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The nuclear and magnetic structures off@MoQ; have been investigated using neutron powder diffraction
and Massbauer spectroscopy at temperatures between 10 and 460 K. Fe and Mo atoms are found to order on
alternate sites, as expected, giving rise to a double-perovskite-type unit cell. Upon cooling, a structural phase
transition from cubicFm3m to tetragonall4/m occurs at~400 K. In the tetragonal4/m structure as the
temperature decreases, the Ee@d MoQ; octahedra rotate continuously around thaxis by an angle of up
to ~5.6°. In thel4/m phase, the magnetic moments for Fe and Mo order ferrimagnetically. The Fe magnetic
spins first align along the direction and then rotate to an angle-e54° with respect to the axis; the refined
Fe magnetic moment saturates-a#.3ug. Mossbauer spectroscopy measurements show that the average
valence of Fe is intermediate between the high spin configuration values' éfaRd FeS. The temperature
dependence of the mean hyperfine field is in good agreement with the neutron-diffraction results and gives the
same transition temperature.

INTRODUCTION gest that the Mo electrons are itinerant.
With proPer annealing, SFeMoQ; samples can be made
The recent observation of tunneling magnetoresistance u||!93U|atlng,1’ semimetallic, or m_etalhc, W3hICh Is (’iléll_te un-
to room temperature in §FeMoQ; (Ref. 1) has drawn con- Usual because the charge ordering of the’red Mo" ions
siderable interest because of the material’s high magneti® Iexpéecl\t/led t? give rise to insulating p.rohpertles only. IdDeIo-
transition temperatur@ .(~400K) and its potential as an callze 0 electrons or cation nonstoichiometry cou 9 ex-
. O[)Iam the metallic behavior of the material. Sleigkttal.
alternative to the manganese compounds. In manganese 0x-

. . . . ggested that the F&Mo ™ combination could be degen-
ides, colossal negative magnetoresistance is usually observg te with the F&2-Mo*® combination and that this valence

near the magnetic transition temperature of the materigjegeneracy could be at the origin of the metallic behavior.
(Tc), which is typically below room temperature. The mag- |nsulating SsFeMoQ; samples were made metallic by post-
netoresistance becomes smalleiTasncreases to room tem- annealing in vacuum-sealed quartz tulies 72 h at 1373
perature, thus making it difficult to fully exploit the potential K),* and this behavioral change was alternatively explained
of these materials. as possibly due to the improvement of conductivity of the
Sr,FeMoQ; is an ordered double perovskite of the gral_n_—boundary phase or to the homogenization of the com-
A,BB’' Oy type with Fe and Mo atoms alternating on tBe  Position of the sample.
and B’ sites, respectively. Several measurenfefitsug- In this paper, we report temperature-dependent neutron
gested that the valence states of Fe and Mo areBd 5+ powder diffraction and Mssbauer spectroscopy results for a
respectively. Magnetization measurements, for example>’2F€MoQ; sample exhibiting a magnetic transition-a400
showed a net moment of 3—3.4ug at 4.2 K (Ref. 4 con- K and insulating behavior down to 4 K. The room-

sistent with an antiferromagnetic coupling between the Fdémperature structures of metallic and semimetallic
and Mo moments (5 1=4uz). A ferromagnetic coupling SrFeMoQ; samples are also presented. We find that a struc-

would otherwise give rise to a much larger net moment oflUral phase transition occurs & (~400 K for our sample
6up. where the structure changes from cubim3m to tetragonal
From x-ray-diffraction patterns, the structure of 14/m. In the tetragonal4/m structure, the magnetic moment
SrL,FeMoQ; was suggested to be either tetragonda, of Fe first aligns along the axis at temperatures closeTq
Xv2a,X 2a, 14 or tetragonal (pseudocubic (~2a,X and ther_l rotates, as the temperature is lowered, to an angle of
~2a,) X ~2a, (Refs. 2 and 5-77(wherea, is the unit cell ~~54° with respect to the axis (roughly along the{111]
of the primitive perovskite Recently, a cubi€m3m struc- direction. The refined magnetic moment for Fe saturates at
ture, at 300 and at 2.8 K, has been proposed by Gdranda ~4.3ug at the lowest temperatures and the magnetic mo-
et al® using neutron powder diffraction. However, details of Ments for Fe and Mo are found to order ferrimagnetically.
the nuclear and magnetic structures and the oxygen behavior
(locations, displacements, etcas a function of temperature,
have not been described. According to Garcandaet al.® Precursors were made from stoichiometric amounts of
the refined magnetic moment of Fe is 4gland Mo does SrCQ;, FeO;, and MoQ. These were intimately ground
not contribute to the magnetic intensities. The authetg-  and fired in air at 1273—1473 K for up to 7 days. A high-
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TABLE I. Synthesis conditions for sampldés B, andC.

