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Electron doping effects in conducting SgFeMoOg
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Effects of the electron doping on the magnetic and electronic properties have been investigated in the
conducting double perovskite FieMoQ;. Judging from the enhanced momexyj, at the Mo site, the doped
electrons are considered to occupy mainly the down-spin diodnd. Filling dependence of the saturation
magnetizatiorMg, the spin-wave stiffness coefficiebBt; and they coefficient are discussed on the basis of a
LDA +U band calculation. We further discuss possible origins for the magnetism.

[. INTRODUCTION effects on the magnetic and electronic properties in the con-
ducting double perovskite (gr,La,)FeMoQ;. By means of
The carrier doping by chemical substitution is a powerfulthe neutron powder-diffraction measurements, we have de-
tool for investigation of strongly correlated electron systemsfermined the respective magnetic moments, izg:, and
especially the perovskiteliked3and 4 transition-metal ox-  #wmo, Of (Sh_,La,)FeMoQ;. The enhancement of they,
ides. Most of the @ transition-metal oxides with integer Vvalue with doping indicates that the doped electrons occupy
filling, e.g., LaMnQ and LaCoQ, are insulating due to the mainly the Mo4l, band. With increase of the doping level
strong on-site Coulomb repulsidh With substitution of the  the saturated magnetizatidn,, and spin-wave stiffness co-
divalent Sf* ions for the trivalent LA" ion, however, efficientDg decrease, while the coefficient(electron con-
these compounds become ferromagnetic metal due to tHgbution in the specific heaincreases. We observed a seri-
double exchange mechanignEven in the 4i-electron sys- ous discrepancy between the rigid band model and the
tems with reduced) value, notable physical properties have €xperimental results at largarregion, even though this pic-
been reported. ture qualitatively reproduces the overalldependence of
Recently, ordered double-perovskite molybdenumMs, a, andy. The discrepancy is ascribed to the mixing of
oxide$™® A,MMoOg (A is a rare-earth metal ard is a 3d  the Fedl, state into the conduction band. On the basis of the
transition metal begin to attract current interest of material above arguments, we will discuss possible origins for the
scientists in the applicational point of view. Actually, Koba- magnetism of the conducting double-perovskite molybde-
yashiet al.” and Kimet al® reported room-temperature mag- num oxides.
netoresistance in gfeMoQ; due to the intergrain
tunneling® Among the double-perovskite molybdenum ox- Il. EXPERIMENT
ides, SyFeMoQ; is most extensively studied, because high
quality single crystals can be obtained by the floating-zone
method'®~12 Sr,FeMoQ; is ferrimagnetic and metallic with A series of crystals, ($r,La,)FeMoQ;, were melt
critical temperatureT,~400 K. On the basis of a local- grown by the floating-zone furnac¢eA stoichiometric mix-
density approximatioiLDA) band calculatior,the conduc- ture of commercial SrICQ La,O3;, F&0;, Mo, and MoQ
tion band is dominated by the Mad4 level, while was well ground, and pressed into a rod with a size of
Fe3d-electrons behave as local spins. The investigation o mmgx100 mm and sintered at 1200 °Grf2 h in a flow
the double-perovskite molybdenum oxides, however, is onlyf Ar gas. The crystal is grown at a feeding speed of
at the starting point. We should clarify the interrelation be-~20 mm in an Ar atmosphere. Black and shiny crystals,
tween the local spins and the conductivd édlectrons to typically 4—5 mm in diameter and-20 mm in length,
understand the physi¢and to optimize the functionalityof =~ were obtained. The neutron-diffraction experiment has re-
the system. vealed that thus obtained crystals are single domain. The
In this paper, we have investigated the electron dopingactual chemical composition of the melt grown

A. Crystal growth
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TABLE I. Lattice constants and relative length of the Fe-O botiel, 6/ dre.rd Of (SK_,La,) FeMoQ; at
300 K. The crystal symmetry is tetragondd(mmmn Z=2).

