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Origin of the polar Kerr effect in PtMnSb and NiMnSb
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The polar Kerr effect for red light reflected from PtMnSb or NiMnSb crystals is shown to be independent of
the half-metallic-ferromagnetic property of these compounds. At low photon energies the interband contribu-
tion to the Kerr rotation is attributed to transitions between parallel sheets of energy bands that project onto the
metallic spin channel. A previously proposed mechanism in which spin-orbit coupling creates an imbalance in
optical transitions between states in the vicinity of Thgoint, in the semiconducting minority spin channel,
does not apply to either PtMnSb or NiMnSb. Only upon inclusion of intraband effects is reasonable agreement
with experiment achievedS0163-18207)50334-1

In this paper the relation between the Kerr effect in polarapproximatiorf For theC1, structure one empty sphere per
geometry and the details of the electronic structure offormula unit was introduced in the interstitial region in order
PtMnSb and NiMnSb is investigated. These ternary comio reduce the overlap between adjacent atomic spheres. Radii
pounds of typeC1, are used as examples in the discussionfor all atomic spheres were taken to be equal. An LMTO
since they exhibit a relatively large Kerr rotation for red basis includings-, p-, d-, andf-type functions was used on

light"? and, at the same time, fall in the class of the half-gach site. The - § interaction was always included in the
metallic ferromagnetd.In half-metallic ferromagnets, ne- Hamiltonian while the Dirac equation was solved for the
glecting spin-orbit S coupling, one spin channel is me- core states. Second, the full potential linear augmented Slater
tallic while the other channel is semiconducting. Thetype orbital (FP-LASTO method eliminates any approxi-
coincidence of an exciting Kerr spectrum and the half-mation made with respect to the shape of the effective single-
metallic-ferromagnetic property quickly led to the conclu- particle potential in the crystal. The interstitial region is
sion that they must be somehow connected. This resulted ##feated with reciprocal space techniques. A basis consisting
a physically appealing model in which the effect ofs of s-, p-, d-, andf-type functions was used. Eleictfons in the
coupling on valence states in the semiconducting spin charfore states were treated scalar relativistically.S terms
nel, around thel' point in the Brillouin zone, creates an Were not included self-consistently, but were added to the
asymmetry in the optical transitions from those stateBor ~ Hamiltonian when the conductivity tensor is computed.
PtMnSb, such an imbalance would then result in an unusu- Matrix elements of the momentum operator between
ally large Kerr rotation at photon energiesfob=1.7 eV, as Bloch states are formed in order to calculate the optical con-
observed in experimentsSimilar arguments were recently ductivity tensor,o,z(w), as a function of photon frequency,
repeated by Oppeneet al® w, from Kubo's linear response expression, neglecting local
In this computational study it is shown that this explana-field effects?™** A phenomenological relaxation time, that
tion for the Kerr effect does not apply to either PtMnSb orenters the conductivity was taken to be such that=0.2
NiMnSb. In addition, the half-metallic-ferromagnetic prop- €V. The complex polar Kerr angle is given by (depen-
erty is found to be of little relevance for the Kerr effect: at dence is implicit ®yx=—oy /[ o1+ (47i/0) 0]
low % w the interband-Kerr spectrum is dominated by transi-= ¢ +iex. The real partgy , of the complex angle is the
tions between parallel sheets of energy bands that cross titerr rotation of the plane of polarization while the imaginary
Fermi level and that project onto the metallic spin channel.part, e, corresponds to the Kerr ellipticity of the reflected
In what follows the two computational schemes that werdight. While interband transitions are accounted for from first
employed are briefly discussed. Computed Kerr spectra arngrinciples, the Drude contributiofintraband transitionsto
then compared with results from experimental and theoretithe diagonal elements of the conductivityy /(1 —iwp), is
cal studies available in the literature. Next, the relation beincluded semiempirically. Estimates for the parameiegs
tween the electronic structure of the compounds and the Keand =, from optical conductivity measurements were taken
spectrum is analyzed by decomposing the interband contrirom Ref. 12.
bution to the Kerr angle for low energy photofisaccording Calculated spin and orbital magnetic moments agree well
to (projected spin channel(ii) along high symmetry direc- with previously published dafat®>'*In the absence of - S
tions in reciprocal spaceiii) by selective switching of the coupling both NiMnSb and PtMnSh are found to be half-
L - Sinteraction, andiv) by applying hydrostatic pressure to metallic ferromagnetLMTO as well as FP-LASTQ The-
the system. oretical LMTO equilibrium lattice constants for NiMnSb and
Two independently developed electronic structurePtMnSb are about 3% and 2% smaller, respectively, than the
schemes within the local density approximatiitDA) of  experimental valuesin what follows calculated results for
density functional theoywere used. First, the linear muffin Kerr spectra are at the experimental lattice constant, unless
tin orbital (LMTO) method within the atomic sphere stated otherwise.
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FIG. 1. PtMnSb band structure féa) the semiconducting spin To(eV)
channel(no L-S coupling and (b) the band structure in the pres-
ence ofL - S coupling. _ 03 " ' " () NiIMnSb __ experiment —
2 oo LMTO ==
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Figure Xa) shows the band structure for the minority A 01 LMTO+Drude s |
semiconducting channgho L-S interaction in the band LASTO+Drude ---
structure calculation The doubly degenerate flat bands at 0
1.4 eV above the Fermi levet:, are derived from Mn @ 01l
states(88%), whereas the highest threefold degenerate set of
occupied states at tHe point are of mixed Pt (15%) and 0.2f
Mn 3d (70% character. These occupied states are at the 4|
heart of the explanation de Groet al>* proposed for the
large Kerr rotation for red light in PtMnSb. In their view the 041
manifold atl” splits up under the action of- S coupling and 05 .
05 1 15 2 25 3 35 4

