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Evidence of negative spin polarization in ferromagnetic SsFeMoQOg as observed
in a magnetic Compton profile study
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The spin-polarized electron momentum distributionagnetic Compton profiléeMCP)] of ferromagnetic
SnFeMoQ; has been measured, using the magnetic Compton scattering technique, at temperatures 10 K and
300 K, for the[100] and[110] crystallographic directions. The experimental results have been compared with
results from electronic structure calculations performed utilizing the full potential linearized augmented plane-
wave method. The calculated results clearly show that only down-spin states contribut&tarttensity (half
metallic character The experimental observations clearly show evidence for the existence of negative spin
polarization that arises from down-spin bands. We have observed the change in the MCP, which arises from the
band spin fluctuation, between the low temperature 10 K and high temperature 300 K.
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The observation of colossal magnetoresistai@éR) in peak crossindee and the second peak well beldgg. While

the perovskite mixed valent manganites has led to a renewetie former is mainly dominated bfFe+Mo t,4 states the
interest in ferromagnetic oxides. It is believed that thelatter is mainly dominated by the Fg states, confirming
double-exchange mechanism in the presence of stronghat the down-spin states contribute to Heintensity. From
electron-phonon couplings arising from Jahn-Teller distorthe fundamental point of view, it is important to note that the
tions is responsible for the observed properties in therystallographic data indicate no substantial Jahn-Tel€y
manganites. However, CMR phenomena have been stimu-gistortion and, therefore, the lattice appears to play a less
lating a significant attention on the research on the mangasignificant role in this compound. Furthermore, the system is
nese oxides because of their potential applications to magngp, undoped one in contrast to the manganites. Hence this

totransport devices and also due to their interesting phySiC%ompound is in principle a much simpler system to under-

For industrial applications, one of the ideal properties is 10ganq . regarding its properties in detailed theoretical terms.

\r/vork |r: ?rl]?]w"nma?:e"ﬁ 1;|erld ?tt rogorT\Aéeer(raT:a'ﬁure.ttlrn thlSln spite of this apparent simplicity, there have been various
espect tunneling magnetoresistar ) Is more attrac- . conflicting issues concerning its magnetic and electronic

tive than CMR. To realize such properties, the electronlcStructures
structure should ideally have half-metallic density of states The structure of SFeMoG is built of perovskite blocks

with high Curie temperature. Though some of the mangan- = : X :
ites are half metalli¢, many of them have low, and need a where the transition metal sites are alternatively occupied by

high magnetic field. Recently, Kobayastial reported that 7€ +and5 Mo ions. In this compound it is believed that the
ordered SfFeMoQ; shows a large TMR and also the half- Fe3- (3d°,S=5/2) ion is antiferromagnetically coupled to
metallic density of states as seen in manganitegedloQ,  their six Mo*(4d"',S=1/2) nearest neighbors, leading to a

in contrast to manganites, has certain technologically desitotal saturation magnetizatidds=4 uB/f.u. An alternative

able properties, such as a substantial MR at a low appliegiicture has also been suggested where the system shows the
field even at room temperature. Saitehal utilizing pho-  sameMg value, assigned F&3d®, S=2) and M&*(4d®), and
toemission spectroscopy confirmed the origin of the firsta ferromagnetic superexchange coupling between tR{é Fe
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FIG. 2. The experimental MCP at 10 Keircles, calculated
p (a.n.) FLAPW (GGA) (solid line), and calculated FLAPW(LSDA)
z (dashed linesalong the[ 100] and[110] crystallographic directions.
FIG. 1. The experimental magnetic Compton profile of The inset shows the comparisor_1 Of_ the FLAPW_—LSWashed
Sr,FeMoQ; measured at 10 Ksolid circles and 300 K(solid tri- lines) and the_ FLAPW-GGA (solid I|ne)_ result.s in _th_e lOW_'
angle$ along the[100] and[110] crystallographic directions. The momentum regior{0—3 a.u). The Jnadp,) in the inset is in arbi-
inset shows the comparison between the HF free atoludished trary units.