PRB 62

Precursor 1: Raw powders annealed in air at 1273 Iday); pelletized and reannealed at 1473 Kh)
Precursor 2: Raw powders annealed in air at 127@ idays; pelletized and reannealed at 1273 K

days.
TGA synthesis
Heating rate Temperature Time
Sample Precursor (degree/min. (K) (h)
A Insulating Precursor 1 1.2 1573 2
B Semimetallic Precursor 2 1.2 1573 2.5
C Metallic Precursor 2 1.2 1573 2

temperature thermogravimetric balan¢€ahn TGA17}

were found to depend sensitively on the precursor history

with samples of~3 g was then used to synthesize theand annealing time. Resistivity measurements at several
Sr,FeMoQy phasein situ. Several thermal conditions and magnetic fields as a function of temperature are shown in
various reducing atmospheres were tried until best resultbig. 1 for three samples having different conducting proper-

were achieved. A gas mixture of 0.5—1 %#Ar, heating to
1573 K at a rate of 1.2 degree/min, and natural cooling to
room temperature yielded samples of high purity. The final
dense pellets are dark blue and magnetic at room tempera-
ture. Details of the synthesis procedures employed in prepar-
ing samples for this study are listed in Table I. Three
samples designated &s B, andC (insulating, semimetallic,
and metallic, respectivelywere prepared and characterized
by x-ray powder diffraction at room temperature, neutron
powder diffraction between 13 and 460 K, resistivity and
magnetoresistance measuremegdt2—-350 K, dc magneti-
zation measurementd.2—400 K; 400 K is the upper limit

for our instrumentusing a Quantum Design Physical Prop-
erties Measurement System-Model 6000, andssbauer
spectroscopy10—-460 K.

Mossbauer measurements were performed in transmission
geometry with a 50 mEMCo in Rh source kept at room
temperature and a krypton proportional detector. Measure-
ments between 10 and 460 K were made in an exchange gas
cryostat cooled with liquid nitrogen and helium. Rhodium-
iron resistance sensors allowed the control and stabilization
of the temperature to withirt 0.1 K.

Time-of-flight neutron powder diffraction data were col-
lected on the Special Environment Powder Diffractom8ter
(SEPD at the Intense Pulsed Neutron SoulteéNS). For
sampleA, diffraction data were acquired at 17 different tem-
peratures between 13 and 460 K using a closed-cycle helium
refrigerator with capabilities for heating above room tem-
perature. For sampleB and C only room-temperature dif-
fraction data were collected. High-resolution back-scattering
data, from 0.5 to 4 A, were analyzed using the Rietveld
technique with the General Structure Analysis System
(Gsas codel! In the analysis, background, peak width, and
the extinction parameter were refined, together with the lat-
tice parameters, oxygen atomic positions, and isotropic and
anisotropic temperature factors for the cations and oxygen
atoms, respectively.

RESULTS AND DISCUSSION

Resistive and magnetic properties
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FIG. 1. Resistivity and magnetoresistive measurements as a
function of temperature and applied magnetic field. At zero field,

The synthesis conditions described in Table | result insamplesA, B, and C show insulating, semimetallic, and metallic
high-quality samples. However, the conducting propertiegproperties, respectively.
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FIG. 2. Magnetization measurements for sampleB, andC [at
2 mT (a) and at 7 T(b)] showing an effective moment in the range
of 3.4-3.6ug at 4.2 K(7 T). Magnetization measurements vs ap- 2000
plied field (at 6 K, sampleA) are shown in the inset db).

Ofak ., .,

and C, respectively. From thermogravimetri€TGA) mea- 2 ;
S S 95 1.96 1.97 1.98 1.99
surements, we observe a small variation in the oxygen con- 3
tent of up t0~0.18%, which may not explaitby itself) the © 224 (b) > 400K
dramatic differences in the conducting properties for these Magnetic peaks 024 (T) \ <400 K
samples. Resistance measurements in fields up to 7 T 4000 -5 3'17033/015 f 1
L A

showed a negligible magnetoresistance effect for the metallic |
sampleC and a significant magnetoresistive response for r ,,'
samplesA andB that increases with decreasing temperature

!

e, 4
. . Y7 ATy A AR
(see Fig. 1 For sampled, the magnetoresistance effd¢de- 2000 EESRRS fasTae oo

: = =

fined as[p(T,H=0)—p(T,H)1/p(T,H)} was calculated to w{wm ,, < W

be as large as 10% and 30% at room temperature and at 4.2 E wa \

K, respectively, in good agreement with the results of Koba- |

yashiet all 0 . .
Magnetization measurements between 4.2 and 400 K and 1.50 1.55 1.60 1.65

in fields of 2 mT ad 7 T are shown in Figs.(2) and Zb). d-spacing (A)

Net moments of-3.4—3.6ug were measured at 4.2 @ T) ) ) )
[Fig. 2(b)] consistent with the values reported in the litera- F!G. 3. (@ Portions of neutron powder diffraction patterns
ture for SpFeMoQy. 2248 The small difference in magneti- SPoWing the presence of 0%, 2%, and 5% of SrMa@purity
zation measurements and magnetic transitiomigh a T, ~ P12S€ in samples, B, andC, respectively(b) Line splittings show-
near 400 K for samplé and higher for sampleB and C) ing the cubic(C) to tetragonalT) structural phase transition.
suggests that there may be subtle differences in the compo-
sitions of the samples. ~0.25)) positions, respectively. Oxygen atomsccupying
the corners of the octahedrare therefore located on the
edge of the unit cell between the octahedra.