this leads to the depopulation of one of the three states, since
it is moved up in energy to a value greater than Accord-

ing to de Grootet al. this depopulation results in a severe FIG. 2. Computed Kerr rotation fde) PtMnSb andb) NiMnSb

imbalance in optical transitions from te S split manifold \yith the LMTO method and the FP-LASTO method, as well as the
into unoccupied states withm;= = 1. experimental results from Ref. 1. The inset# compares theoret-
A look at Fig. X(b), the band structure for PtMnSb in the ical and experimental curves for the Kerr rotation and ellipticity at
presence of - S coupling, reveals that the manifold Btjust ~ a smaller lattice constant.
below ex indeed does split. A very small fraction of the
states in the highest of the three bands is depopulated aswvdll be affected by energy-dependent lifetime effects that are
result of this splitting. However, de Groet al. erroneously  not taken into account in this study.
took these states to be of Sip &haracter, when in reality In PtMnSb, the intraband conductivity affects the extre-
they are composed of predominantly Md 3tates. Hence, mum in position(Aw=1.5 eV) and magnitude ¢x=—0.7°
the dipole selection ruldAl==*=1 rules out exceptionally to —0.9°. Usually the Drude term influences the Kerr spec-
strong vertical transitions between the occupied manifoldrum only for energies less than about 1 eV. However, inclu-
and the Mn 8 states at 1.4 eV abowg . As it turns out, at  sion of the fitted Drude term from Ref. 12 seems to strongly
low photon energies contributions from the minority spin affect the Kerr spectrum over a large part of the visible pho-
states in the immediate vicinity of thE point to the Kerr  ton range. Further, it was found that the final Kerr spectrum
spectrum consist of transitions from the three occupied statesensitively depends on the choice for the Drude parameters.
into the band 1 eV higher in energy, which is a mixture of Pt,Earlier results by Wangt al® closely resemble the Kerr
Mn, and Sbs states. rotation (LMTO +Drude presented in Figs.(d and Zb).
Figure 2 shows theoretical Kerr rotation spectra forWhereas the results presented here and in Ref. 13 agree very
PtMnSb and NiMnSb that were obtained from LMTO and well, those due to Uspenskéit all® are somewhat different.
FP-LASTO calculations, as well as experimental deffirst,  For both NiMnSb and PtMnSb these authors compute ex-
the agreement between the two computational approachesti@mal values for the Kerr effect that are a factor of 2 larger,
good: the effect of a full potential treatment is rather limitedand that are located at slightly higher photon energies. This
for PtMnSb and NiMnSb. Second, upon inclusion of themay be due to the fact that Uspensédial. report values for
semiempirical Drude term in the conductivity, the experi- oy, that are about a factor of 2 smaller than those found in
mental trends are clearly reproduced: for PtMnSb a deethe present study or in Ref. 13.
minimum for the Kerr angle at photon energies of about 1.5 At this point it must be concluded that for PtMnSb rea-
eV and after that an increasingx with increasingfiw for  sonable agreement between theory and experiment can only
PtMnSb. For NiMnSb the double minimum structure ¢f be achieved upon inclusion of the effect of intraband transi-
is reproduced. Additional structure (w) at higherfiw  tions. With model calculations Feil and Ha3sllustrated
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FIG. 4. Contributions tapy (thick) and e (dashed at Aw=0.9
eV for PtMnSb along high symmetry directions in reciprocal space.
The thin solid line alongl’X, which mostly coincides withpy ,
shows the contribution from states that project onto the metallic
possible enhancement of the Kerr effect in the vicinity of thespin channel.
plasma edge of metals. Feil and Haas only quote the example
of PtMnSb, for which there seems to be a big effect, in theiljage interband Kerr rotation for red light since the metallic
paper. Howeyer, the diagonal optlc_al conductivity for spin channel dominates the Kerr effect at 16w.
PtMnSb and NiMnSb behaves very similatibut no strong The results of the electronic structure calculations can be

