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Spin-dependent band structure effects and measurement of the spin polarization
in the candidate half-metal CoS

L. Wang
Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, USA

T. Y. Chen
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA

C. Leighton
Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, USA
(Received 3 March 2003; revised manuscript received 18 August 2003; published 16 Margh 2004

CoS has recently been predicted to be highly spin-polarized, but very little is known about its magne-
totransport properties. We find that this system exhibits a large anomaly in the resistivity at the Curie tempera-
ture (T¢), which shows a pronounced shift with applied field, resulting in negative magnetoresistance below
Tc and positive magnetoresistance above it. Magnetization measurements indicate an almost first-order char-
acter to the ferromagnetic transition, indicating that €&Sclose to a tricritical point. Analyzing the field
dependence of the magnetization and resistivity, we are able to prove that the resistivity neaontrolled
only by the magnetization, regardless of whether the ferromagnetic state is induced by cooling or by applica-
tion of a field. We propose that the increase in resistivity on entering the ferromagnetic state is due to a
spin-dependent band structure effect where exchange splitting results in a distinct decrease in the density of
states at the Fermi level for the minority spins. Point-contact Amdmeflection measurements on sulfur-
stoichiometric polycrystals give a spin polarization of 56%, consistent with indications of electron-magnon
scattering in our transport measurements as well as our proposed spin-dependent band structure mechanism for
the magnetotransport anomalies.
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The essence of the current focus area termed spinthe pyrite structure sulfide C@Swhich has been recently
electronics or “spintronics,"L is to utilize the electron’s spin, predicted to be either highilﬁ,lg or Completel)ﬁo spin polar-
as well as its charge, in creating new devices or enhancinged. Despite the low Curie temperatuii-(~ 120 K), which
the functionality of current ones. Many spin-electronic de-ryjes out applications, this system offers some key advan-
vices, 3such as giant magnetoresistance mgltll'ai_/amn tages for fundamental studies of half-metallic ferromag-
valves? magnetic tunnel junctioriSefficient spin injection cyic First, by avoiding the use of alloys such as Heuslers
ferromagnet/semlconductor_b|Iayérsa,nd magnetic random or the double perovskite SfeMoQ;,2! we avoid the prob-
access memofycould benefit from the use of ferromagnets lem of reduced polarization by aniisite disord®t’ 21 Sec-

with high-spin polarization. In certain devicese.g., . . .
“Ohmic” spin injectors) it has even been suggested that thisond’ it has been suggested tha't glsBmiconductor mt.er-
faces can generate fully polarized currents even in the

is a necessity.It is therefore of great importance that we S 5 . o
realize ferromagnets with 100% spin polarizati@ at the absence of full polarization in C@S? (On this note it is also

Fermi level Eg), which are referred to as “half-metallic’  Worth mentioning that CosSis lattice matched to Si. Fi-
ferromagnets. Such ferromagnets have been predicted froR@lly and most importantly, the simple band structure of
electronic structure calculations for a number of yéapsp ~ C0S (Where ferromagnetism occurs in a narrow banaepf
0n|y one material, Crg, has been unambiguous]y deter- electrong along with the fact that it can be aIoned with the
mined to be half-metallic, both from Andre reflectioi™'!  narrow band-gap semiconductor espens up the possibil-
and tunneling! Some of the key materials issues include theity of “tuning” the position of the Fermi level in Cp_,Fe S,
difficulty of preparing CrQ by conventional vacuum to obtain an itinerant ferromagnet withu} per formula unit.
depositiont>*®*  the  anomalously low tunneling Moreover, MaziR® has predicted that the half-metallicity in
magnetoresistant®TMR), and the general issues regarding Co, _,Fe&,S, should be particularly robust; i.e., it should oc-
the spin polarization of the surface compared to that of theur over a wide composition range, be insensitive to defects
bulk. Experiments on other predicted half-metals have alsand crystallographic disorder, and could even be expected to
raised serious issues. .3 Sr,MnO; was found to be half- have fewer problems with retaining full spin polarization at
metallic only at low temperaturés, while Heusler alloys surfaces® Experimentally it has been found that GaSas a
such as NiMnSHRef. 9 and CgMnSi (Ref. 16 have dis- magnetization of 0,85/Co,*% consistent with large, but
appointing polarizations of 50%-60%, which was inter-<<100%, polarization.
preted in terms of a reduction in polarization due to antisite Relatively little experimental data are available on the
disordert®1’ magnetic and transport properties of this material. NfiR,
In this paper we present novel magnetotransport effects imagnetic anisotrop§f, and heat capacity have been mea-
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sured, along with the composition dependence in 400 . . . - -
Co,_,FeS, (Refs. 24, 25, 28, and 29Co, _,Ni,S, (Refs. 3504 i
24 and 28, and Co$_,Se, (Refs. 28 and 3Palloys. Basic
transport measurements have been nf&de3%3but we are 3007 1
not aware of any report of magnetotransport measurements. ., 250+ .
In this paper we present detailed high-field magnetotransport g 200 i
data in addition to magnetic characterization. The results %