At high temperature, above 420 K, the neutron powder

diffraction data can be nicely fit using the cubiam3m
model, as reported by GaecLandaet al® The raw data and

Neutron powder diffraction

Trace amounts of insulating SrMgQup to 5% were
seen in the neutron-diffraction patterns of sameand C
[see Fig. 8a)]. Its structuré® was included in the final refine-
ments and is listed in Table Il. At room temperature, all
remaining neutron-diffraction peaks are accounted for with a  TABLE Il. Room-temperatur¢300 K) structural parameters for
tetragonal/2a, X vZa, X ~2a, unit cell. Neutron-diffraction ~S™MOQx  a=5.3943(4) A, ©c=120436(16) A,  and
measurements between 13 and 460 K for sammow the volume=350.4%5) A3, Tetragonal symmetry of space grolfy/a.
splitting of several lines nedr. indicating a structural phase

2
transition from cubic to tetragongsee Fig. &)]. Atom X y z BAY
The cubic structure of SFeMoQ; can be described as a  Sr 0 1/4 1/8 0.83)
stack of ordered Fe and Mo octahedra that are connected to Mo 0 1/4 5/8 0.83)
each other through shared corners. Sr, Fe, Mo, and O are at o 0.2442) 0.1202) 0.0431) 0.92)

(1/4 1/4 1/, (0 0 0, (1/2 0 0, and (x O O; wherex
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et I
: . . the strain onset at-420 K. (b) The rotation angle of the FO
1.00 1.50 2.00 250 3.00 octahedra(open circley and the refined magnetic moment for Fe
d-spacing (A) (filled circles as a function of temperature. The figure shows the

remarkable scaling between the two parameters.

FIG. 4. Best-fit Rietveld profile using the space gr(fup?m at
(solid line) intensities are shown together with their differer{aé continuoust® followed by a subsequent transition td/m.

the bottom. At high temperature(above 300 K, the neutron-  he refined magnetic momenty, scales with the rotation
diffraction patterns contain extra peaks that belong to tltanlumangle and is nonzero only below 400 K

(from the sample hold@rThe structure of titanium was included in . . —
the refinements. Tick marks below the patterns indicate the Bragg O the results reported in this paper, fg3m model

