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Using neutron powder diffraction, we have investigated the structure gfFeéB&oQ; at temperatures be-
tween 10 and 490 K. The structure of B&MoQ; is cubic Fm3m and tetragonal4/mmmabove and below
Tc, respectively. The tetragonal structure exhibits axis that is only slightly longer than the baseparam-
eter. A structural distortion from the cubic symmetry is required by the ferromagnetic alignment of Fe and Mo
spins along a specific axis. The ferrimagnetic structure of the Fe and Mo sublattices is well described in the
magneticl4/mm'm’ space group. At 10 K, the FM moments for Fe and Mo refine~t.1(1) ug and
~-0.581) ug, respectively, with a total ferrimagnetic moment 6f3.52 ug, in good agreement with the
magnetization results and the high spin state of the Fe electrons. The lower than expected ferrimagnetic
moment is attributed to the presence of Fe and Mo in multiple oxidation states and possible site vacancies.
Bond-valence-sum calculations reveal the presence of significant strains in this system.

DOI: 10.1103/PhysRevB.71.174421 PACS nuni®er61.12—-q, 75.50.Gg

INTRODUCTION jority of Fe/Mo pairs would have oxidation states closer to
The recent observation of room-temperature tunneling*/5+ in SeFeMoG; and to 2+/6+ in BgFeMoG;. Both
magnetoresistance  in  half-metallic AJFeMoQ; (A  valence combinationé~e**—Mo®" or F€*—Mo®") would
=Ca, Sr,Ba double perovskite? and their importance to result in a saturated ferrimagnetic moment g4 however,
the emerging field of spintronics has led to considerable eft€ actual measured moment has always been observed to be
fort dedicated to detailed investigations of the physical anfonsiderably less than this value.
structural properties of these materials. In previous work, we

showed that SFeMoQ; crystallizes in cubidFm3m and te- SYNTHESIS AND CHARACTERIZATION

tragonall4/m symmetries at temperatures above and below  gigichiometric amounts of BaGQ Fe,0;, and MoQ,

its Curie temperaturéTc), respectively* The structure of \ere thoroughly ground and fired in air at 1000 °C for
its Ba,FeMoQ; counterpart, on the other hand, has fre-2 qgays, resulting in gray precursors. The,BaMoQ; double
quently been described as being cubic at all temperaturgserovskite phase was obtained by heating the precursor in a
above and belowTc, despite the material’s ferrimagnetic fiowing gas mixture of 0.5%-1% HAr, at a rate of
properties that re.quire it to have a !OWGF symmetry. In thisg 2 °C/min to 1150 °C for 2 h, followed by natural cooling
paper, we take into account the interaction between thgf the material to room temperature. The final dark-blue
nuclear lattice of the material and the ferrimagnetic orderinggense pellets exhibited ferromagnetic properties at room
of its Fe and Mo Spins_to demonstrate that the structure Olfemperature. Samp'es were characterized using room-
Ba,FeMoG; is cubic Fm3m only at temperatures abovies  temperature x-ray powder diffraction, neutron powder dif-
and tetragonalpseudocubic 14/mmmin its ferrimagnetic  fraction between 10 and 490 K, resistivity and magnetoresis-
state belowT.. The investigated material is ferrimagnetic tive measurements(5—-400 K), and dc magnetization
below ~321 K with the magnitude of the Fe and Mo mo- (5—400 K) using a Quantum Design Physical Properties
ments, reaching-4.1(1) ug and~-0.581) ug at 10 K, re-  Measurement System-Model 6000.

