. 5. Same as Fig. 4, but for Faraday ellipticity.

-1.0
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FIG. 6. The Faraday rotation spectrum caused by tié Pns FIG. 7. Same as Fig. 6, but for Faraday ellipticity.

in Y,PrFeO,, at 294 K. [O--00 paramagnetic Faraday rotation
caused by the twansitions between the CF-SO split and For non-Kramers' ions, if simultaneously in the ground
superexchange-interaction-mixed-4levels and the CF-SO split - configuration, the lowest CF and SO split level is nondegen-
4f5d levels; x-x- diamagnetic Faraday rotation caused by thegrate and the energy differences between this level and other
transitions between the CF-SO split*dlevels and the CF-SO split 1o\ 6|5 are large enough that the mixing of this level with
and superexchange-interaction-mixedSd levels,—iull Faraday oo jeyels by the superexchange interaction or external
rotation caused by the transitions between the CF-SO split an agnetic field is very small, the observed Faraday rotation
superexchange-interaction-mixed?4and 4f5d levels.* in the in- - . . P
set represents experimental values will be mainly of the diamagnetic type. However, when the

' material is used in a suitable wavelength range, the Faraday

rotation is still important and is nearly temperature indepen-

the maximum of the dlamagnetl(learaday rotathn may Valjjent if we consider that the superexchange interaction tem-
from about 1 to 2.5% 10 deg cm! when the ratio of the 8erature variations are negligible

superexchange interaction changes from 2 to 8. It is als

worth noting that the resonance frequencies are only very _ _ )

weakly affected by the choice of this ratio. D. Comparison with experiments

As noted in the introduction of this paper, the experimen-

tal Faraday rotatiofFR) data were analyzed in the frame of

the one-ion model within the hypothesis of Ref. 14: the re-
When the Zeeman effect of both the ground and excitedultant Fé" contribution to the Faraday rotation is given by

configurations is taken into account, the full Faraday effectshe values measured in the same experimental conditions on

result. Figure {d) shows the electric dipole transitions be- YIG. The PF" contribution, which was found proportional to

tween the CF-SO split and superexchange-interaction-mixeghe Pr content, is simply written as

4f2 and 4f5d states of the PF ion, which produce the full

Faraday rotation. In Fig. 6, the Pr-induced specific paramag- FR(Pn=FR(Pr:YIG)—FR(YIG). (17)

netic, diamagnetic, and full Faraday rotation spectra of

Y,Prre0;, at 294 K are plotted, whereas similar contribu- At 633 nm wavelength, it was concluded, from the study of

tions to the Faraday ellipticity spectra are given in Fig. 7.epitaxial garnet thin films, thatFR/dx was equal to-4700

The stars in the inset of Fig. 6 represent the experimentzind — 15 800 deg cm* at 295 and 4.2 K, respectively the

values of different authors. From these figures it is concludedoom-temperature value being confirmed some years later by

that the full Faraday effects are, on the one hand, approxiGomi, Furuyama, and Ab¥. At 1150 nm wavelength, the

mately equal to the sum of the paramagnetic and diamagnetfearaday rotation has been measured on single crystals in the

Faraday effects, and on the other hand, mainly determined b§.2—300 K temperature range for three Pr contefds

the paramagnetic component. The effect of the diamagnetie 1.12+0.05, 0.72-0.04, and 0.32 0.05.2416

Faraday rotation component only induces a very small shift At room temperature, the calculated values of specific full

of the peaks in Faraday rotation and Faraday ellipticity specFaraday rotatioiwhenx=1) is —5200 deg cm* at 633 nm

tra. and —1200 deg cm! at 1150 nm, respectively. They are

C. Full Faraday effects
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TABLE VI. Faraday rotation (/) calculated and measured valuas10® deg cm?) at two wavelengths
contributed by P ions in Y,PrFeO;, is the calculated value without taking the mixing of different
multiplets into account.

0 (cal) 0 (cal) 0 (meas oF oF

T (K) 633 nm 1150 nm 1150 nm 633 nm 1150 nm
294 -5.17 -1.17 —0.942 —-3.84 —0.88
255 —-6.27 —-1.42 —-1.02 —4.68 —1.08
200 —-8.23 —1.86 —1.18 —6.18 —1.42
150 —-10.9 —2.46 —1.36 —8.23 —-1.89
100 —15.7 —3.54 —-1.73 -11.9 —2.72
50 —-27.3 —-6.15 —-2.30 —20.8 —4.78

close to the experimental values obtained by different authose of the Faraday ellipticity spectrum, it is concluded that
thors: on the one hane 4700 deg cm* (Ref. 37 —4800%  our theoretical resonance frequencies are in good agreement
on the other hand-1100 deg cm® (Ref. 34 at 633 and with the observed values.