lines) and the observed MCP at 10 ($olid circles (upper panel . N .
and at 300 K(solid triangles (lower pane). ated by virtual electron hopping into the unoccupied Mb 4

states’ Possible mechanisms responsible for a stable mag-
ions is assumed. But this picture has only been fairly consishetic ground state such as spin-spiral ordering, spin canting,
tent with the neutron-diffraction resuftsyhich reported that breathing distortion, and disorder, as well as antisite defects,
mee=4.1 ug and wyo is indefinable between 006 and  were also discussed in Ref. 9. Thus, it is obvious that the
0.42 ug. Another neutron-diffraction res@lsuggests~1 ug basic issues concerning the electronic and magnetic struc-
magnetic moment at the Mo site. Moreover, Mdssbauer retures of this compound are still being investigated. Since the
sults were analyzed both in terms offfF¢Ref. 7 and Fé>*  analyses of the Méssbauer and neutron data are model de-
(Ref. 8 states. Double perovskité,BB'Og) crystallizes in  pendent, it is therefore necessary to obtain a site-specific
the rocksalt structure with alternate unA8O; and AB'O;  direct information concerning the electronic and magnetic
along three crystallographical axes. The corners of each peproperties of this compound under consideration and hence
ovskite unit are in turn occupied by transition metal atd@ns motivated us for the present experimental magnetic Compton
and B’ with oxygen atoms located in between, forming al- scattering investigation. With the more direct access of the
ternateBO; and B'Og octahedra. The large alkaline-earth- spin-dependent electron momentum density provided by the
metal atom A occupies the body-centered site with a 12-foldnagnetic Compton scattering technique, we decided to con-
oxygen coordination in each unit. In the ionic model, thefront highly accurate full-potential linear augmented plane-
transition-metal ions are in théBB')®* valence state. The wave method utilizing the generalized gradient approxima-
frequently believed ferrimagnetic half-metallic ground statetion scheme (FLAPW-GGA) computations with the
is argued to be unstable because of the competition betweawmrresponding experimental measurements.
the generalized double-exchange mechanism, operating in An energy spectrum of Compton scattered x rays, induced
the hybridizedt,, bands of Fe 8 and Mo 4l orbitals in the by circularly polarized x rays, provides information about the
metallic minority-spin channel, and the strong antiferromag-momentum distribution of the spin-polarized electréhs.
netic superexchange interactions in the Fe sublattice, medWithin the impulse approximatioH, the spin-dependent dif-
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FIG. 3. (a) The difference in the experimental MCRJ,,4p,)] observed at 10 K and 300 K along thk00] crystallographic direction.
For details see textb) The individual theoretical FLAPW band-wise profile contribution near the Fermi level. The band-wise profiles shown
are the down-spiriDS) 35th (GGA, dash-dot line; LSDA, solid lineand 36th band§GGA, dash-double-dotted line; LSDA, dashed Jine
and the up-spiitUS) 38th band GGA, dotted line; LSDA, thick solid linecontribution along th€100] crystallographic directionc) Shows
the Fermi surface nature for the down-spin 34th, 35th, and the 36th bands, respectively.

ferential scattering cross section is proportional to the magenergy inelastic scattering beamline BLO8W at the SPring-8,
netic Compton profilgMCP), J..{p,), defined as the one- Japan. Circularly polarized x rays emitted from an elliptical
dimensional projection of the spin-polarized electronmultipole wiggler were monochromatized to 271 keV and
momentum distribution: incident on the sample. At these photon energies, which is
@2 desirable for optimum resolution and interpretation within
o _ the impulse approximation, reversing the helicity of the in-
[dew]spinm JmadP2) —ﬂ‘[nT(p) —ny(p)ldpdp,, (1) cident photons is not practical, the spin-dependent signal be-
ing here isolated by reversing the sample’s magnetization
wheren,(p) andn(p) represent the momentum densities of vector utilizing a 3T superconducting magnet. The scattered
the majority- and minority-spin bands, respectively. The arex rays with a scattering angle of 178.5° were energy ana-
under the MCP is proportional to the total spin momentlyzed by a ten-element Ge detector. The overall momentum