spectively. Refinements of the tetragonal structure are stable Time-of-flight neutron powder diffraction data were col-
and show that the slightly elongatedaxis is the easy mag- lected on the special environment powder diffractometer
netic axis for spin alignment. Magnetization measurementSEPD'* at the Intense Pulsed Neutron Sou(t@NS). Dif-
neutron powder diffraction, MOdssbauer spectroscopy, x-rayraction data were acquired at several temperatures between
absorption, and x-ray magnetic circular dichroism10 and 490 K using a closed-cycle helium refrigerator with
studies>®> have demonstrated the antiferromagnetic couheating capabilities. High-resolution backscattering data,
pling of the ferromagnetic Fe and Mo sublattices below theirfrom 0.5 to 4 A, and medium-resolution data collected at
ordering temperature(Tc) and revealed the presence of 90° (data up to 10 A were used for the structural determi-
mixed oxidation states for F&+/3+) and Mo (5+/6+) nation and analyzed using the Rietveld method and the Gen-
ions. Recent studié$!3 have demonstrated that increasingeral Structure Analysis Systeth.The medium-resolution
the size of theA-site ion results in increasing the fractional bank was particularly useful for the magnetic refinements
amount of F&*/Mo®* pairs in the material. As such, the ma- because it contained an additional magnetic pedak
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FIG. 1. Temperature-dependent dc magnetic susceptibility of
BaFeMoQ;. At 5 K, the magnetization saturates at 0.29, 2.29, and T (K)

3.67 ug under applied external fields of 20, 500, and 70 kOe, re-

spectively. The low-field measurements at 20 Oe show that the fer- FIG. 2. Resistivity measurements as a function of temperature
romagnetic transition occurs at321 K (T¢) with an onset tem- and applied magnetic fields are shown for our metallighg&100;
perature near 327 K. Magnetization curve versus applied externf@mple. The data clearly show a significant magnetoresistive re-
magnetic fieldup to 7 T) is shown in the inset. At 0.1 T, the spins SPonse 0f~30% —40% due to intergranular tunneling at tempera-
are almost all aligned with a measured moment value-8f2 ug.  tures belowTc and intragranular bulk effects aroufig.

~4.65 A at 10 K. In the analysis, background parameters granular MR response from 20% to 374t 70 kOg was
peak-width variables, extinction, and absorption were reobtained for a postannealed sample exhibiting semiconduct-
fined, together with the lattice parameters, oxygen atomidd and metallic properties above and beldy respectively.

positions, and isotropic and anisotropic temperature factorét temperatures nedfc, however, the magnitude of the MR
for the cations and oxygen, respectively. response remains unchanged, thus leading to the conclusion

that intragranular MR bulk effects are also present. Further
RESULTS AND DISCUSSION

480 F BN
Magnetic and resistive properties ) 490K |
A ferrimagnetic transition temperature of-321 K E 320 ]
(T onsef= 327 K) is clearly observed in the temperature- and s ]
magnetic-field-dependent magnetization measurements of £ 480 ]
Ba,FeMoG; (Fig. 1). As shown in the figure, at 6 K, a small §
field of about 1 kOe is large enough to nearly saturate the Fe g A ]
and Mo spin alignment, thus yielding an effective moment of *§ 0
~3.2 pg. At 70 kOe, the saturated moment reaches 357 z S ‘ | ]
(inset of Fig. 2. 600
Resistivity measurements as a function of temperature & g 10K |
and applied magnetic fields show a clear metallic behavior z
between 10 and 400 K with a small anomdkink) near : 400 | ]
321 K that corresponds to the ferrimagnetic ordering tem- s . ]
perature of the materialFig. 2). As the applied magnetic %200 b ]
field increases, the resistance of the sample decreases at all 8
temperatures.but most significantly at temperatures t_)elow § v g ﬁ *
Tc. The magnitude of this magnetoresistilR) response is S 0 S A
on the order of 30% to 40%, in good agreement with Maig- C A R ‘ ‘

nanet al’s reported resulfsobtained with their “metallic”
Ba,FeMoQ; sample. It is important to note that this behavior
is very different from that of SFeMoQ; for which MR
properties were observed only in nonmetallic samples. FIG. 3. Portions of the best-fit Rietveld profiles obtained using
Interpreting the field-dependent resistance measurement$e tetragonal space groug/mmmat 10 K and the cubic space
Maignan and his co-work_é’rsuggested the MR behavior of groupFm3m at 490 K. Observedplus signg and calculatedsolid
Ba,FeMoQ; as due to spin-dependent carriers being transiine) intensities are shown together with their differeribettom.
ferred across the grain boundaries in the bulk. The samgragg positions are indicated by the tick marks below the patterns.
investigators also showed that modifying the properties ofsterisks indicate the locations of the observed main magnetic in-
grain boundaries could be used to control this intergranulatensities modeled using the ferromagnetic space gtddmmm’.
MR behavior. Indeed, a significant enhancement of the interThe letter V refers to the vanadium peak of the sample can holder.