1150 nm, respectively. It is worth noting that Visnovsky = To complete the test of our theoretical approach, the tem-
et al®® proposed Faraday rotation valuéfor x=1) of  perature dependence of the Faraday rotation at 633 and 1150
—8200 and— 12 700 deg cm* at 2.25 and 2.5 eV, respec- nm wavelengths has been calculated below room tempera-
tively, and as shown in Fig. 6, these estimations are in gooture. The values are reported in Table VI and compared with
agreement with our calculations. According to our calculathe experimental data obtained at 1150 nm wavelength.
tion, there are three resonance frequencies in the Farad&own to 100 K, a reasonable agreement between measured
effect spectra at 3.0, 4.4, and 4.85 eV, respectiyede Fig. and calculated Faraday rotations is obtained although the ab-
7). Visnovskyet al 38 divided the Faraday rotation into two solute values of the theoretical Faraday rotation are larger
components: a paramagnetic one and another diamagnetitan the measured ones. However, below about 100 K, the
one and then deduced from the least-squares fit to the di@alculated Faraday rotation changes more rapidly than the
magnetic component thai,, lies in the 3.1-3.3 eV range. experimental results as temperature decreases. This discrep-
At higher energies, to our knowledge, no measurements gincy may be attributed to the onset of noncollinear magnetic
Faraday rotation have been performed. However, on the petructure in the[c} sublattice.

lar Kerr rotation spectrum of Pr:YIG, Visnovskgt al>° The calculated Faraday rotation and Faraday ellipticity
have noted the presence of three peaks at 2.9, 4.3, and 4.8pectra at 100 K are given in Figs. 8 and 9 to illustrate the
eV, respectively at room temperature. As the location of thestrong increase of both specific full and paramagnetic Fara-
peaks of the Kerr rotation spectrum should be the same agay rotation and the main role of the paramagnetic compo-
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FIG. 8. Same as Fig. 6, but at 100 K. FIG. 9. Same as Fig. 7, but at 100 K.
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TABLE VII. The energies(in cm™%) and wave functions of the lowest six CF split levels of {43H,
multiplet of the P¥" ion without taking the mixing of different multiplets into account.

Energy Wave function
—1067.58 —0.704 184,3)+0.064 244,1)— 0.064 244,— 1)
+0.704 184, 3)
—1042.00 0.699 §2,3)+0.101 264,1)+0.101 264,— 1)
+0.699 824, 3)
—427.30 0.048 3@,4)+0.704 324,2+0.056 374,0)
+0.704 324,—-2)
+0.048 364,— 4)
97.07 —0.120 634,4)— 0.696 744,2)+0|4,0)
+0.696 744,—2)
+0.120 634,— 4)
241.21 —0.101 264,3)+0.699 824,1) + 0.699 824,— 1)
—0.101 264,— 3)
272.63 —0.120 174,4)—0.031 144,2) + 0.984 45%4,0)
—0.031 144,-2)
—0.120 174,— 4)

nent. The comparison with data reported in Figs. 6 and 7 In order to illustrate the role of the “repulsion” between
confirms that the paramagnetic Faraday rotation is very serdifferent multiplets, the calculation of the magnetization and
sitive to temperature, while the diamagnetic one is not. ItFaraday effect of the Pr contribution has also been carried
should be noted that some of the measured Faraday rotati@jut without taking into account such a mixing. In Table VII,
reported above are the Pr contribution to the Faraday rotahe energies and wave functions of the lowest six CF split
tion. However some of them correspond to the total Faradajeyels of the (42) 3H, multiplet determined in the absence
rotation of Pr:YIG because the Fe sublattice contribution the mixing of this multiplet with®Hg and 3Hg multiplets

which is much smaller than the rare-earth contribution, cany e reported. If we remark that the main components of the
be neglected; furthermore, the Faraday rotation induced bﬁrst nine levels reported in Table Il artH, states, we will

the Fe ions has no MO resonance in the considered Wav%’onfirm, by comparing Table VII with Tables Il and llI, that,

length range. because of the “repulsion” effect, the energy gap between
the lowest two levels becomes smaller when the mixing of
IV. ROLE OF THE MIXING OF DIFFERENT GROUND different multiplets is considered. Consequently, the mixing
TERM MULTIPLETS of these two CF and SO split levels induced by the superex-
Generally in theoretical works on MO effectsee Ref. change interaction become stronger, hence the difference of

40), for the ground configuration, only the lowest-multiplet the occupation p_robabilities and the absolute vallues of the
is considered. However, when higher-lying multiplets of the@verage magnetic moment of these two states increase as
ground term are taken into account, the energy schema wighown by the comparison of data in Tables IV and VIII. The
be modified. Because different multiplets “repulse eachabsolute values oA, associated with the electric dipole
other,” the energies of all the CF and SO split levels of thetransitions from these two levels to the split5d levels
lowest multiplet decrease. But these decreases are not urflave a similar change as the absolute values of the average
form, and for the low-lying levels they are smaller than thosemagnetic moment. Finally, the introduction of the “repul-

of higher-lying levels, consequently, the energy gaps besion” effect, leads to a larger P¥ contribution to the mag-
tween different split levels of the lowest multiplet become netization and MO effects. By the way, the lowest two lev-
smaller. It is remarkable that this situation, which leads to eels, obtained with such a mixing, contain very small
stronger high-order Zeeman effect, has a great effect on theomponents ofHg and *Hg multiplets which also influence
magnetic and MO properties and, in general, cannot be neveakly the magnetization and MO effects. The values of the
glected. Pr magnetization calculated without such a mixing, in the