X a(A) dre-o/dre-re c(R) dre-o/dre-re Rup (%) R, (%)
0.00 5.57112) 0.2441) 7.89964) 0.2383) 2.77 7.89
0.10 5.57141) 0.2462) 7.90873) 0.2444) 2.63 7.05
0.20 5.57201) 0.2433) 7.90712) 0.24585) 3.09 5.85
0.30 5.57512) 0.2413) 7.90783) 0.2416) 3.50 4.45

(Sr 7Lay g FeMoQy crystal was determined by the induc- saturates ail ~3.3ug per an Fe site. The magnitude df;
tively coupled plasm&CP) method, and is almost the same systematically decreases with increasexpfand becomes
as the ideal values; Sr:La:Fe:Md.692 (1.7: prepared ~2.4ug atx=0.3. Here, we should be careful on the effects

value:0.316(0.3):1.024(1.0):0.972(1.0). of the B-site disorder, which suppresses the absolute magni-
tude of M.° Since the mixing ratics is nearlyx indepen-
B. Sample characterization dent, however, the doping-induced suppression of the net

magnetization is intrinsic. To determine the critical tempera-

In order to characterize thus obtained crystals, synchrog, o1 _for the magnetic transition, we further have measured

tron radiation x-ray powder experiments were carried out af e o :

. ; . emperature variation of the ac susceptibilityn the inset of
SPring-8 BLO2B2 to obtain the powder patterns with gOOdFig. 3, we plottedT, againsix. T, is nearly independent of
counting statistics and high angular resolution. The inner re- nd is:~400 K ¢ ¢ '

gion of the crystal ingot was crushed into a fine powder an In order to determine the magnetic moments for the re-

Wef[ﬁ zealed "& a tgﬂz rrm;qu?rtz ct:aplflllary. Przmpltatk:pr;] spective sites, i.eype and wy,, We have measured neutron
method was adoptedin order 1o get a Tin€é powder, whic powder-diffraction  patterns of gFeMoQ; and

gives a homogeneous intensity distribution in a Debye- ; . -
Scherrer powder ring. The wavelength of the incident x ra (Sr. 72 g FeMoQ; with the Kinken powder diffractometer

05 A and i for 5-10 mi Yor high efficiency and high-resolution measurements,
was~?9. » and exposure time was 1or > —=1U_min. HERMES, installed at the JRR-3M reactor in Japan Atomic
The crystal symmetry at room temperature ) is te-

"~ Energy Research Institute, Tokai, JaparNeutrons with
tragonal Mlmmm Z=2). We have anal;ged thqs obtained wavelength 1.819 A were obtained by tt@31) reflection
x-ray patterns with RIETAN-9% program;,” and listed the - 5o 1onochromater, and ©:B-Sample-18 collimation.
lattice parameters in Table I. We found no impurity peaks in '

. - . .Melt-grown crystal ingots 5 g) were crushed into a fine
the x-ray patterns. The final refinements are satisfactory, "E)owder and were sealed in a vanadium capsule with helium
which R, and R, (reliable factor based on the integrated

intensity  are fairly reduced Ru,—2.7-35%, R ?gc?i,gaerrlgt(r)r;ounted at the cold head of the closed-cycle He-gas
=4.5-7.9%). We further have estimated the mixing ratio Figure 3 shows neutron powder patterns ¢d)
of the B site with putting a virtual atom (+s)Fe’" SKFeMoQ; and (b) (S Lag)FeMoQ; at 15 K (<T,).