L 2 o . 150 .
show intriguing behavior in the vicinity of ¢, which we a
interpret in terms of spin-dependent band structure effects. A 100 . Data
direct measurement of a spin polarization of 56% shows that 50- S N Linear Fit \
CoS, is not completely polarized, but provides encourage- 0 I ° 1°°°|T22r(|’<°2% |3°°°
ment for further work on the Fe-doped system, Cd-¢,S,. 0 50 100 150 200 250 300

CoS, polycrystals were prepared by sintering Gq&w- T K]

der in a S atmosphere. 99.9%-pure GpSwder was pressed

under 20 000 psi into 150-mg pellets and sealed in evacuated FIG. 1. Temperature dependence of the zero-field resistivity of
(<1x 106 Torr) quartz tubes with 100 mg of 99.999%- Co0S,. The arrow marks the Curie temperature. Inset: resistivity
purity S. The material was then reacted at 700—900 °C for 24lotted vsT? for T<60 K, along with a linear fit.

h and furnace cooled over 12 h. The quartz tube was ar- . ) ) ]
ranged in the furnace such that the S vapor condensed at the Cléarly the central question that arises from Fig. 1 is the
opposite end of the tube to the sample on cooling. As can bgrgin of the anomaly nedfc . This effect has been observed
understood on inspection of the Co-S phase diagram, thBefore:™*>=**where the possibility of critical scattering
outcome is critically dependent on S vapor pressure and te vas “.Jled outon the basis th th(.a.effect IS too large and
perature. Too litlle S vapor pressure results in £qSor b) f|tt|n_g to the scaling laws for _crmcal scattering produces
CaS; when the Cog dissociates on heating, whereas anunphysmal parameters.To _sheq light on this issue we'n_wade
excess of S vapor is required for stoichiometric €0S measurements gf, magnetizatior(M), and ac suscepiibility
Samples were characterized by x-ray diffractiodRD),

(xa0 as a function of temperature at various magnetic fields.
, . ) . Figure 2 shows th& dependence dfl and y,. measured in

scanning electron microscopy, and energy dispersive analys

of x rays (EDAX), confirming that the material is single-

f‘ﬁagnetic fields from 0 to 9 T. The remarkable aspect of these
phase polycrystalline CgSwith a grain size of~10 um.

data is the large shift in appareit with magnetic field,
XRD and EDAX both confirm Sulfur stoichiometry within along with the unusually sharp vanishing &1 (soH
the experimental resolution.

Electronic transport measurements were performed with
the standard four-probe method, employing an ac excitation
at 13.7 Hz. Measurements were made from 325 to 1.5 K in
magnetic fields up to 17 T. Magnetic characterization was
performed in a commercial magnetometer down5tK in
fields up to 9 T. dc magnetization was measured by the
extraction method, while ac susceptibility was measured at
100 Hz using conventional “pickup coil” detection. Point-
contact Andrev reflection (PCAR) employed a Pb tip.
Conductance-voltageéG (V)] curves were measured using
an ac modulation technique and the resulting curves were
fited to a maodified Blonder-Tinkham-Klapwijk(BTK)
model, as discussed later. Further experimental details are
provided in Ref. 10.