(kspin) Per formula unit(FU): resolution was 0.45 atomic unit@.u., where 1 a.u=1.99
- X 10%*kg m s ). Since MCP is the difference between

f Imad PIAD, = sy ) two Compton profiles, components arising fro_m spin-paired

L, ma Hespin electrons and from most sources of systematic error are ef-

fectively cancelled out. During measurements, the direction

When the MCP can be decomposed into a few partial profilesf the magnetization in the sample was achieved by an ex-
with the characteristic shape of a specific electronic state, theernal magnetic field of +2.5 T applied alternatively along
area under the partial profile gives the partial spin momenthe[100] and[110] crystallographic directions of the sample.
associated with that state. In this paper, we present the MCBhe MCP’s were extracted as a difference of Compton scat-
study on a well-characterized single crystal ojfF&MoQ;. tering intensities in reversing the direction of the external

Detailed procedures of the sample preparation and chafield with a fixed photon polarization. Before summing up
acterization were reported earlier by Tomioka all? The the magnetic data, they were corrected for energy-dependent
single crystals were prepared by the floating-zone methodjetector efficiency, sample absorption, and the relativistic
exhibit a Curie temperature of about 420 K, and the saturascattering cross section. After checking that the resulting
tion magnetization at 5 K was about 3ug per formula unit.  spectra were symmetric aboot=0, the profiles were folded
This deviation from the ideal value of dg was discussed by to increase the effective statistics. Finally, the magnetic
Tomioka et all? The magnetic Compton profiles of Compton profiles were normalized to the spin moment per
SrFeMoQ; were resolved along the two major crystallo- formula unit. The saturation magnetization of the single crys-
graphic directions as a function of temperature at the hightals were measured using a superconducting quantum inter-
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ference device SQUID) magnetometer at 10 K and 300 K,

and is assumed to be entirely due to spin contribution and is.;. 0.04 1 [110]

preferred for the normalization of the data. The saturation:2 H

moment at 10 K and 300 K were found to be 2,08 and 0.02 } {

1.88 ug, respectively. 1
The spin-dependent electron momentum distributions for S, '}

e O
Sr,FeMoQ; were calculated using the full-potential linear- & °'°°__ } ﬂﬁ L1 -

rb. un

ized augmented plane-wavdFLAPW) method. The 36'0 { III (1] s ™
exchange-correlation part of the potential was described ir g -0.02 { } } (] 1
the GGA!3 A mesh of 230 inequivalerk points in the irre- 3 { {ﬁ } I

ducible Brillouin zone was used for thespace integration. -0.04 I ]
Compton profiles were calculated along the three major di- 4,4 , I ,

rection[100], [110], and[111] directions. The overall fea- Theoretical Bandwise Profiles [0 4.,
ture of our results is consistent with the calculation done by sl 35th DS band (LSDA) ’
Kobayashiet al® Our calculated results show that the down- [ S P 36th DS band (LSDA)
spin conduction band crossirige is dominated by the Fe ~  } |———— 35th DS band (GGA) ({03
3d—Mo 4d t,y states while the O |2 states have smaller ~ o8t —r——— 36 th DS band (GGA)
contribution. On the other hand, the up-spin band just below & — g::gg g"“g (Iég:‘)

Er is mostly ascribed to the Fed3,,; and the O P states =" (g, and (GGA) []o2

without any appreciable Moddcontribution. As seen from
Fig. 1, there is a significant difference in the shape of the
MCP’s along thd 100] and[110] crystallographic directions, 002
between the low-temperature, 10 K, and the high-
temperature, 300 K, data. For comparison, a free-atonr 0.00
Hartree-FockHF) profile of Fe 2l is shown in the inset of

Fig. 1. So far, free-atonfHF) wave functions have been
successfully used to analyze the data of different systéms
where magnetic Compton scattering has been used in a sitgb

specific manner. However, the HF wave functions fail to "®tion. For details see textb) The individual theoretical FLAPW

