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Reconstruction of the electronic structure in half-metallic CoS
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Temperature variation of reflectivity spect@6—5.0 eV has been investigated for ferromagnetic €oSe
have found significant spectral changes at the ferromagnetic transiionl20 K): (1) oscillator strength of
the lower-lying interband transition~1.6 eV) is suppressed, arid) the higher-lying transition { 3.4 eV)
shifts to the low energy side. We have ascribed the spectral change to the splittingegfstia¢e into the up-
(eg1) and down-spin ¢ states, or the half-metallic behavior of Go$50163-1829)50212-9

Strongly correlated transition-metal compounds haveesults in terms of the splitting of the, state into the up-
been attracting extensive attention. Among them, transition(ey;) and down-spin ¢, ) states. Our observation confirms
metal disulfideM S, (M =Fe, Co, and Nishows a variety of the half-metallic behavior of Cq3n the ferromagnetic state.
properties: FeSis a paramagnetic semiconductor, GaS A single crystalline sample was obtained by the flux
metallic ferromagnet, and NjSan antiferromagnetic semi- Method.” A mixture of commercial Co, S, and CoBpow-
conductor. Photoemission spectroscopas well as the spe- Jer (Mole ratio Co:S:CoBr=1:3:2) waswell ground, and

o . was sealed into a quartz tube, 10 ”rm diameter and 300
cific heat measureméhindicates that these compounds havernm in length, which was evacuated with a diffusion pump.

a narrow 3l-electron band near the Fermi levelk. The The sealed tube was heated up to 750 %20 K/h) and was
cry§tal structure of thes7e.compoun('js belongs tq .the so—call%pt at 750 °C for 7 days. Then, the tube was slowly cooled
pyrlztf type (R3; Z=4)," in which divalent transition metal gown to 400 °C 5 K/h) and was quenched in water. The
(M?*) and sulfur dimer (§~) form a NaCl-like structure. gptained crystals were nearly black with a typical size of 2
Reflecting the strong crystal field due to the ligand dimers,x 2x 2 mn®. The inset of Fig. 1 shows the magnetization
the electron configuration of th&1>* ion is the low-spin  curve at 5 K. The magnetization steeply increases around
state, that ist3, for Fe**, t5 e; for Co?*, andtj,e] for ~ ~0.1T and reaches 0.91ug per a Co site, which is close to
Ni?*, making a sharp contrast with the perovskite-typethe ideal value (1,@g). The crystal shape is polyhedral with
transition-metal oxides. Fe$% a band insulator with a band- a large(111) face, which has been used in the reflectivity
gap energy of 0.8 e\Ref. 8 between the,, ande, level, ~measurement. Near-normal incident reflectivity measure-
while Eg crosses the, band for Cog and NiS. The semi- ments were made using a Fourier-type interferometer
conductive behavior of Nighas been ascribed to splitting of (0.05-1 eV and a grating-type monochromet€d.6—-5.0
the e, state by the Hubbard gap. Treg state is strongly €V)- The(11D face (~1Xx1 mnt) was polished with a pol-
hybridized with the antibonding (denote ap*) state aris-  ishing sheet to a mirrorlike surface.

ing from the sulfur dimers. In CaSferromagnetic transition Before discussing the details of the temperature variation
takes place al-=120K.° Saturation moment is-0.86uy  Of the electronic structure, let us survey the reflectivity spec-
per a Co site, suggesting that the itineragtelectrons are trum at 300 K. The solid curve in Fig. 1 shows the reflectiv-

nearly spin polarized in the ferromagnetic state, like the 1.0
doped manganit®. A local spin density (LSD) band i _LoF =
calculatiort! indicated that CoSjust missed being a half- o S ]
metallic ferromagnetic state. 08 o \i'f
In this paper, we have investigated temperature variation § =
of the electronic structure of Ceg®y means of reflectivity ;‘E 06 ¥
measurements. The room-temperature reflectivity oMIg g
series M=Fe, Co, and Ni has been measured by Suga & ¢4l

et all? (4-30 eV} and by Satt’ (0.2—4.4 eV, and the ob-

served optical transitions have been assigned to the interband | exp. RN
" ; . . 0.2 P 5
transitions in comparison with the band calculatioWe
have extended the investigation to lower temperature, and 1
have found that the ferromagnetic transition induces a sig- o 1' ; ; "‘ 5
nificant spectral change. In particular, the oscillator strength
Photon Energy (¢V)