5+ + _ 5+
+sMo®" [sFe’" + (1-s)Mo®"] at[0,0,0 ([0,0,1/3). Thes Magnitudes of the respective moments are determined by the
value is nearly independent of except for x=0.3: s

=16(1)% atx=0.0,151)% at 0.1, 141)% at 0.2, and 0.8
21(2)% at 0.3. f Sr La,FeMoOg
07F [ SrFeMoOs T
C. Resistivity F ’gl l o »=0.0
-
For four-probe resistivity measurements, the sample was 0'6: % -
cut into a rectangular shape, typically ok4x1 mn?, and _o0sFE " A
electrical contacts were made with a heat-treatment-type sil- E L M T /
ver paint. Heat treatment has been done in a flow of Ar. Qosb O 200 400
Figure 1 shows temperature variation of resistivjiyof Rl T ®)
(Sr,_,La,)FeMoQ;. Overall feature of the-T2 curve of the 203 F x=02
doped crystals is essentially the same as that of the parent .
Sr,FeMoQ; (thick curve. The resistivity well scale3? in 02k
the temperature range from50 to ~350 K. Such & law -
has been ascribed to the electron-electron scattering or the o1k x=0.1
one-magnon scatteririg:'® : £ =0.05
» PRI T [N Y T T N Y WO W M W |
0 5 10 15
Ill. RESULTS AND DISCUSSION 7 (104 K)

A. Doping effects on the magnetic structure e L
FIG. 1. Temperature variation of resistivityp of

Figure 2 shows the magnetization curve of (sr, ,la)FeMoQ,. Note that residual resistivity, was sub-
(Sr,_yLay)FeMoQ, measured at 10 K. Thé/l value of tracted. Inset shows theT curve of SgFeMoQ;. T, is the critical
Sr,FeMoQ; rapidly increases with an external field, and thentemperature for the magnetic transition.
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L Srp_JLa,FeMoOg at 10K Sr,y_,La,FeMoOgq
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0 1 2 3 4 5 FIG. 4. Temperature dependence of the low-temperature spe-
Magnetic Field (T) cific heatC of (Sr,_,La,)FeMoQ;. Solid curves are the best fitted

results taking into account of contributions from electrons, spin-

FIG. 2. Magnetization curve at 10 K of (SrLa,)FeMoG;. waves and phonon€ = yT+ aT¥+ gT3.

The inset shows doping dependence of the critical temperaiure

for the magnetic transition. =3.8(2)ug and pye=—0.8(2)ug at x=0.3. At x=0.0,

. i . . both the moments are suppressed as compared with the ideal
Rietveld fitting (RIETAN-973, Ref. 19, in which we as- values (5.¢cg and —1.0ug for the Fé* and MG+ ions,

S‘{Q‘e a Co”'f.‘eaf magnetic structure W't.h spin d|re_ct|on alongrespectively This is partly due to the disorder of tiisite
c.”° Several impurity peaks, which are inevitably mtroduced-onS With increase ok, absolute magnitude Ofiyg in
. ) Mo -

from the skin region of the crystal ingot, were observed andcreases from—0.5(2)us at x=0.0 to —0.8(2)ug at X
were removed from the pattern. The obtained moments aré . ' B U : B
fr=4.2(2)s and pye=—0.5(2)us at x=0.0, and . =0.3. This enhancement qi,,, indicates that the doped

electrons occupy mainly the Mo4 band, consistently with

15 the LDA band calculatiohas well as the LDA U calcula-
- tion (vide infra).
[ (a) Srp;FeMoQg at 15K Bre ‘(1) 15 (é)) g
_ L 14/mmm Hmo -0 ;] ) . .
é 10 - A =1819 A B. Doping dependence of physical properties
g t gwp:ls“féz o g The electron doping has significant effects on the low-
E [ T ) § g g % temperature specific he& The temperature variation &
b S § T © g was measured by the relaxation method, and plotted in Fig. 4
g [E 9 A =9 againstT2. In the magnetic compound, the total specific heat
§ ok s is composed of three parts, namely, contribution from the
1 L 11 L J conduction electrons, the spin waves, and the phonons:
v Y ¥ v
I M B BT BT C=~T+ aT32+ 8T8, 1
20 30 40 50 60 14 k @
26 (degree) The solid curves in Fig. 4 are the best-fitted results. Thus
15 obtained parameters, that ig,and vy, are plotted in Fig. 5
[ (b) (Sr;.7Lag 3)FeMoQg Mre  3.8(2) pg
i -0.8(2 5
2 1ok at 15K Mo ) U | (2) (b | (o)
E L I4/mmm * 4 | Sr2.LaFeMoOs I
8 [ A=1819%A 1L I
o [ R,,=15.35 D O ER = o o |
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FIG. 3. Neutron powder profile ofa) Sr,FeMoQ, and (b) FIG. 5. Filling dependence df) saturation magnetizatioM ,