Figure 1 shows the temperature dependence of the resis-
tivity (p) showing a linear dependence from 300 K down to
about 125 K, followed by a large anomaly in the vicinity of
Tc. At temperatures below 60 K the resistivity folloW&
very well, as demonstrated in the inset of Fig. 1. Thfs
dependence has been observed before in potential half-metal
system¥ and can be interpreted in terms Bf= 100% (by
electron-electron interactionsr in terms ofP<100% (by FIG. 2. Temperature dependence (af the magnetization and
electron-magnon scatteringn the absence of the predicted () the in-phase component of the ac susceptibility<100 Hz) in
temperature  dependence for double-magnon-scatteringt measuring fields of 0.0, 0.1, 1, 3, 6, and 9 T. In both cases the
processe¥* or the distinctive dependence seen in g8 sample was zero-field cooled. Inset: magnetic field dependence of
it is ambiguous to attempt to determine half-metallicity fromthe Curie temperature, as determined from the ac susceptibility
thesep(T) data. peak.
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FIG. 3. Temperature dependence of the resistivity, in the vicinity =

of T¢, for magnetic fields of 0, 1, 3, 6, 9, 12, 15, and 17 T. Inset: &
magnetoresistance ratio as a function of temperature, for a magnetic %
field of 17 T.Ap/pg=p(H)—p(0)/p(0).

=0.1T) asT—T.. The apparent shift i with field can ¢ Ok R
be quantified througly,., which has a peak at(H). This 0 2 4 6 8 10 12 14 16
is plotted in the inset to Fig.(B), where it can be seen that ”oH [T]

the apparenT increases linearly with applied field. Broad-
ening of the transition from ferromagnet to paramagnet in(
high fields is expgcteq In any Conven.tlonal. SyStemfaCt’. 145, 155, and 200 K. Data were taken at both positive and negative
the phase transition is only well defined in the zero-field;, -

L . . .~ ..~ “fields to rule out contributions from the Hall effect.

limit), but in this case there are a number of clear indications
that the transition is not conventional and that a shiff in
with applied external field truly takes place. Specifically, magnons are excited, reaches a maximum at some interme-
given the sharp vanishing dfl near T and the fact that diate temperature, and vanishesTatwhere spin-wave exci-
doping only 5% of Se onto the S site or 12% of Ni onto thetations cease to exjstas is the field dependence. Obviously,
Co site leads to a first-order ferromagnetic transitoff>°  if we are truly observing electron-magnéspin-flip) scatter-

we suggest that CgSis remarkably close to exhibiting a ing, then the system must hawe<100% > implying that
first-order phase transition. As discussed laté¢(H) curves Co0S is not half-metallic or that the spin polarization is re-
aboveT provide the essential evidence as they exhibit dis-duced at these elevated temperatures. This point will be di-
tinct upward curvature and a peak @M/dH, indicating rectly addressed later by a measurement of the conduction-
field-induced ferromagnetism at>T.. This is consistent electron spin polarization by PCAR. We note that the general
with our argument that a true shift i, occurs with increas- ~ situationbelow T¢ (i.e., positive MR at lowT, crossing over

FIG. 4. Magnetic field dependence @ the magnetization and
b) the magnetoresistance for(>T:)=120, 125, 130, 135, 140,

ing external field. to negative MR at highefl due to the onset of spin-flip
As shown in Fig. 3, we also measurgT) in the ex-  scattering is similar to CrQ.%*
tended field region up to 17 T. The anomaly gmear T¢ The positive MR aff >T¢ is of greater interest. Isother-