20 2.4 2.8 32 36 40 44 438
d-spacing (A)
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FIG. 4. The behavior of the lattice parametéigp panel and FIG. 5. (a) Average(Fe—0) (_square}sand(Mo—O) (circles
unit cell volume(middle panel as a function of temperature shows bond Iengt:s fotr) i,_eFeMoQ;B (f'”%j syr(;]bé)ls) %ndb SggelMoOﬁ
visible kinks near the ferrimagnetic transition temperature. The subgopen sym ols (b) Average(Ba—O) and (Sr—O0) bond lengt S
scripts C and T refer to cubic and tetragonal, respectively. ThéS @ f”F‘C“O” of temperaturéc) Tolerance fac_tor, calculated using
difference between the tetragonal lattice parameteasdc is very our_refined bond lengths, for BBeMoQ; (filled squares and

subtle, indicating the pseudocubic nature of the structure. The reSrZ':eNIOQ5 (open circles

fined magnetic moment of Fe and Mbottom panelyield values  _5 g5 A s possible but could not be confirmed because of
of 4.1(1) and ~0.581) ug, respectively, at 10 K with a ferrimag- e accidental overlapping of its “expected” peaks, if any, at
netic moment of 3.52g, in good agreement with the magnetiza- 2.03, 1.43, 1.17, and 1.01 A with the main ;BaMoQ;
tion’; results(bottom panel Dashed lines indica.tg the approximate peak’s(nam’ely, th’e cubic 400, 440, 444, and 800 lines, re-
location of the cubic-to-tetragonal phase transition. spectively. Small amounts of elemental Fe were seen, how-

) ) ) ever, in other related materials, such asF8MoQ; and
evidence for the intergranular MR behavior beldw was CaFeMoQ;, samples prepared under similar synthesis con-
presented by Yiret al,'® who measured the behavior of the gitions (data not shown To explore the possible off-
resistance within the grain and across grain boundaries in &ojchiometry of the investigated sample, we refined the site
SrFeMoG; thin film deposited on a SrTipbicrystal sub-  gccupancies for Fe, Mo, and O at all temperatures afigve
strate. (twelve independent data sgtshere the magnetic peaks are
absent and cannot interfere with the refined occupancies
(unit cells due to ferrimagnetic ordering and Fe/Mo cation
ordering are the sameThese refinements practically yielded

Neutron diffraction patterns reveal the presence of a tracgonstant values for the refined site occupancies and as such,
amount (~1% by weight or lessof BaMoQ, (tetragonal the mean valuesngy=1.0141), nyy=0.941), and n,
14,/a, a=5.582 andc=12.82 A) as an impurity phase. The =1 00510) were determined and kept fixed in all subsequent
weight percentage of BaMoQOwas estimated qualitatively refinements at all temperatures. While Fe and O sites are
from the very weak intensities of its barely visible Bragg essentially full, the Mo refined site occupancy indicates the
peaks and from unsuccessful attempts to include and stabijsssiple presence of some vacancies on this site, in agree-
lize the refinements of the structural parameters of this phasé,ant with the presence of the BaMg@npurity phase that
The presence of this phase implies, however, that othegy|q slightly offset the final composition of the main phase.
minute impurity phases might also be present. The presencsiher studies proposed the substitution of Fe on the Mo sites
of a very small amount of elemental Reubic Im3m, a  in Sr,FeMoQ; or the presence of antisite defect patéfé$