positions for SsFeMoQ, (top) and Ti (bottom; when present was used for refinement of data B&420K and thel4/m
model was used for data at<400 K. We assign the transi-
best-fit Rietveld profile are shown in Fig(a}. However, a tion temperature to be 400 K within the resolution of our
tetragonal distortion, evidenced by selective peak broadeningxperiment. Tables Il and IV list the structural parameters
and, at lower temperatures, by peak splitting as shown in Figand bond lengths at selected temperatys), 400, 300,
3(b), is obvious below 420 K. At the lowest temperature, 13and 70 K for insulating sampl8) and at 300 K(for semi-
K, a tetragonall4/m model provides an excellent fit to the metallic sampleB and metallic sampl€).
data, establishing the structure of the phase bélgwThe Plots of the lattice parametessandc (wherea is multi-
raw data and best-fit Rietveld profile are shown in Fign)4 plied by v2 in the tetragonal regionand the unit-cell vol-
The 14/m tetragonal structure can evolve continuously fromume (volume multiplied by 2 in the tetragonal regioas a
the Fm3m cubic structure with the simultaneous develop-function of temperature are shown in Fig. 6. As can be seen
ment of a tetragonal straing (- a), and the rotation of Fep  from Fig. €a), both thea andc axes change smoothly with
octahedra. The transition is allowed to be continuous by bot€creasing temperature. However, thaxis exhibits a posi-
Landau theory and renormalization-group thebty. tive thermal expansion in thEm3m phase and a negative
The temperature dependencies of the strain and octahedtélermal expansion in thig/m phase. Subtle changes are also
rotation are shown in Fig. 5. In our experimental data, theseen around 380 K in the axis and volume thermal expan-
two order parameters, strain and rotation, appear to extrapsion. The absence of abrupt changdscontinuitieg in all
late to zero at slightly different temperatures, with the tetragthese structural parameters indicates that the structural phase
onal strain remaining slightly nonzero above 400 K. We con4ransition is continuous.
clude that this is an artifact of the data perhaps resulting from In the cubic structure, Fe atoms have six equivalent Fe-O
a small amount of chemical inhomogeneity in our sampleponds of length~1.995 A and Mo atoms have six equivalent
which would smear the transition over a narrow range ofMo-O bonds of length 1.956 AFig. 7). Below the transfor-
temperatures and give rise to selective peak broadening, withnation temperature to the tetragod/m phase(~400 K)
tetragonal character, above the average transition tempertize four planar bonds for each cation initially contract at a
ture. Moreover, if the tetragonal strain were to develop whilerate faster than the average thermal contraction while the two
the rotation angle remained zero, this would imply a transi-apical bonds for each cation contract at a slower rate. As the
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TABLE lll. Structural parameters for dfeMoQ;: SampleA (insulating, SampleB (semimetallig, and
SampleC (metallic).
SampleA SampleB  SampleC
Space Group Fmgm 14/m 14/m 14/m 14/m 14/m
T (K) 460 400 70 300 300 300
a(A) 7.897373) 5.580282) 5.5521%2) 5.571282) 5.571162) 5.5696&3)
c(A) 7.894905) 7.901345) 7.894618) 7.899917) 7.898628)
cla 1.41479 1.42311 1.41702 1.41801 1.41815
Vol. (A% 492.5466) 245.84%3) 243.57G3) 245.0424) 245.1982) 245.0263)
Fe at(000
B (A? 0.475) 0.505) 0.296) 0.31(6) 0.315) 0.285)
n 0.991) 0.991) 0.991) 0.991) 0.991) 0.991)
iy 0 0 3.51) 2.42) 2.61) 2.52)
s 0.4(4) 0.4(5) 2.52) 1.7(3) 1.4(3) 1.7(3)
)% 0.4(4) 0.4(5) 4.297) 2.946) 2.975) 3.066)
Mo at (00 1/2
B (A? 0.447) 0.30(18) -0.086) 0.328) 0.356) 0.407)
n 0.941) 0.941) 0.941) 0.941) 0.941) 0.951)
Sr at (1/2 0 1/4
B (A? 1.022) 0.992) 0.3011) 0.7169) 0.7297)  0.7519)
o) at(002
z 0.25246) 0.2524) 0.25428) 0.25289) 0.25197) 0.25148)
By 0.588) 1.4(3) 0.543) 1.268) 1.165) 1.21(6)
B,, (A?) 1.7503) 1.4(3) 0.54(3) 1.268) 1.165) 1.21(6)
B 1.753) 2.3 0.276) 0.506) 0.505) 0.54(6)
0(2) at(xy0)
X 0.2554) 0.27676) 0.26586) 0.26995) 0.26925)
y 0.2493) 0.22666) 0.23785) 0.23614) 0.23585)
By (A? 0.4(4) -0.087) 0.4 0.31) 0.31)
B,, 0.8(6) 0.91) 1.01) 1.1(1) 1.2(1)
Bas 2.43) 0.673) 1.3405) 1.395) 1.3605)
B, -0.6(2) -0.123) —0.474) —0.453) —0.484)
Xz 1.364 1.537 1.551 1.839 2.249 1.838
Rup (%) 5.17 4.78 6.22 5.77 5.28 6.25
PRe2 (%) 7.20 5.30 4.05 4.53 454 4.66
Rmag (%) 14.36 4.74 4.39 4.03 4.57
Ryp= V=W yi(0bs)—y;(calc)]?/=w;[ y;(obs)]?, wherei =1, n andn is the number of observations, apd
is the observed intensity.
PRr2= 3|1 (0obs)—I«(calc)/Z|I«(obs), wherely is the assigned intensity to théth Bragg reflection at
the end of the refinements.
TABLE IV. Selected bond lengths for §teMoQ; (samplesA, B, andC).
SampleA SampleB SampleC
Space Group Fm?m 14/m 14/m | 4/m 14/m 14/m
T (K) 460 400 70 300 300 300
Fe-Q1)x2 1.9944) 1.99333) 2.0096) 1.9966) 1.9905) 1.9876)
Fe-Q2)x4 1.9944) 1.99216) 1.9864) 1.9874) 1.9983) 1.9924)
Mo-O(1) X2 1.9564) 1.95533) 1.9426) 1.9636) 1.9605) 1.9626)
Mo-O(2) X4 1.9564) 1.95616) 1.9604) 1.9514) 1.9503) 1.9554)
Sr-Q(1)x 4 2.793063) 2.7910622) 2.776288) 2.786504) 2.785623) 2.784873)
Sr-02) x4 2.793063) 2.77313 2.64987) 2.712527) 2.69719) 2.696711)
Sr-0(2)x 4 2.793063) 2.81013 2.92698) 2.868229) 2.884910) 2.884G12)
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7.91 ; : : : diffraction measurement, show a small but significant in-
(@) crease 0f~0.07% between samples and B, and ~0.01%
between sampleB andC. Such a small difference suggests
that any differences in chemical composition must be very
subtle. Refinement of site occupancies could provide insight
concerning what defects exist that could account for sample
7871 i differences. In the Rietveld refinements with our data, oxy-
gen site occupancies refined to within one standard deviation
r . of unity and were, thus, fixed at unity in the final refine-
ments. The Fe and Mo site occupancies refined to(0)99
and 0.941), respectively, for sample8 and B and 0.991)
and 0.9%1) for sampleC. Since Fe has a larger neutron-
T scattering cross section than M@b(Fe)=0.954 barns;
i b(Mo)=0.695 barnkthe deficient scattering on the Mo site
Cubic cannot result from Fe substitution on that site. Moreover, it is
B unlikely that Fe would substitute at the significantly smaller
Mo site. We interpret the scattering deficiency as vacancies
which may result from the high volatility of Mo during syn-
- E thesis. The indication of a slight scattering deficiency on the
. . . . Fe site could be interpreted as Mo substitution for Fe at the
0 100 200 300 400 500 level of about 4%, but with an error bar as large as the value.
T (K) Thus, we have no clear evidence for Fe/Mo disorder. The
same conclusion holds for samplBsand C, for which the
FIG. 6. Lattice parametem andc (a) and unit-cell volumeb)  refined site occupancies are given in Table . Thus, within
as a function of temperature. the sensitivity of our measurements, we cannot attribute the
differences in these samples to obvious defects in the