produce the IO.W'momentu'('pz) re§ults vyhere sol!d-sj[ate ef- band-wise profile contribution near the Fermi level. The band-wise
fects are manifested. The one-dimensional projection of thgofiles shown are the down-spiS) 35th (GGA, dash-dotted
spin  moment momentum distribution calculated usingjine; LSDA, solid line and 36th band$GGA, dash-double-dotted
FLAPW method for SfFeMoQ; resolved along th¢100]  Jine; LSDA, dashed linpand the up-spirUS) 38th band(GGA,
and[110] directions at 10 K is shown in Fig. 2. The calcu- dotted line; LSDA, thick solid ling contribution along thd110]
lated MCP is in good agreement with that measured experierystallographic direction.
mentally; high-momentum tails of the experimental profiles
(above 7 a.y.are well matched with the profiles calculated observed at these two temperatures, we have also calculated
theoretically in that both the experiment and the calculatedhe individual band-wise profiles contributing to the MCP’s.
profiles mutually go to zero as expected. However, as comFor this we have shown the major contribution to the MCP’s
pared to the FLAPW-GGA results, the FLAPW calculatedobtained using GGA and LSDA schemes, from the down-
results using the local spin density approximati@$DA) spin bands 35th and 36th and the up-spin 38th band contri-
produce a worse MCP agreement with the experimental rebution in Figs. 80) and 4b), respectively. In the previous
sults in both crystallographic directions in the momentumliterature, there has been no mention or reports of the nature
region below 3 a.u.; this is shown in the inset of Fig. 2. Theof the Fermi surface of the down-spin individual bands. Here
observed changes in the profiles along the0] and[110] we have shown the nature of the Fermi surface obtained
directions for the two temperatur¢$0 K and 300 K are  using the FLAPW-GGA calculatiofFig. 3). It is important
shown in Figs. 3 and 4, respectively. To compare theo note that the nature and shape of the down-spin bands play
temperature-dependent Compton profiles we have norma&n important role as the up-spin channel behaves like an
ized the directional data for the two measured temperaturegsulator with a finite gap &, while the down-spin channel
as shows a fine density of staté@OS) across thég, resulting

in a half-metallic character in this perovskite material. The

AdmadP) = Imagio k(P) ~ @* Jmagaoo kP, (3)  most important consequence of this is that the mobile charge

carriers in this system are fully spin polarized. The nature of
where a represents the normalization factor when the twothe Fermi surface for the 34th, 35th, and the 36th down-spin
observed profiles at two corresponding temperatures are nasands is shown in Fig.(8). The 34th band forms an electron
malized to the same area for direct comparison. Figuf@s 3 surface with thick necks along tH&X directions, while the
and 4a) show the difference in the MCP between the 10 K35th and 36th bands form electron surfaces with a nearly
and 300 K along th¢100] and[110] crystallographic direc- rectangular shape. The Fermi surfaces for the 35th and 36th
tions. To investigate the difference and shape of the MCP'®ands have significant flat areas perpendicular tolthé

FIG. 4. (a) The difference in the experimental MCRJodp,)]
served at 10 K and 300 K along thEL0] crystallographic direc-
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directions, which predicts a strong Fermi surface nesting. perimental and theoretical investigations of this interesting
The contribution to the MCP from 35th and 36th down- double perovskite reveal that the FLAPW-GGA calculations
spin bands shows a maximum near 1 a.u. in[t®)] direc-  provide better agreement especially in the low-momentum
tion as shown in Fig. @); this is in turn reflected in the region than the FLAPW-LSDA results. The calculations
difference profile that has been observed between the 10 emonstrate that the DOS around the Fermi level originates

and 300 K data where a similar maximum is observed neaj h _ani +M i ith
about 1 a.u. Such an observation can also be noted when we. the down-spin bands afe+Mo ty, consistent wit

consider the band-wise contribution of the 35th and 36t he earlier band structure calculations. Furthermore, the
down-spin band and the 38th up-spin band contribution fo and-wise Compton profile results show that 35th and 36th

the[110] direction. In the down-spin bands, the DOS arounddoWn-spin bands have Mo and Eg contributions. The ex-

the Fermi level originates from the Mal4,, and Fe 8 ty, perimental results demonstrate evidence for the existence of

electrons, which are strongly hybridized with the @<tates.  nhegative spin polarization which arises from the down-spin

The fine structures revealed iJ.,{p,) indicate the tem- bands. The study also reveals that difference in the MCP

perature dependence of the nature of thestates—e.g., or- between the 10 K and the 300 K arises from the band depen-

bital ordering or growth of their Fermi surface bodies. Thusdent spin fluctuation.

from Figs. 3 and 4 it is now clearly evident that there is the ) )
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