of the lower-lying transition, which has been assigned to the
transition from thet,, state to theey state, is significantly FIG. 1. Reflectivity spectrum for CoSrystal measured at 300
suppressed. This reduction suggests suppression of the h¥- open circles represent the fitting with the Drude-Lorentz model
bridization between the, and p* states. In addition, the (see text Open triangles are the energy positions for the-e,
higher-lying interband transition from ttg, state to thep* andt,,—p* interband transitions. The inset shows the magnetiza-
state shifts to the low energy side. We have interpreted thes®n curve at 5 K.
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spin-polarized ferromagnetic phalge) and (d)]. This is not
(@ 300K 1 w200k ] due to deterioration of the sample surface, because the spec-

—_
(=3
—
(=]

>08 08 - tral change recovers when the sample temperature rises to
z ié sl 1 room temperature. We have analyzed these spectral changes
A g C with the Drude-Lorentz moddlEq. (1)], with fixed back-
X 04 ground dielectric constante(,=6.5). The open triangles in
02 L Fig. 2 stand for the energy positions for thg—e, andt,

NI R R P N T T _p*tra.'nSitionS.' . .

0 1 2 3 4 s P Looking at Fig. 2, one may notice that the dip structure at
~1 eV deepens beloW.. This change corresponds to the
reduction of the damping constap for the Drude compo-
nent; the y, value decreases from-0.9eV at 300 K to
~0.01eV at 5 K. Using the plasma frequeney, and its
damping constany,,, we can roughly estimate the effective
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FIG. 2. Reflectivity spectra for CgSogether with the fitting
(open circlegat various temperature&) 300 K, (b) 200 K, (c) 100
K, and (d) 6 K. The open triangles represent the energy position
for the t,g— ey andt,q— p* interband transitions.

wheren is the electron density=2.4x 10?2cm3). The ef-
Yective mass decreases from2.6mg (at 300 K to ~2.1m,
(at 5 K), while the o value significantly enhances from

. o . _ _ ~2.0x10°Q tcm™? (at 300 K to ~2.0x10°Q tcm?
ity spectrum for Cog which is consistent with the previous (at 5 K). Thus estimatedr values are comparable with the
work .} The spectrum consists of three components, that is, Bxperimentally  determined  valudd, i.e. ~6.7

Drude component below-1 eV, and two interband transi- 1080 lem Lat 300 K and~3.3x 106 Q lcm L at 5 K

tions located at-1.6 eV and at-3.4 eV (indicated by open indicating the properess of our analysis. If we apply

triangles). The lower- and highe_zr-lying transitions have beeny o free-electron approximation, the mean free path
assigned to the charge excitation from thg state to thee, I(=vely,; ve is the Fermi velocity is estimated to be
state angh* band, respectively*'*[See also the schematic _5 1 & (’;t 300 K and~3.2x 102 A (at 5 K). Thel value at
density of state in Fig. @).] Here, let us apply the Drude- 300 K is comparable to the Co-Co distance3.8 &), sug-

Lorentz model to this spectra. In this model, the dielectricgesting the hopping-type transport dominates in the para-
constant is described as magnetic phase.
5 ) We plotted in Fig. 3 the obtained optical parameters for

_ Wp + E fiof the interband transitionga) resonance energy, , (b) oscil-

w(w+iyp) <=1 wlz—wz—i'y|a)|’ lator strengthf, per Co site, andc) damping constany, .

=1 and 2 are for thé,;—e, andt,;—p* interband transi-

wherew, andy, (I=p, 1, and 2 are the resonance energies tions, respectively. At the ferromagnetic transition, the en-
and damping constants for respective compondntandf,  ergy differenceA (= w,— ;) between the* andey levels
are the oscillator strengths for thg,— ey andt,,—p* inter- decrease$see Fig. 8a)], accompanying suppression of the
band transitions, respectively. is the background dielectric oscillator strengttf, for thet,;— ey transition. Note that the
constant. The open circles in Fig. 1 are the best-fitted result$yy— €4 transition is optically forbidden, and hence the oscil-
the parameters are determined ag,.=6.5+0.5 lator strength should be borrowed from the higher-lytag
0p,=3.6:0.1eV, w,=16*0.1eV, w,=3.4=x0.1eV, f; —p* transition through the large overlap integrgl. There-
=0.55+0.10, f,=0.69+0.10, v,=0.87+0.10eV, v, fore, the above two observations suggest suppression of the
=0.95-0.10eV, and y,=3.5+0.5eV. A dip structure tpqVvalue inthe ferromagnetic phase. Here, we adopt a simple
around ~1 eV is due to interference between the Drudetwo-level model, consisting of only theg* ande, levels, to
component and the lower-lying interband transition. the present optical transitions. With assumtpg=0OeV at 5

