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Magneto-optical Kerr effect in Pr monopnictides
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The electronic and magneto-optical properties of Pr monopnictides have been studied from the self-
consistent electronic structure calculation employing full potential linear muffin-tin orbital method. The local
spin density approximation along with on site Coulomb interacflddA +U) is used for electronic structure
calculation. The inclusion of U in LDA results in low density of states at the Fermi level which imply that Pr
monopnictides are semimetals. The spin and orbital magnetic moments primarily arise frostétes. The
Kerr spectra are significant with sharp and large rotatior-86f at the lower energy region. The occupied
states are approximately 4 eV below Fermi level and do not contribute directly to optical transitions in the
interested range of energy. These investigations suggest that the plasma frequency and the orbital magnetic
moment play key roles for determining the magneto-optical spectra.
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I. INTRODUCTION priate electronic structure of light rare-earth compounds.
Various modifications such as self-interaction-corrected
The discovery of giant Kerr rotation of about 90° in CeSb calculations,® LDA +U and combination of LDA calculated
created a renewed interest in the magnetic and the magnetparameters with model Hamiltonians have been used in RE
optical properties of rare-eartRE) compounds.Before this compound¥. The LDA+U method leads to a MOKE spec-
discovery, very few novel materials showing magneto-tra which show best matching with experimental results in
optical Kerr effect MOKE) were known. Among these were case of RE compounds. Theoretical investigations using this
Fe, Co, and Ni, where the polar Kerr rotation is typically in method have been performed on CéRefs. 12,13and Ce,
the range of 0.3° to 0.6° for optical frequencies. In order toNd, and Tm monochalcogenid&s:*> MOKE spectra ob-
obtain large rotations, the obvious choice will be a materiakained tallies fairly well with the experiment and the mag-
with large spin-orbit(SO) coupling, large magnetic mo- netic moments calculated are close enough to the measured
ments, and particular optical resonances in only one spienes. In case of Nd and Tm monochalcogenides, the futility
type. MOKE has been observed in compounds containingf treating the 4 electrons as core electrons have been stud-
light rare-earth ions such as €eand Nd™3, Eu"? with ied. LDA+U calculations on YbBiPt reproduces its
half-filled 4f shell and heavy RE such as Trand Yb"3 heavy-fermioft® nature. Till now, the strongly correlated sys-
and in uranium chalcogenidésPolar Kerr rotation in tems are not fully understood. Furthermore the orbital mo-
UX (X=S, Se, Tg¢is one order of magnitude larger than mentinf systems is not quenched and the orbital dependency
that of Fe, Co, and Ni.However, some light RE compounds of the potential describing theelectrons is most essential.
exhibit a rotation of magnitude much higher compared to thelhis is also achieved in LDAU method. Among all these
transition elements and U chalcogenides. Previou®RE compounds, the Pr monpnictides are not investigated in
experimerﬂ on CeSb produced a large rotation of 14° at 0.55details. Though théelectrons, such as those in CeSb, are not
eV. Pittini et al! recorded highest 90° rotation at about 0.4 fully localized, PrSb(Ref. 17 does not exhibit giant Kerr
eV in addition to that at 0.55 eV. Such an unusual Kerrrotation. In spite of being a light rare-earth compound, PrSb
rotation observed in CeSb demands a new model for descriproduces a Kerr signal of only 0.4°. The magnetic moment is
ing thef electrons and their interaction with tlkelectrons — also small, about 08 /f.u. at 4.2 K, unusual for a RE com-
of Ce andp electrons of Sb. pound. CeS, inspite of its small magnetic monm@exhibits
In order to gain an insight into the unusually high Kerr giant Kerr signal. The inadequacy in the treatment of the 4
rotation in CeSb and moderately large ones in CeS, NdS, anglectrons in the only published wdrlon PrSb demands a
CeTe, various computational schemes have been suggestédrther thorough investigation of PrSb, taking into account
The density functional theor§DFT) in the local spin density the strong correlation among thef 4lectrons. It was our
approximation (LSDA) explains the MO Kerr spectra of endeavor to investigate whether the LBA scheme de-
transition-metal compounti® and alloys satisfactorily in scribes the electronic structure, magnetic, and magneto-
most cases. However, it fails totally in case dfdnd Mott-  optical properties as accurately in Pr monopnictides as in Ce
Hubbard Insulator compound$. The singular theoretichl monopnictides and also as to why PrSb exhibits such a small
work on PrSb treated thef4states as core ones and used therotation.
crystal field approach to calculate the magnetic moment and
Kerr rotation in presence of external magnetic field. In spite
of the magnetic moment being correctly reproduced, both the
Kerr rotation and reflectivity spectra agree very poorly with  Full potential (FP) self-consistent spin-polarized band
the experimental results. It follows that both LSDA and treat-structure calculations have been performed on Pr monopnic-
ing 4f as core states are insufficient in obtaining the approtides PrX (X=P, As, Sb, B) by the linear muffin-tin orbital