Elnl\r/\larécbement due to intraband contributions is observed fQf, 51,764 in more detail, providing a deeper understanding of

IMNSD. . . . the connection between the band structure and the Kerr
In the remainder of this paper the focus will be on theeffect For example, Fig. 4 shows contributions dg

contribution from interband transitions to the Kerr effect. ., hwéo 9 eV along ’high éymmetry directions in reciprbcal

Since spin-flip transitions due to a relativistic term in thespace, an energy where the interband contribution peaks.
momentum operator can be safely negledted,crude dis-

tinction between the contributions from minoriegemicon- 1€ k-resolved contributions are defined = byby (k)
ducting and majority(metallio spin channels can be made. =~ 3= 10%(RiK)/[0x/1+ (47i/w) 0y,],  where the
Matrix elements of the momentum operator that entgy ~ Sum is over the eight elements of the magnetic point group
were calculated with just the upper or lower half of the vec-D,4(S,), so that a properly symmetrized tensor is formed.
tor of LMTO wave function coefficients. Results of this de- Along I'X in Fig. 4, the seemingly large contribution #
composition as well as the complete curve for the Kerr rota{solid line) at I' is due to transitions from the three bands
tion in PtMnSb are shown in Fig. 3. Although this labeled “a” to band “b” in Fig. 1(b), as was found by
decomposition cannot be rigorously justified, it is clear thatselectively eliminating transitions in the calculation®f; .

for 0.5 eV<Zw<2 eV the Kerr rotation closely follows the Contributions from this peak to the integral over the entire
contribution from themetallic channel. As a matter of fact, Brillouin zone will be modified by a weight roughly propor-
the semiconducting channel contributes very little. At highertional to k? and, moreover, the sign is opposite to the total
fhw the Kerr rotation seems to follow the semiconductingcomputed value fogpy at 0.9 eV. Table | summarizes char-
spin channel. It is concluded that the half-metallic propertyacters of bands close tg at severak points in reciprocal

of PtMnSb (and NiMnSh is not essential for the observed space. Bands “a” atl’ are a mixture of Pp and Mn-

FIG. 3. Approximate projection apy onto minority and major-
ity channels for PtMnSb.

TABLE I. Dominant atomic orbital character of LMTO energy bands below and aBgvia PtMnSb at
selectedk points as percentages. The first column indicatestpeint and whether the band state projects
onto the minority or majority spin channel. The last column gives multiplicity and occupation.