Figure 2 shows the temperature variation of the reflectivK (A=1.1eV), t,q becomes 1.2 eV at 300 KA(=1.8eV).
ity spectra:(a) 300 K and(b) 200 K are in the paramagnetic In this model, the oscillator strength is proportional to the
phase ET.), and(c) 100 K and(d) 5 K are in the ferro- probability of finding thep* state in the final state, that is,
magnetic phase<T.). Well-defined peak structures are ob- proportional to square of the coefficient of thp& compo-
served at 1.6 eV and 3.4 eV in the paramagnetic ph@e nent. The ratid,/f, is estimated to be 1.5, which is close to
and (b)], while the structures become rather blurred in thethe experimental value ~1.3). Thus, the temperature-

e(w)=€,
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= FIG. 4. Schematic electronic structure for Gos the (a) para-
) magnetic andb) ferromagnetic states. Hatching represents the oc-
? cupied statesw; and w, correspond to theé,,— ey and tyg—p*
= interband transitions, respectively.
electrons further induces the splitting of the valebggstate
via the on-site exchange interactigdund’s-rule coupling;
0 100 200 300 Jy~1eV). On the other hand, the unstabilizeg state al-
- e (K) ' most merges into th@* band, as depicted by the broken
cmperatdre curve. This is the scenario for the reconstruction of the elec-
FIG. 3. Temperature dependence(a¥ resonance energies,  tronic structure in the half-metallic CoS .
(b) oscillator strengths, per Co site, andc) damping constants, In summary, we have spectroscopically investigated tem-

for the interband transitiond=1 and 2 are for thé,,—e, and ~ perature variation of the electronic structure of half-metallic
tog—Pp* interband transitions, respectively. The downward arrowsCoS,. The observed spectral changeTat (= 120K) indi-
stand for the Curie temperature. cates a reconstruction of the electronic structure in the per-
) i . fectly spin-polarized ferromagnetic state. We have ascribed
dependent speqtral change is sgmquant'ltatwely understogf|o spectral change to the splitting of testate into theey,
as the suppression of tige-d hybridization in the ferromag- andeg, states, and resultant suppression of the hybridization
hetic phase._ e , between thep* andeg; states. It is suggestive to compare
Suppression of the—d hydridization can be ascribed t0 ¢ gjectronic structure of the present Gosth that of the

the splitting of thee, state in the spin-polarized state. In Fig. herqyskite-type doped maganites, which also becomes half-
4 are shown schematic electronic structures for(8h@ara-  etallic in the low temperature phase. In the case of the

magnetic andb) ferromagnetic phases. Two optical transi- manganite§f5 the strong on-site exchange interaction be-
tions clepoted byo, and w, correspond to thég—eg and  yveen the locat,, spins S=3/2) and the itinerang, elec-
tag—P” interband transitions, respectively. In the paramagyygnga priori splits thee, state by~3 eV even in the para-
netic phasgFig. 4@)], the energy differenca, between the o qnetic state. Therefore, the ferromagnetic transition does

bare p* andeg levels(thatis, attpy=0) is ~1.1eV[see Fig. ot qpjit the energy level of they; (e,)) State any more, but
3(@)]. TheA, value is comparable with the bandwidths of the giers the occupations of the states. By contrast, the ferro-

3,7 H _ . i
€y band (~1-3 eV),”" which causes the strong—d hy-  agnetic transition of CoSpushes dowr(up) the energy
bridization, as observed. In the half-metallic ste. 4(?)]’ positions of theey; (e,) state, which results in the spectral
theey; andey, states are split by order of the bandwidth of change observed.

theey band. The increasefly between the* andey; levels

should suppress the hybridization between tHeme Fig. The authors are grateful to K. Takenaka for his help in the
4(b)]. Note that the splitting of the, state reduces the joint reflectivity measurement in the mid-IR region. This work
density of states for the; transition, which also suppresses was supported by a Grant-In-Aid for Scientific Research
the oscillator strength. The spin-polarized state of ége from the Ministry of Education, Science and Culture, Japan.
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