Il. CALCULATIONAL DETAILS
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method(LMTO)19 using the FP-LMTO code developed by  TABLE I. The lattice parametea, muffin-tin radii of PrSp,,
Savrasowt al?° The DFT is modified in order to include the and pnictogerSy, Fermi levelE, density of states at Fermi level
strong correlations among theelectrons. In the LDAU  N(Eg), plasma frequencyw, and DOS due tof electrons at
method! the LDA energy functional is modified by remov- Er.fpos-

ing the LDA f-f interactions and adding the strong on-site
Coulomb interactions among tieslectrons. The main idea a S Sx Ee N(Ep) w@p fpos

of the LDA+U method used in this calculation is that the @u) (au) (@au) (ev) (St/ev) (ev) (St/eV)
LDA gives a_good a_pproximation for Fhe average Coulombpp 11159 3013 2567 8.278 0.144 1.395 0.017
energy off-f interactionsE,, as afuncnor! of the total NUM- 5 Ac 17395 3019 2.678 8262 0165 1422 0.023
ber off electronsN= X 4, Nm; , Wherenp, is the occupancy  pygy, 15 046 3.071 2951 7.942 0394 1584 0.126

of a particularf ,, orbital PrBi 12.210 3.113 2.991 8.169 2249 1.772 1.734
N(N—1) JN(N—2)

Ea=U (1)

2 4 whereFK's are Slater integrals andsk<2|. The Coulomb

SubtractingE,, from the LDA total-energy functional, and @nd exchange parameters are evaluated as
adding orbital- and spin-dependent contributions to obtain

the exact(in the mean-field approximati¢fiormula for total U= 1 E U 9)
energy, i.e., R+12
E_E UN(N—l) JN(N—Z) 1
= LDA ™ - = P eaa—— ;T /).
2 4 I=U+ 53D % (U = Imm) (10
1
+ > E Unm NmeNm — o The value ofF°(=U) is chosen to be 6.5 eV since its
m,m’,o value for rare-earth compounds lies in the range 5—7 eV. The
1 other Slater integral§?2, F#, andF® for f electrons have
+5 > (Unm = Imm ) NmeNimr o - (2)  been used from the experimental paper by Theilal?! to
m#m’.m’,o calculate the matriced),,,y and J,.v. The exchange-

The derivative of above equation with respect to orbitalco.rrEIation potential in_the_ LDA was calc_ulated Wi.t h Vosko-
. . -~ "“'Wilk-Nussair parametrization. The experimertaattice pa-
occupancynp, gives the expression for the occupation- rameters for PrP, PrAs, PrSbh, and PrBi are given in Table I.
dependent one-electron potential They have rock-salt type structure at ambient conditions. The
basis consists of Pr:& 5p, 5d, 4f and pnictogen:rf)s,
©) (n)p and (0)d, wheren refers to the principal quantum
MNing number. The § electrons of Pr andn(—1)d electrons of Sb
and Bi were treated in a separate panel and hence were not
included in the optical calculations. Charge density, density
of states and the momentum matrix elements were calculated
V(D =Vipa(D+ 2 UMy —p+ 2 (U on a grid of 242k points in irreducible Brillouin zone and
m’ m’£m thek space integration was performed using the tetrahedron
method. We have treated orbital momentum quantum num-
, 4 ber,m, as a parameter and tried several combinations to ob-
tain as close result as obtained in experintéritSDA cal-
wheren,=Tr(Nmu.»). The Coulomb and exchange matri- culation on PrSb has also been performed. Furthermore, in
cesU,,y andJ,,y are order to bring about the effect of U on the band structure and
the Kerr rotation, more calculations with=5.5 eV andU
=7.0 eV have been carried out on PrSb with the same