coordinated rotations of the corner-linked Re@nhd MoQ, SrFeMoQ; structure. The differences in properties of bulk
octahedra grow, this allows the planar Fe-O and Mo-O bond§aterials prepared in different ways could result from second
to maintain nominally constant lengths in spite of the thermaphases in grain boundaries, as has been previously
contraction. This is illustrated in Fig. 7. In the isostructural proposed.

BaFeMoQ; compound, which has longer Fe-O bonds

(~2.07 A), the structure remains cubic at all temperatdfes.

7.89 + -
Tetragonal Cubic

14/m Fm3m|

Lattice parameters (A)

7.85

IS
©
)

IS

©

=
T

Tetragonal
14/m

Unit cell volume (A3)
N
(o]
©

487

This suggests that the Fe-O bond length~ef.995 A in Ferrimagnetism of Sr,FeMoOs
SrFeMoQ; is near the minimum that can be accommodated The SpFeMoQ; double-perovskite structure consists of
in this structure. nominally Fé" and Mc@* ions alternating in all three direc-

Even though sample&, B, andC exhibit significant dif-  tions. In the simplest models for the magnetic structure, the
ferences in resistivity and magnetization, the structural difmagnetic moments of these ions can be ordered parallel, giv-
ferences are very subtle. Refined structural parameters fafig a ferromagnetic structure in which the moments add, or
samplesB andC at room temperature are compared to thoseantiparallel, giving a ferrimagnetic structure in which the
for sampleA in Table Ill. Thec/a ratios (at 300 K, which  moment of M8" is subtracted from that of Bé. The ex-
are independent of systematic errdesg., resulting from pected magnetic moments are approximately; For Fe’™
sample positioning in the diffractome}en a time-of-flight  and 1ug for Mo®*. Thus, the saturated net magnetic moment

of ~3.6ug from magnetization measurements at Tidset
. . L of Fig. 2(b)] seems to be consistent with a ferrimagnetic
ordering model. Such a conclusion was suggested by Na-
2.00 é I % T e - kayamaet al. in 1968 (Ref. 7) based on neutron powder
IEERRR I

diffraction data. However, in a more recent study, Garcia-
Landaet al® concluded that there was no ordered moment
on the Mo ions and that the Fe ions exhibited an ordered
moment of 4.Lz. They speculated that the lack of a mag-
196 1 O % % é v Ttﬁ@@c} i netic moment on the Mo ions resulted from the itinerant
@ % % ] nature of the spin dowty electrons.
% ] In our neutron-diffraction data, we observe six significant
e FoOl = Mool ’ magnetic Bragg intensitieindexed as 217/415, 341, 305/
1.92 6 Fe-02 O Mo-O2 - 413, 231, 213, and 211/103 at 1.03, 1.10, 1.20, 1.51, 1.81,
! and~2.37 A, respectively Since the perovskite unit cell is
0 100 200 300 400 500 already doubled by the Fe/Mo ordering, all of these magnetic
T (K) reflections are coincident with nuclear Bragg reflections. Se-
lection rules do not define a unique magnetic structure. In
FIG. 7. Fe-Q1), Fe-Q2), Mo-O(1), and Mo-G2) bond lengths  general, the variable parameters in a model for the magnetic
as a function of temperature. structure are the magnitudes and canting angles for the Fe

Fe (Mo)-O (A)
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and Mo ions. Because of the small moment on°Mand its 1.00
form factor which falls off much more rapidly than for ¥e

we found that unconstrained refinements based on these four
variables were too poorly determined to give a unique result.
Refinements of the magnetic structure were, thus, done by
comparing three possible models for the contribution of Mo
and using only the data fat=1 A (while fixing all param-
eters that affect nuclear Bragg intensiji€Bhe three models 0.85
assumed Mo ordered moments qid (ferromagnetic order-
ing), —1ug (ferrimagnetic ordering and Qug (no ordered