tracks the apparent shift ilic with applied field and be- mal field sweeps are shown in Fig. 4, along with the corre-
comes less pronounced with increasing field, but persists tepondingM (H) curves. The general behavior of the MR is
>10 T. This is inconsistent with simple expectations forindependent ofT; the MR increases with increasing field,
critical scattering. The net result of this shift in the resistivity reaching a maximum at about 8%, followed by a decrease at
anomaly with increasing field is the existence of a negativehigher fields. The field required to reach the maximum posi-
magnetoresistand®R) below T and a positive MR above tive MR is temperature dependent, but the value of that MR
Tc. This is shown more clearly in the inset to Fig. 3, which (7%—8% is not. The correspondiniyl(H) curves show a
plots the magnetoresistance rafigp/po(T). The MR atT  rapid increase irM for T~T. and the expected linear de-
<T. achieves a maximum negative value ofl5% and pendence al>T.. However, in the intermediate regigm
crosses zero alT=125K [i.e., very close toTc(H=0)], just greater thaifc) we observe a small but distinct upward
eventually reaching a maximum positive value of 8%. Atcurvature inM(H), indicating metamagnetism, where the
higherT the MR vanishes(Note that positive MR effects are ferromagnetic(FM) state is induced by the field. This is
observed at lowll, probably of conventional “Lorentz force” more clearly seen in Fig. 5 wheM/dH is plotted as a
origin.) function ofH, revealing clear increases with increasing field
The negative MR aT <T is most simply interpreted in whenT is just aboveTc. The peaks idM/dH mark the
terms of the field suppression of electron-magnon scatteringntry into the field-induced ferromagnetic phdéés men-
which exists in all conventional ferromagnétsThe tem-  tioned earlier, this is consistent with the sharp vanishinigl of
perature dependence is qualitatively consistent with this innear T¢, the large field-induced shift in the apparérg,
terpretation(i.e., it is small at low temperatures where few and the crossover to a first-order transition with very low
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FIG. 6. Magnetoresistance data of Fig. 4 plotted vs the magne-
FIG. 5. Field dependence of the derivative of the magnetizatiortization. The curve was obtained by taking the MR (data of Fig.

with respect to field dM/duoH=21/u,dM/dH), at temperatures 4(b) and using the known relationship betwelghandH at these
of 120, 125, 130, 135, 140, 145, 155, and 200 K. temperaturefFig. 4(a)] to plot MR vsM. The dotted horizontal line
signifies the fractional resistance change obtained on cooling in
doping?""zg'BOWe observe no hysteresis M(H) above the Z€r0 field (see Fig. 1 Inset: simple schematic depiction of the
critical field and no hysteresi®n cooling and warmingin ~ SPin-resolved DOS above and beld.
M (T), indicating that Co$is close to the tricritical point!
but is not actually first order. Fermi level[N(Eg)] is reduced. As a specific example, if the
Taking theM(H) and MRH) data together, we see that Fermi level is positioned near the bottom of the band at
the resistivity obeys a simple universal behavior. As the FM>T_, then the exchange splitting will result in a slightly
state is approached, the resistivity increases, reaches a maiicreased majority-spin DOS, but a drastic reduction in the
mumAp/p, of 8% (when FM order sets inand then shows minority-spin DOS, as illustrated schematically in the inset
a decrease with further increase of magnetic field. Consistend Fig. 6. It is worth pointing out that obtaining highly spin-
with our earlier interpretation of the negative MR @t polarized currents does not require that the exchange split-
<T¢, we explain the high-field negative MRe., after FM  ting forceEg into a gap for the minority spins, but only that
order sets in in terms of field suppression of electron- the splitting be sufficient to puskr below the mobility
magnon scattering, despite the fact that Tc(H=0). The  edge, where the minority-spin electronic states become local-
key observation required to understand the positive MRzed and hence do not contribute significantly to transport.
above T¢ is that the temperature-independent maximumwe can also advance an alternative explanation of a similar
positive MR value(~8%) is very close to the fractional in- nature based on the calculated density of states due to
crease in resistivity obtained when cooling through in Mazin?® These calculations used the full-potential linear
zero field. Simple extrapolation of the linea(T) behavior augmented plane-wave method and predict that the Fermi
observed abov@ . (Fig. 1) to temperatures slightly below level in paramagneticCoS, is situated near a sharp peak in
Tc results in a calculated increase in resistivity on cooling ofthe density of states and that, as a consequatdéE)/dE
7.5%. This suggests that an8% resistivity increase is ob- is very large atEg. Entry into the ferromagnetic phase and
tained whenever the FM state is entered, whether by coolinghe ensuing exchange splitting of the energy bands is there-
throughTc in zero fieldor by applying large magnetic fields fore likely to result in large changes M(Eg). Such a situ-
at T>Tc(H=0). Our argument is further strengthened by ation already prompted Mazin to predict that “interesting”
the analysis shown in Fig. 6 where the MR(curves of Fig.  transport properties are to be expected in this material.
4(b) are replotted as a function . The data show a very It seems that our transport measurements and the value of
reasonable collapse to a single universal curve, indicatinghe saturation magnetization (0.8%/Co) are consistent
that p is controlled only byM. The horizontal dotted line with high, but not complete, spin polarization in GoSTo
shows the fractional increase in resistivity on coolingHn shed further light on this we performed PCAR
=0, demonstrating the close agreement with the maximunmeasurement&*° (using a Pb tip at 4.2 Kon the same
MR(H) values. Note that this scaling is only possible for thepolycrystals used in this study to directly meas®eThe
positive MR component. At higher fields, whegelecreases results are shown in Fig. 7. Following the method of Ji
due to the suppression of electron-magnon scattering in thet al,'® we extracted the spin polarization ad@dparameter
field-induced FM state, the scaling can no longer be per{which quantifies the interfacial barrier strengftrom fits to
formed. the conductance-voltage curves using the modified BTK
We suggest that the increase in resistivity on entry into thenodel** These data are then collected as a function of the
FM state is the consequence of a simple spin-dependent bapéramete to determine the spin polarization in the limit of
structure effect. Specifically, we propose that as FM ordea perfectly transmissive interface. Further details of the ex-
sets in and the narrow CeSconduction-band exchange perimental technique and fitting procedure are given in Ref.
splits, the totalspin-averageddensity of state¢DOS) atthe  10. Figure 7 displays th&(V) curves at the low and high
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100