V(1) =

or

1 1
—Jmm ) Nme— U N_E +J n(,—z

Umm’:zk k", ) combination.
Ill. RESULTS AND DISCUSSION
I =2 bF, 6)
k The energy band structure of Pr monopnictides calculated
is substantially different from the traditional LDA or LSDA
4r & e calculation, performed previousfy®® Figure 1 shows the
T q;_k (MY qllm}{m’|Yig[lm'), (7)) energy band structure of PrSb. We have laid special emphasis
on PrSb since the experimental data is available for PrSb
k only. The lower Hubbard bands of Pr occur at about 4 eV
b A D |(Im|qu|Im’>|2, ®) below the Fermi levelEg). The two Prf bands are about 0.5
2k+1 ==« eV apart and are almost dispersionless. The phosphwrus
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FIG. 1. Band structure of PrSh. 0 ‘lll b M%
| 1
and Prd hybridized bands are located in the vicinity Bf . 15 L | PrP E; _
The conduction band consists of the unoccupied upper Hub : ]
bardf bands hybridized with Pd bands. 10 L I | ,
Table | also provides information d&q-, density of states }: ,ﬂ ) |
at Er and the bare plasma frequency. Figure 2 shows the g | ] ﬁ. l: I \ M ]
density of states of Pt (X=P, As, Sb, B. It is clear from ": ' M /\th \L /wf\(,,l i
the figure that there is a small amountmf hybridization at 0 ol PUINLNS Al
the bottom of thep band in the valence band. Such hybrid- 2 4 6 8 10 12 14
ization is also observed in Ce and Nd monopnictitfesbeit Energy (eV)

to a greater extent. Pnictoggnand Prd hybridized bands
are situated belovieg. Due to the increasing spin-orbit en-
ergy, given in Table Il, as pnictogen is changed from phos-

phorus to bismuth, these bands show increasing splitting an 'm_ilqr and are close t6 3ug. Th_e contrib_utio_n Of. the spin-
widening. Apart from the splitting of the-d hybridized orbit interaction towards the orbital polarization is not large.

bands belovE, and the shifting of thé-d hybridized bands However the spin-orbit energy is highest in PrBi followed by

towardsEg, there is qualitative similarity in the electronic Pr%b ?ndl thendbyt_P_rtAstand PLP' b lculated f th
structure of the Pr monopnictides. In PrBi, the Pstate ptical conduclivity tensor has been caicuiated irom the

appears just belo g . The small density of states Bt of standard relgtions g“’er? by Reiet alf The imaginary com-

all the PrX suggest that they are all low-density carrier semi-Ponent of dlagona_l optical condugt|y|tyrﬁx) and the real
metals except PrBi. Information on the spin and orbital mo-COMPonent of off-diagonal Cond“_Ct'V'ty’éy) have been cal-
ment due to each atom and total magnetic moment in all theulated using the Kramers-Kronig transformation. Magneto-
Pr monopnictides are given in Table Il. Total magnetic mo-
ment is about-3ug in PrSbh, which is considerably higher
than the experimental magnetic moméntof about
0.9ug/f.u.. The computed orbital moméfitin CeSb is
2.86ug Whereas it is about-4.9upg in PrSb. Hence orbital

FIG. 2. I-projected density of states of Pr monopnictides.

TABLE II. Table containsEgg, the spin-orbit energym, and
m,, the atomic orbital and spin moments, respectively, and the total
momentmg+m, .

polarization of the 4 orbitals in PrSb is qualitatively differ- (EZ%) M (P1) - my(X) - mo (Pr) mo(X) - my+mg
ent from that in CeSb. The, characters of the occupied 4 e e e e e

orbitals are—3 and—2 in PrSb. In the other monopnictides, prP  124.75 1.89 -0.04 -4.86 0.00 -3.01
since experimental data is not available, the sameombi-  prAs 128.34 1.89 —-0.04 —-4.87 0.00 -3.02
nation has been applied. There is a consistency in the orbitgrlsp 14193 1.96 —-0.05 —-491 0.01 —2.99
moment of the PX since the same configuration has beenpigi 361.28 2.06 —-0.04 —4.93 0.00 -2.91

used. Total magnetic moments in all thexPare more or less
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FIG. 3. Calculated absorptive component of diagonal optical FIG. 4. Calculated reflectivity spectra of Pr monopnictides and

conductivity of Pr monopnictides and the corresponding experimenthe experimentaiRef. 17 reflectivity spectrum of PrSb.
tal (Ref. 19 spectrum for PrSb.