0.95

0.90

Transmission

moment on Mo, as claimed by GaaeLandaet al®). The 0'80-1 ' 0 l 1 ' 2
weighted profileR values Ryp) for these three refinements Velocity (mm/s)
were 5.82%, 6.00%, and 5.90%, respectively. Thus, our data e

favor a ferrimagnetic ordering model, as concluded by Na- 1.00 press

kayama et al” The ordered moment on Fe refined to

4.22ug, with a canting angle of 54¢with respect to the 098

o
axis) at 13 K. The canting of the Fe moments was clearly % 0.96
seen at temperatures below 320 K. Between 320 and 400 K, E i
the observed magnetic peaks are weak and somewhat broad, & g4 1
making it difficult to refine the canting angle. At these tem- =
peratures, refinements were done with Fe moments aligned 0.92
along thec axis. We do not have sufficient sensitivity to say I
whether the Fe moments are canted. 0.90 :
Using this model for the magnetic structure, the Mo and 2 8 4 0 4 8 12

; . Velocity (mm/s
Fe magnetlc moments were constrained as Y ( )

FIG. 8. Mossbauer spectra for sampla (insulating of
Sr,FeMoQ; obtained in the paramagnetic sté& and belowT, at
10 K (b) where the existence of two magnetic components is shown
Hnset ofb).

-1
MMOZTZZMFe

and the total ordered moment for Fe was refined at eac
temperature giving the results plotted in Fighp The re-
fined magnetic moment appears to scale with the octahedraltes proper for an ordered double perovskite. The second
rotation angle and, in particular, goes to zero at the sameomponent with a relative area of 30% may be assigned to a
temperaturdwithin the precision of our measurementhis  higher charge state of iron since it has a smaller slft,
result shows that the magnetic ordering begins at the strugwhere shift is defined as the sum of the chemical isomer
tural phase transition;-400 K. The low-field magnetization shift and the thermal shift and larger magnetic hyperfine
measurementsFig. 2) show a somewhat broad transition field (Table V). This is thought to be due to the presence of

perhaps extending slightly above 400 K. We attribute thisvio vacancies near the Fe site. Reduced electron density in
observation to chemical inhomogeneity of the sample which

broadens the bulk magnetization transiti@monsistent with
our observation of a small tetragonal peak broadening above

400 K). r T T T T T T ]
1.00; T-375K 0.05
: 0.9/ T375K A T 250 0.05
Mossbauer spectroscopy 1.00 iy
Mossbauer measurements were made affRe nucleus 5 099 T'35°K W W \N
in SFeMoQ; over a temperature range of 10-460 K. Spec-'g 1.00 T=150K 1% 5
tra obtained abovd . indicate a paramagnetic stafEig. € 09870450 F 100
8(a)], and spectra taken beldl show the existence of mag- 2 B 1033
netic ordering(Fig. 9. The neutron diffraction results sug- ,‘_3 1.00 Loz
gest that two Fe environments should be seen: Fe inanun .. f !f v v ] ’
defected octahedral environment and Fe in the same i ] 4041
crystallographic site but where a neighboring Mo site is va- 0.0/ 1%K b T=10K lon
cant, giving a different Fe local environment. The two Fe 12 8 4 0 4 8 120 200 400 600
sites are seen in the Msbauer spectra at high temperature, Velocity (mm/s) H_, (kOe)

aboveT., and at low temperature, 10 to 150 K. Two-site
models have been used to fit the spectra in these temperature ;i 9. Temperature dependence of sdbauer spectra along
regions(Fig. 8). with the distribution of magnetic hyperfine field®(H ). In the fit

A simple two-site Lorentzian fitconstraining the inten- o the data all Mesbauer lines were constrained to have the same
sity ratio of the lines to 3:2:1:1:2)3vas made to the spectra Lorentzian linewidth and an ideal intensity ratio of 3:2:1:1:2:3, and
at 10 K[Fig. 8b)]. The main componeriarea about 70%  each sextet of lines was constrained to have the same shift and
with narrow lines, was assigned to the Fe atoms occupyinguadrupole splitting.
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TABLE V. Hyperfine parameters deduced from"sébauer low E¢ minus the contribution of the moment arising from
spectra for SfFeMoQ;. For definition of_the effective quao!rupc_)le the overlap of the itinerant Moy, and Fet,; down-spin
splitting see textI” represents the half-width of the absorption line. yand states. The total net moment at the iron site deduced
from Mossbauer spectroscopy is #4.4, suggesting a net
down 0.6ug at the Fe site. The value of 44, which is in
10 A,=70% 4771) 0.691) 0.021) 0.271) good agreement with neutron results, was obtained by using

A,=30% 5002) 0.611) 0.031) 0.451) the two weighted mean hyperfine fields of the main and sec-