(S Layg9,FeMoQ; at 15 K. Crystal structures of both the com- (b) « (spin-wave, and (c) y (electron coefficients in the low-
pounds are tetragonal4/mmm Z=2). Solid curve is the results temperature specific heat of (SglLa,)FeMoQ;. Broken curves are
of the Rietveld refinement. results of a model calculatiofsee text
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againstx. The parameters of gfFeMoQ; are nearly consis- i
tent with the values reported by To%om al1® The ther- = 6F (@ up-spin SrafeMoOs
mal effective mass Mgt [=7% Ve, WhEre Yiee &} o
(=5.9 mJ/K¥ mol) is for the free electrons per Mo sjtes > 4
estimated to be=1.7. Such an enhancement of is per- z Fe3d
haps ascribed to the electron-correlation effect. Incidentally, g sk
the magnitude o3 (<® ~3; where® is the Debye tempera- e
ture) slightly decreases fron¥0.56 mJ/K mol atx=0.0 to 8 J
~0.53 mJ/K mol atx=0.3. 0 —
The contribution of the spin waves is expressed as _ sk (b) down-spin
=]
a=0.11%g(kg/Dg)*? 2) 5
[
wherekg andDg are the Boltzmann constant and the effec- Fd
tive spin stiffness coefficient for the acoustic branch, respec- g
tively. With use ofa(=0.8 meV A%?) atx=0.0, D4 is es- Y
timated to be~140 meV A%. Taking into account of the 8

ferrimagnetic structurel ¢ is further expressed as

Ds=4/3|a®SreSuo/ (Sre= Swo) ©))
. FIG. 6. Density of statéDOS) of SL,FeMoQ;. The electronic
whereJ and S; are the exchange coupling between the Fesyycture was calculated with the full-potential linearized aug-
and Mo spins, and the spin quantum numben/2) atthe  mented plane-wavé-LAPW) method within the LDA-U scheme
i site, respectivelya (=3.95 A) is the averaged lattice with the effectiveU parameter of 2.0 eV for Fe and 1.0 eV for Mo.
constant. Actual tetragonal lattice parameters at 300 K were used.
Here, let us argue the electron doping effects on the mag-
netic and electronic properties, i.84s, @, andy, in terms  put finite DOS atEr even for the up-spin state. The partial
of the rigid Mo4d, band. We summarized in Fig.6depen-  DOS of the Fed state is significantly affected by the oxygen
dence of(a) Mg, (b) a, and(c) y. The broken curve in Fig. position between the Mo and Fe ions, because the shorter
5(a) is the calculated magnetization, with assuming the defFe-O bond enhances the Fe8,4)-O2p hybridization.
creasing uyo [=—(1.0+x)ug] and the constanture As seen in Fig. ), the down-spin conduction band near
(=+4.3up). We further have calculated the value using  E is dominated by the Mod, (t,4) state, but has a consid-
Egs.(2) and(3). Magnitude ofJ(=—6.4 meV) is so deter- erable amount of the Fe3(t,,) components. This is be-
mined that theD value atx=0.0 becomes 140 meVA  cause the Mod, (t54,), Fe3d|(tpg)), and O, states can
On the other hand, increase of thecoefficient is qualita- be hybridized via ther bonding, and can gain the kinetic
tively reproduced by the free-electron picture, i.gen'/® energy with forming a wide conduction barndontrary to
=(1+x)“®[see a broken curve in Fig(&]. Thus the rigid- the down-spin band, mixing of the Md4(to;) and
band picture qualitatively reproduces the ovexallependent  Fe3d,(e,;) states is prohibited due to the different symme-
feature ofMs, «, and y. We, however, observe a serious try.] The mixing of the Fe@, state can explain the deviation
deviation of the experimental data from the calculation atof the experimental data from the simple model shown in
largerx region. Fig. 5. In addition, the mixing is consistent with the sup-

presseduge and uy, -
C. Comparison with the band calculation

Now, let us examine the electronic structure of parent D. Possible origins for the magnetic transition