NdTe were 2.91, 2.67, and 2.19 eV, respectively. The minima
are obtained after applying Drude correction for intraband
transitions. The only major peak occurs at 5 eV. This peak

optical Kerr rotation is calculated from the relation

— O
D= O (w)+iew)~ Y , (11  lies in a broad structure which is due to transitions from the
A1ri p-d hybridized bands below and abotg . There may be
o \/ 1+ To'xx transitions from the dispersionles$ #ands in the valence

band to thef-d hybridized band in the conduction band. But

whereo,, ando,, are the diagonal and off-diagonal compo- this takes place at higher energies. The structures above 10
nents of the optical conductivity tensor, provided both areeV are not considered by us since experimental data is not
small and o,,|<|oy/. Here 6, ande, are Kerr rotation and ~ available in that range. In the other ®r the spectra are
Kerr ellipticity, respectively. qualitatively similar. The peak due to transitions frqud

Optical and magneto-optical spectra have been calculateaybridized bands- f-d hybridized bands shifts to lower en-
for all the PrX using the LMTO band structure and further, a ergies as we move to higher pnictides and the magnitude of
Lorentzian broadening of about 0.0136 eV has been used ithe peak falls. This shifting to lower energies is obvious due
order to obtain the best agreement with the experimentdb shifting of thef-d hybridized bands from higher energies
results of PrSb. Bare plasma frequency is also obtained frortowardsEg and the spin-orbit splitting of thp-d hybridized
the LMTO band structure calculation. Hence only broadenbands.
ing has been used as a variable parameter. Figure 3 shows theCalculated reflectivity spectra of Rrand the experimen-
calculated real part of the diagonal optical conductivity spectal one for PrSb are shown in Fig. 4. Not only PrSb but
trum of PrX and the corresponding experimental spectrumall the PrX exhibit plasma edge effect near 0.5 eV. The
for PrSbh. A plasma minimum near 0.41 eV is shown in PrSbedge effect is considerably pronounced in PrSb and PrBi.
Similar effect is seen in all the other Rr with the plasma There is considerable agreement with the experimental
minima frequencies lying at 0.47, 0.43, and 0.5 eV in PrPspectrum up to 10 eV. Optical conductivity calcula-
PrAs, and PrBi, respectively. The plasma frequency in CeSkions have been performed up to 40 eV for maximum accu-
was reported to be 0.4 eV and in case of NdS, NdSe, anthcy in calculatingo?,(») and aiy(w). Figure 5 depicts
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El(w), Ez(w), O-)J;y(w)1 0-)2<y(w)1 Im [wD]_l specira, andFIPGriBi.G. Kerr rotation and ellipticity spectra of PrP, PrAs,
whereD = o,,\/1+ (47il/w)oyy, polar Kerr rotation and el-
lipticity of PrSb. Theo, (@) spectrum shows a broad struc- have been compared with the measured ones in Fig. 5. Here
tures lying between 0.9 and 4 eV. Transitions involved in thisagain, the ellipticity spectrum seems to follow the experi-
range can be among tiped hybridized bands. In this range, mental spectrum. Hence, one can say that the complex Kerr
the calculated spectrum matches well with the experimentalbtation spectra are close enough. But LSDA results exhibit
spectrum. However, the-iy(w) spectrum shows a marked significant deviation from the experimental ellipticity spec-
difference at low energy. The IfrwD]~ ! spectrum demon- trum. The sharpness of the peak seen in Nd and Tm
strates the importance of the plasma edge since the only masonochalcogenidé$?® at the plasma minima and plasma
jor peak occurs at an energy where the plasma edge isdge, respectively, is also observed in PrSh. The most inter-
observed. esting feature is that the largest peaks are found to be near
Kerr rotation is a manifestation of many phenomena.0.5 eV, in all the PKX. Since the plasma edge effect also
Spin-polarization, spin-orbit interaction, plasma minima oroccurs at the same energy, it is of crucial importance in
edge effect, joint density of states, momentum matrix elemagneto-optical Kerr rotation phenomenon. Among the Pr
ments, and orbital polarization all play important roles in monopnictides, PrSb shows the highest Kerr rotation of
determining the magneto-optical Kerr spectra. The polambout—5°. The other Pr monopnictides exhibit smaller ro-
Kerr rotation spectrum will follow the off-diagonal conduc- tations. One can safely rule out orbital magnetism as the
tivity spectrum since the latter carries all the informationcause since all the Pr monopnictides have the same orbital
regarding the spin polarization, spin-orbit interaction and thenoment. The origin of the larger Kerr rotation in PrSb can be
interaction between the two. However, plasma edge is alstraced from the pronounced plasma edge effect in PrSh. CeS,
known to play a crucial role. Figure 6 shows the polar Kerrhaving a magnetic moment of Qug, shows a large Kerr
rotation and ellipticity spectra for PrP, PrAs and PrBi. Sev-rotation® of 22 °. The one common phenomenon in all the
eral structures of magnitudes varying betwee.8° and above mentioned rare-earth compounds showing large Kerr
1.0° occur between 1 and 5 eV. Experimentally in PrSbyotations is plasma minimum or plasma edge effect.
these structures are of about 0.4° and occur between 2 and 4 The off-diagonal conductivity spectra calculated in this
eV. For better understanding, the calculaggdnd ellipticity ~ paper is an improvement upon our previous workhe
spectra in the LDA-U scheme and in the LSDA scheme LDA +U scheme chosen was that for the average occupancy
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and hence then, and spin configuration did not comply with m;=*2 in Tm monochalcogenides. This suggests that the
Hund's rule. The calculation reported in this paper now in-chemical environment of Pr plays a significant role. Interest-
volves a scheme given by Lichtenst&iand it improves our ingly, the occupied # orbital in CeSb hasm=-3
results. Although magnetic moment matching was notcharactet??*yet in CeTem,= — 2 was the lowest occupied
achieved, the Kerr rotation and reflectivity spectra are defi4f state'? In the former, good agreement with MO spectrum
nitely an improvement over the previous work on PPSb.  was achieved but in case of the latter, both the magnetic
Since LDA+U method deals very superficially with the moment and MO spectrum showed poor matching. Since the
placing of thef electrons, it is essential to find out whether total magnetic moment in PrSb is an order higher than the
change in the value of U brings out any significant change irexperimental one, LDAU is insufficient in reproducing the
the band structurgy-f hybridization, and above all the MO magnetic properties of PrSh. As there is no unique method of
properties of PrSb. Self-consistent calculations have alsohoosing the occupiedf4orbitals, this deficiency may be
been carried out fod =7.0 and 5.5 eV. The band structure is reflected in the magnetic moment.
negligibly affected if U is changed to 7.0 eV. However, there
is a small change in the band structure when the Coulomb IV. CONCLUSION
parameter is changed to 5.5 eV. The hitherto dispersionless
occupiedf bands move closer to the occupipdbands of
antimony. The MOKE spectra remain virtually unaltered. Or-