crude(it assumes free-electron-like behavior and ignores the
effects due to the variation af2, wherevg is the Fermi
velocity), the agreement with our measured value of 7%—8%
is reasonable, adding further weight to our proposed band
structure mechanism.

In summary, we have presented the magnetic and magne-

(=]
s 40. \ “n: 5% (0) Oj totransport properties of CoSWe have determined that the
o "z = oo0s system is close to the tricritical point separating first- and
second-order magnetic transitions. The Curie temperature
201 i shifts dramatically with applied field, as does the resistivity

anomaly. This leads to a negative magnetoresistance below
0 00 o1 T o2 03 the Curie temperaturéwhich is interpreted in terms of
‘ ‘ Z ' ’ electron-magnon scatteringand a positive magnetoresis-
tance above it. This increase in resistivity was proved to be
FIG. 7. (&) Spin polarization(P) as a function of the parameter controlled only by the magnetization, regardless of whether
(2) (explained in the text Insets(b) and (c) show representative  the ferromagnetic state is induced by cooling or by applica-
conductance-voltage curves in the high- and BWmits, respec- i of g large field. We interpret the increase in resistivity in
tively. T=4.2K. terms of a simple spin-dependent band structure effect due to
the reduction in the minority-spin density of states at the
Fermi level. The conduction-electron spin polarization was

ends of the range & values, as well as the dependencéof
onZ. The extracted? values are weakly dependent dnthe found to be 56% from point-contact Andre reflection and,

Z=0 limit being a spin polarization of 56%. This clearly . . .
demonstrates that Cg%s not completely polarized. This is moreover, this was shown to be consistent with our proposed
' spin-dependent band structure effect in the transport. Al-

consistent with our observation of conventional eIeCtron'though we have demonstrated that stoichiometric polycrys-
magnon scattering magnetoresistivity and, moreover,

simple calculation shows that this value of spin polarizationfflalllne CosS is not completely polarized, the relatively large

; . . . . ; ... spin polarization is encouraging for further work in the
is consistent with our explanation for the increase in resistiv- = tem
ity on entrance into the ferromagnetic phase. Assuming rigiacol*x &S, system.

free-electron-like bands.e., N(E)=E*? and a conductivity We acknowledge illuminating discussions with W. Moul-
directly proportional to the spin-averaged DOSEat (i.e.,  ton, M. Hoch, D. Dahlberg, F. Bates, I. Mazin, and P. Crow-
NalEr) =[N;(Ef)+N,(Ef)]/2), we can relate the param- ell. This work was supported primarily by the MRSEC Pro-
eter P=[N;(Eg) —N|(EF)]/N;(Eg) +N,(Eg) to the rela- gram of the NSF under Award No. DMR-0212302. A portion
tive conductivity decrease likely to take place on entering theof the work was performed at the National High Magnetic
ferromagnetic phase. Using the measured spin polarizatioRield Laboratory, supported by NSF Cooperative Agreement
of 56%, we estimate a 13% increase in resistivity on entryNo. DMR-0084173 and the State of Florida. We would like
into the ferromagnetic phase. Although the calculation isto thank S. Hannahs and E. Palm for assistance at NHMFL.
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