Sr,FeMoQ;. We show in Fig. 6 the density of sta(BOS) Finally, let us discuss possible origins for the magnetism
for the up- and down-spin state of ,.6eMoQ;. We have of S,FeMoGQ;. Historically, the ferrimagnetism of this sys-
calculated the electronic structure with the full-potential lin-tem has been understood in terms of antiferromagnetic su-
earized augmented plane-wa¢eLAPW) method® within perexchange interaction between the Ni@!) spin and

the LDA+U schemé&?! with the effectiveU parameters of Fe**(d®) spins®= However, Moritomoet al® have indi-

2.0 eV for Fe and 1.0 eV for Mo. The actual tetragonalcated a strong interrelation between the conductiwifypy at
lattice parameters at 300 K were usexbe Table ). The room temperature and; in SLMMoOg (M =Cr, Mn, Fe,
plane-wave cutoff energies are 12 Ry for the wave functionand C9. This implies that the conduction electrons mediate
and 48 Ry for the potential and the charge density. We havéhe exchange interaction between the local‘Fepins. In
performed the self-consistent calculation with 8points in  addition, the picture of the local Md spins contradicts the
the irreducible Brillouin zone for the tetragonal lattice, which reduceduw,,, value of SgFeMoQ; [see Fig. 8a)].

correspond to 1% points for the fcc lattice. The calculated  As discussed in the previous subsection, the conduction
M =3.99uz) and y(=~4.9 md/mol K¥) are nearly consis- electrons have a considerable amount of thedreSmpo-
tent with the experimental resultsM=3.3ug and y  nent. Then, the carriers can mediate the exchange interaction
=10.0 mJ/mol K). The generic feature is consistent with between the local Fé (d®°) spins via the double exchange
the calculation done by Kobayasi al.,” who assumed the mechanisnt. Consistently, a characteristic cusp structure is
fcc lattice dre_o/dee_re=1/4). One may notice very small observed at=T, in the p-T curve of SgFeMoQ; (see the
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inset of Fig. 1, indicating interrelation between resistivity IV. SUMMARY
and magnetic ordering. The same mechanism is applicable
for Sr,FeReQ (T.=400 K), whose band structuris simi-

lar to that of SsFeMoQ;. Note that the exchange coupling
between the local Fé (d®) spins and the carriers antifer-
romagnetic Then, the strong hybridization between the
Mo4d, (t,5) and Fedl (t,q) states causes negative spin
polarization of the Mod electrons.

We have investigated the electron doping effects on the
magnetic and electronic properties in the conducting double-
perovskite molybdenum oxides (SklLa,)FeMoQ;. The
LDA +U band calculation indicates that the down-spin con-
duction band neaEr has a considerable amount of the
Fedd (t,q;) component, reflecting the strong hybridization
Quite recently, Kanamori and Terakéfhas proposed an between the FeBand Mo4d states. This is consistent with

' thex dependence of the magnetic and electronic properties as

alternative model for the magnetism of,EeMoQ;. If the well as the suppress and ., To clarify the significant
+ i i idi i Qﬂke Mo
Fe* spins are ferromagnetically ordered, the hybrldlzatlonrole of the Mo4l-Fead hybridization on the magnetism,

between the Fe and Modd states pushes uftlown) the spectroscopic investigations are indispensable
Mo4d; (Mo4d)) states located between the f[e3and P P 9 P '

Fedd, levels. Then, the electrons neg transfer from the

Mo_4dT stgte to the Mod, statg. Resultant kinetic energy ACKNOWLEDGMENTS
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