ital moment remains cl 4, in all the thr . . . .
bital moment remains close t04.9ug in all the three cases namely, low-carrier density semi-metals,d hybridization,

The diagonal conductivity spectra for the three different val- " . o .
ues of U remain almost similar. This obviously implies that.Orbltal polarization. However van Vleck paramagnetism seen

thef electrons do not participate in the direct transitions but" Pr3b is not reproduced. Obviously some other interaction

affect the MOKE spectrum through magnetic interactions Is essential f_or_ obtaining the appropri_ate magr_1et_ic moment.
However, since théstates lie very close to thestates of Sb, The C.OHdUCt'V'ty spectrum for Pr_Sb IS very similar to the
it is essential to treat thieelectrons as band states. But mereexperlmental one. quar Kerr rotation is more or Iess_success—
LSDA band treatment of théelectrons leads to wrong fer- fully calpglated, inspite of the finding that the off-dlfigonal
miology of the RE's. LDA+U leads to the correct fermi conductivity spectra do not exactly follow the experimental
surface of PrSh. We have now compromised on the hybrid9ne "’.‘t IO.W energy. It is also found that the MO.KE spectra
ization effects off electrons with other orbitals. But since [ ain similar in nature for PrSb as U value is increased

there is no major structure due to transitions fromfteetes, ]trom 5h.'5 to 7'3] e\l\/)l gz'é SqutGStS thegc IEDAUd'S essenbt||alf
we can safely say that the LDAU treatment of the Pr or achieving the spectrum and LS indispensibie for

monopnictides do not lead to the wrong MOKE spectra.Obtam'ng the correct fermiology of the Pr monopnictides.

Since the Kerr rotation spectrum is not changed substantiallgge m%lri??m nKerr rg:iatll?n ficilrjlrsb?tiﬁilssr:qa s:otul_dertiorl
if U is changed from 5.5 to 7.0 eV, one can say that LBl4 gea S an essential Tactor In obtaining magneto-optica

describes the electronic structure of the Pr monopnictideger.r S|gna_ls. The origin of n_‘nagneto-_optl_cal Kerr effec_t IS
satisfactorily. malnly an interplay of the orbltgl polarlzat!o_n, spin polariza-
Although we have carried out calculations for various o™ plasma resonance, and dipole transitions.

combinations ofm;, the best matching of both the orbital
moment and the MOKE spectra of PrSb with the experiment
is achieved form=—-3 and m=-2. In case of Nd This work is funded by the Department of Science and
monochalcogenides, best restfitaere reported fom=0  Technology, Government of Indi@roject No. SP/S2/M-50/
and m;= = 3. However, best agreeméhivas achieved for 98).

From the full potential band structure calculation for Pr
monopnictides, one finds that LDAU successfully calcu-
lates most features of the light rare-earth monopnictides,
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