T (K) Relative areaHq; (kO 25 (mm/9 & (mm/9 T (mm/9

440  A,=69% 0.501) 0.062) 0.271) ond component at 10 Ksee Table V, assuming that ongg
A,=31% 0.381) 0.451) 0.412) gives rise to 1;0 kOe.
At intermediate temperatures;150 K to T, the spectra
ashift with respect to iron metal. are more complexFig. 9). Above 1% K a broad distribution

of magnetic fields is observed which collapsed a{400 K
the vicinity of Mo vacancies would cause an enhancement ofor sampleA) into the single sharp line and a broadened
the magnetic hyperfine field, and also decrease the shift. quadrupole doubldtFigs. §a), 9]. This behavior is straight-
Above T, at a temperature of 440 K, the spectrum alsoforward to understand in terms of the defect structure. We
clearly reveals two components. Using the same two-sit@ropose that, because of the different Fe environments, mag-
Lorentzian fit also gives relative area of about 70% and 30%etic ordering develops differently in the defected and unde-
for the two components. At this temperature, the secondected regions of the structure. Thus, at intermediate tem-
component was fit with a quadrupole doublet. The relativegperatures, a distribution of magnetic fields is seen at the Fe
differences in the shift between the two components at 448ites. At low temperature, where the magnetic ordering has
and 10 K are in reasonable agreement. The presence of tlsaturated, the two distinct Fe siteenvironmentsare again
second component and its broad linewidth4l mm/$ is seen.
again consistent with the presence of Mo vacancies which Consistent with this physical picture, the spectra below
leads to local lattice distortions around the iron atoms. Then the intermediate temperature region were fitted in terms of
main component has a narrow linewidth27 mm/$ show-  a distribution of magnetic hyperfine fields using the method
ing that it arises from sites having similar environmentsof Wivel and Mortp.2® In this method, the spectra were ana-
rather than having a distribution of environments caused byyzed constraining all Mssbauer lines to have the same
Mo vacancies. Lorentzian linewidth, shift, quadrupole splitting, and an ideal
The effective quadrupole splitting is defined a$T  intensity ratio of 3:2:1:1:2:3. The resulting curv®$H ),
>T)=eQV,/2 and &(T<T.)=eQV,(3cog6—1)/4 whereH;is the magnetic hyperfine field, are shown in Fig.
whereQ is the quadrupole moment of the nucleus ghis 9 for sampleA. Below 150 K, there are two well-resolved
the angle between the principal aXis, of the electric-field  distribution peaks; thus the spectra below 150 K are essen-
gradient tensor and the direction bf.;. When the local tially composed of two distinct components. Above 300 K,
symmetry of the iron ion is less than cubic, a quadrupoleP(H.¢) evolves into a broad distribution of magnetic fields
interaction can split or shift the nuclear energy levels whichas the temperature approach&s. The significant line
is what is observed for the second component abbye broadening appears to be a feature characteristic of many
However, if the second component is due to Mo vacanciesperovskites:>°16-%8inden et al® recently published very
the angle betweeW,, andHq; will vary from one iron atom  similar Massbauer data for the same compound, in which
local environment to another. The term (3t6s1) would they observed evidence for a distribution of magnetic fields
have an average value of zero and the quadrupole splittingt intermediate temperatures.
should then vanish beloW, (see Table V. The quadrupole For sampleA, the ordering temperaturd,., was deter-
splitting for the main component was almost zero abdye mined to be~400 K from the temperature dependence of
(consistent with the cubic structure as seen by neutron diftHq¢), the mean magnetic hyperfine field, in good agreement
fraction), and belowT.. One may expect to observe quad- with the neutron-diffraction resultgrig. 10. The tempera-
rupole splitting for the tetragonal structure bel@w. How-  ture variation of the average shift is that expected if it were
ever, from the neutron-diffraction results, the iron magneticnainly due to the second-order doppler shiftig. 10
moments are found oriented to an angle~eB4°, with re-  insed.?® The small kink neaiT, is indicative of a second-
spect to the tetragonat axis, resulting in a small value order phase transition which is in agreement with the
(~0.04 for the term (3 co%6—1) and a negligible quadru- neutron-diffraction results. The spectra obtained for the three
pole splitting. samplesA, B, andC having different conductivity properties
The relative areas of the two components are the same énsulating, semimetallic, and metalliavere found to be
440 and 10 K(Table V) and are in good agreement with the similar to each other.
concentration of Mo-site vacancies from neutron diffraction. The hyperfine parameters most sensitive to the valence
A 6% probability of Mo vacancieg¢Table Ill) times 6 sites state of iron are the shifi, of the resonance spectrum and
gives 36% probability that a Fe atom will be adjacent to athe mean magnetic hyperfine figltli o) at the nuclear site.
Mo vacancy, assuming that the Mo vacancies are randomlyhe screening by thedshell electrons of 8 and 4 elec-
distributed. trons at the nucleus gives rise to a dependence of the shift
Mossbauer spectroscopy is sensitive to the total magnetigpon the @ population. Generally, the shift decreases with
moment at the iron site. Based on the calculations of Kobaincreasing charge-state of iron. Typical ranges of shifts
yashi et al,! the total magnetic moment at the iron site found in iron compounds at room temperature a@.3 to
should be g from the Fet,; and Feey up-spin band be- +0.6 mm/s and+0.8 to +1.5 mm/s for high-spin Fe and
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500 —— . . . . culation show that the up-spin band, placed below the Fermi
Boten o J4 level, is mainly occupied by 5FeBelectrons forming local-
400 - ] ] g ized spins on the Fe sites. The down-spin band which has
— v 1,8 density of states at the Fermi level is composed mainly of
2 s 13 3 hybridized Mo 4 t,, and Fe & t,, states. Thus, the Mo
Q 300 3 on i Q ) 9. 9> -
=3 AR T & ; = electron which occupies the down-spin band is itinerant and
Ay £ oss fs : 12 3 is shared among the Fe and Mo sites.
:I:q> 200 - = 0.56 Yy : ] g
v ° 4 3 13 CONCLUSIONS
100 g 0.48 tey, 11 3
R e T 1 F The nuclear and magnetic structures ofF&MoQ; have
0 TK) % ~ been investigated using neutron powder diffraction and
| | | -