Pt Mn Sb
k point 6 6p 5d 4s 4ap 3d 5s 5p 5d
I in 15 70 3X occupied
21 29 33 unoccupied
0.61" Xnaj 8 28 6 27 9 8 occupied
10 20 8 23 22 X unoccupied
0.6WLpy 6 16 6 34 13 occupied
11 13 10 23 25 unoccupied
0.5T Ky 6 21 25 7 5 occupied

9 19 27 17 unoccupied
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d, while “b” mainly consists ofs on Pt, Mn, and Sb. Bands TABLE Il. Extremal Kerr rotation at low photon energies in
“a” and “b” project onto the semiconducting spin channel PtMnSb as a function of decreasing lattice constant.

[see Fig. 1b)].

The negative feature ird)K(IZ) somewhat further along a (2 ho (V) P
I'X is associated with a series of transitions between parallel1.72 0.90 —1.45°
bands that are separated by 0.9 eV, as marked in Hy. 1 11.49 0.90 —-1.50°
Optical transitions between these sheets of bands are respatt.25 0.69 —1.54°
sible for the large negative Kerr rotation at 0.9 eV in the11.02 0.53 —1.65°

theoretical spectrum. Sampling arbitrary radial directions in
the three-dimensional Brillouin zone showed that these en- - .

ergy bands form paralledheetsof which the band structure, bands in Fig. (b). Interestl.ngly, aB= 11'92?0’ PtMnSb no

Fig. 1(b), only shows cross sections. Dominant contributionsonger has the half-metallic propertpo L - S coupling. At

to the character of the occupied band come fromdPafd ~ the same timedy is largest(see Table )i, demonstrating

Mn 3d states, while the two unoccupied states verticallyonce more that the half-metallic property is not relevant to
above it consist of Mn @ and Sb B states(see Table ) the Kerr effect inC1, Heusler alloys. It is remarkable that,
Marked areas alonfX, WL, andT'K in Fig. 1(b) contribute after addition of the Drude intraband term, the agreement
to the extremal value of the Kerr rotation, and the characteFet.Ween theory_arjrd slxpelsrlme_nt 1S _velgy good .ﬁ]t he srlr:jallest
of the bands involved is given in Table I. It was explicitly attice constant in Table [lsee inset in Fig. @)]. This cou

e - . ) oint to either surface effects in the experiment or wron
verified that the excitations away frol, which dominate i P g

‘ : X ositioning of the bands in the LDA calculation at the ex-
the Kerr spectrum, are associated with states that project O”Eerimental lattice constant.

the metallic spin channe(see Fig. 4. In conclusion, it was shown that the strong interband-only
Selectively switching off the- S interaction for the dif- Kerr effect for low-energy photons in PtMnSb originates

ferent atoms in PtMnSb showed that orlyS coupling on  from sheets of parallel bands that run through the Brillouin
the Pt site is important for the Kerr spectrum. Hence, spirzone. In LDA calculations the parallel bands are separated by
polarization in the system is provided by the Mn atoms andRbout 0.9 eV. These bands predominantly project onto the
the effect ofl- S coupling on the Bloch states entirely origi- _metallic spin channel. The half-metallic property of PtMn_Sb
nates at the Pt site and is conveyed to the magnetic sites 5§,n0t particularly relevant to the strong Kerr effect. Qualita-

the wave function. In a simplified picturE,-é coupling in tive agreement between theory and experiment is only

the two spin channels aives rise to equal but opposite Conrztchieved upon semiempirical inclusion of a Drude term de-
1€ two Sp 9 d pposIt scribing the effect of intraband transitions. An earlier model
tributions to the Kerr effect. Due to the exchange splitting of

the bands a net total Kerr effect is observed. that attributed great significance to transitions in the semi-

Upon application of hydrostatic pressure to PtMnSb theconductlng spin channel, around tle point in reciprocal

magnitude of the minimum in the interband-only Kerr rota- space, does not apply to either PtMnSb or NiMnSb.

tion increases and is shifted to lower energies, as shown in This work was supported by the NSF Center for Photoin-
Table Il. The shift towards lower energies is found to corre-duced Processes, the Louisiana Board of Regents, and East-
spond to a reduced energy separation between the parallelan Kodak Company.
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