TABLE VIII. The energies(in cm™Y), occupation probabilitiespl), magnetic momentm, in wg/ion),
and wave functions of the lowest two CF-SO split and superexchange-interaction-mixed levels di?he (4
3H, multiplet at 294 K without taking the mixing of different multiplets into account.

Energy Pg m Wave function

—1074.97 0.5492 1.82055 —0.337 4%4,3)+0.101 364,1)—0.014 794,— 1)
+0.935 744, 3)

—1034.63 0.4508 —1.82055 0.933 62,3 +0.064 0§4,1)+0.119 004,— 1)

+0.331 664,— 3)
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5 Faraday rotation and Faraday ellipticity at 294 K without
taking the repulsion effect into account. By comparing Figs.
10 and 11 with Figs. 6 and 7, it can be seen that such mixing
does have a great influence not only on the magnetization
(Table V) but also on the MO effects.

V. CONCLUSION

From the above calculation, the following main conclu-
sions are derived.l) The Faraday effect contributed by the
Pr sublattice in Pr:YIG originates mainly from the intraionic
electric dipole transitions between thd?4and 4f5d con-
figurations of the P¥ ions.(2) The most important factor in
the occurring of the Faraday effects is the superexchange
interaction or external magnetic field. If there is no Zeeman
effect, there will be no Faraday effect8) If only the Zee-
man effect of the ground configuration is taken into account,
while the Zeeman effect of the excited configuration is ne-
glected, the so-called paramagnetic-type Faraday effect will
be obtained which depends sensibly on temperaidelf
we consider the Zeeman effect of the excited configuration
but neglect that of the ground configuration, we will obtain
the so-called diamagnetic-type Faraday effect which is tem-

FIG. 10. Same as Fig. 6, but without taking the mixing of the Perature insensitivé5) In general, the observed full Faraday
different multiplets of the ground term into account. rotation contains both components of paramagnetic and dia-
magnetic Faraday rotations, but it is mainly determined by

4.2-294 K temperature range, are reported in Table \the paramagnetic Faraday rotatidf) If the magnetic ions
whereas the corresponding values of Pr-induced Faraday r§? @ material are non-Kramers' ions and if the lowest CF and
tation at 633 and 1150 nm wavelengths are tabulated O split level of the ground configuration is nondegenerate
Table VI. and is so far from other higher-lying levels that the mixing of
To complete our analysis, we show in Figs. 10 and 11 théhis level with other levels induced by the superexchange

calculated Pr-induced diamagnetic, paramagnetic, and fuinteraction and external magnetic field is negligible, the ob-
served Faraday effect will be of the diamagnetic type and

may be large at suitable wavelengths. In this case, the Fara-
2 day rotation will be temperature independent if the superex-
change interaction is considered as temperature independent.
(7) The MO resonance frequencies are determined by the
energy values of the various multiplets of the ground term
and of the lowest parity-allowed excited configuration and
by the CF splitting of these multiplets. So, besides the ionic
characteristics and exchange interacti¢esternal magnetic
field), the crystal field is the other important factor which
determines the MO behavior of materials. The resonance fre-
qguencies are only very weakly affected by the Zeeman effect.
(8) The magnetization depends on the splitting of the ground
configuration induced by the spin-orbit, crystal field, ex-
change interactions, and external magnetic field. The tem-
perature dependences of both the magnetization and Faraday
effect depend sensibly on the splitting of the ground configu-
ration. (9) For the ground term, the mixing of different mul-
tiplets induced by the crystal field has a great influence on
both the magnetic and MO properties and cannot be ne-
glected. Furthermore, when the mixings of different multip-
lets have to be considered for both ground and excited con-

Faraday Rotation ( 10000 deg/cm )

Photon Energy (eV)

'
N

Faraday Ellipticity ( 10000 deg/cm)
w

'
o

1 2 3 4 5 6 figurations, the exchange field rather than the molecular field
should be used to take into account exchange couplings be-
Photon Energy (eV) tween magnetic ions. The exchange field parameters are not

identical to the classical molecular fields coefficients. It is
FIG. 11. Same as Fig. 7, but without taking the mixing of the found that they coefficient for the Pr ion in YIG has to be
different multiplets of the ground term into account. positive, otherwise the temperature dependences of both
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magnetization and Faraday effects would be too strong com-
paring with the experimental variations. Finally, this work
underlines the interest of deducing the crystal-field and exy
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