Mossbauer spectroscopy at temperatures between 10 and 460
K. Fe and Mo atoms are found to order on alternate sites, as
expected, giving rise to a double-perovskite type unit cell.

FIG. 10. The mean magnetic hyperfine fie{thq) (filled From 460 to 4@ K, the structure of 5eMoQ; is cubic of

circles and the magnetic moment of Fe, determined from neutrorSPace grouf-m3m. A structural phase transition takes place
diffraction (open squarésas a function of temperature. The inset from cubic to tetragonal4/m at ~400 K. In the tetragonal
shows the variation of the shift(relative to iron with temperature. ~ structure, the Fe and Mo octahedra rotate arounctagis

by an angle of up te-5.6°. Below the transition temperature

Fe'?, respectively?*22In ionic compounds the most signifi- Te, _the magnetic moments of Fe first align _along thdi-
cant term which contributes to the magnetic hyperfine field igection and then rotate, as the temperature is lowered, to an
the Fermi contact interaction. Its value is proportional to the2ngle of ~54° with respect to the axis. The refined mag-
mean spir(S,) of the 3d electrons. For high-spin ions the Netic moment for Fe saturates a.3ug at the lowest tem-
values 0f(S,) are 5/2 and 2 for F& and F&2, respectively. peratures. Our neutron diffraction data indicate the presence
At low temperatures the Fermi contact term is about 550 kO&f @bout 6% of vacancies on the Mo sites and give evidence
for the Fe 3 and about 440 kOe for F&, which corresponds for the ferrimagnetic ordering of the Fe and Mo magnetic

to 110 kOe per Bohr magneton. moments.
The mean magnetic field at low temperatures was found MOSSbauer spectroscopy was used to probe the local mag-

to be intermediate between that for'Peand Fe2 (see Fig. "N€tic and electronic properties of,.5eMoQ;. Two compo-

10). The average shift was also found to be intermediatd'€Nts are found at low and high temperatures. The relative
between high-spin configuration values of‘Beand F&2. areas of the two components are consistent with the 6% Mo

For example, the Mesbauer spectrum at room temperature/2cancy concentration seen by neutron diffraction. The tem-
has a shifts=0.58(1) mm/s, which is close to the interme- perature dependence of the mean hyperfine field is in good
diate valence state F&5 (6=0.67 mm/$ for the B sites in agreement with the neutron-diffraction results and gives the
Fe,0,.242 The octahedraB si.tes in FgO, have distinct same transition temperature. The mean hyperfine field yields

states of F&® and F&2 below the Verwey transition, but 2 magnetic moment of 44 also in agreement with the

above the Verwey transition fast electron hopping occurs peneutron-diffraction results. From the shift measurements, the

tween F&3 and F&? resulting in the intermediate valence 2VErage valence of Fe is found to be intermediate between
state and shift measured. In a recent paper, Linetesl®  the high-spin configuration values of Feand Fe?,

have also concluded from N\dsbauer data for §feMoQ;

that Fe has an intermediate valence state and that there is no
Verwey transition in this compound. The intermediate shift We wish to thank Hagai Shaked for useful discussions
measured for SFeMoQ; is consistent with the metallic-like, and Simine Short for her technical support. Work at NIU was
bulk behavior observed in these compounés®?4and the supported by the ARPA/ONR and by the State of lllinois

semimetallic state model calculated for this compound byunder HECA. At ANL, this work was supported by the U.S.

Kobayashiet al! and measured by optical conductivity by Department of Energy, Office of Science, under Contract No.
Tomioka et al?* The density of states obtained by this cal- W-31-109-ENG-38.
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