Neutron powder diffraction

174421-3



CHMAISSEM et al. PHYSICAL REVIEW B 71, 174421(2005

TABLE |. Select structural parameters and bond-lengths feFB®o0Q;. Tetragonal atom positions are: Fe(@t0 0), Mo at (00 %), Ba

at(2 0 2), Ocquatoriaidt (x x 0) and Qyyicaat (0 0 2). Cubic atom positions are: Fe @0 0, Mo at(3 3 3), Baat(; 3 1), and O a0 02).
Fe and Mo magnetic moments were refined usinglthenm’m’ magnetic symmetrysee text U’s are multiplied by a factor of 100.
T (K) — 10 100 200 295 390 490
Atom Variable [4/mmm A/mmm A/mmm B/mmm Frém FrBm
a(d) 5.689022) 5.690282) 5.695532) 5.704092) 8.0835%4) 8.096894)
cA) 8.046215) 8.048675) 8.056485) 8.070145)
V (A3 260.41%3) 260.6103) 261.3443) 262.57%3) 528.2107) 530.8287)
Fe Uiso (A?) 0.266) 0.336) 0.356) 0.546) 0.61(4) 0.785)
m (ug) 4.1(1) 4.01) 3.31) 1.92)
Mo Uiso (A2 0.228) 0.279) 0.5(1) 0.469) 0.666) 0.636)
m (ug) -0.5814) -0.5513) -0.5816) -0.7(3)
Mee~ Mo 3.5(1) 3.451) 2.721) 1.2(2)
Ba Uiso (A?) 0.142) 0.242) 0.382) 0.51(2) 0.802) 0.972)
Ocquatorial X 0.25466) 0.25375) 0.25385) 0.25424)
Up1 (R 0.373) 0.4(2) 0.42) 0.6(2)
Uas (A?) 0.8(4) 0.8(4) 1.04) 1.403)
U, (R 0.012) -0.1(3) -0.1(3) -0.1(2)
Oapical z 0.259814) 0.261%10) 0.261410) 0.262@9) 0.25782) 0.25822)
(or O in cubig Upq (A2 0.24) 0.33) 0.4(4) 0.4(3) 0.734) 0.81(5)
Uss (A?) 0.7(4) 0.813) 0.93) 0.7(3) 1.0522) 1.282)
Rp (%) 4.48 4.49 4.98 4.82 5.01 4.78
Rwp (%) 6.68 6.69 7.69 7.4 7.74 7.52
p% 1.377 1.365 1.486 1.390 1.335 1.309
Fe—Qp. (A) X2 2.09q11) 2.1058) 2.1068) 2.11538)
Fe—Qq (A) X4 2.0485) 2.0414) 2.0444) 2.0514)
(Fe-O (R) X6 2.0622 2.0625 2.0648 2.0720 2.08p 2.0902)
Mo—0Oy, (R) X2 1.93311) 1.9208) 1.9228) 1.9208)
Mo—0Ogq (A) X4 1.97%5) 1.9824) 1.9834) 1.9834)
(Mo-0) (A) X6 1.9606 1.9614 1.9628 1.9620 1.9890 1.9582)

that consist mostly of Fe rich clusters. Our results, howeverefinements were attempted with the symmetry lowered to

can only be interpreted as due to Mo vacancies because kgat of tetragonal 4/mmm which is a subgroup oFm3m.
substitution on the Mo site would otherwise result in a MO These refinements converged with a slight elongation of the
site occupancy being greater than uriltgcause of the larger ¢ axis with respect to the basal axis. In this tetragonal
scattering length of Fe Indeed, attempts to perform such space group, ferromagnetically aligned spins can be intro-
refinements resulted in meaningless occupancies. duced in the direction of the axis by taking the time rever-
The structure of Bd&eMoQ; is cubic Fm3m at all tem-  sal symmetry of then mirrors that are perpendicular to the
peratures abov&:, as shown in the best-fit Rietveld profile (100 and (110 directions, thus, resulting in the tetragonal
in Fig. 3. Within the resolution limits of our diffractometer, magnetic space groug/mm'm’. In this space group, the Fe
no sign of additional peaks or peak splitting has been oband Mo octahedra are no longer isotropic because the oxygen
served, belowl¢, in any of the data collected down to 10 K. atoms surrounding Feor Mo) split into two apical and four
However, taking into account the ferromagnetic ordering ofequatorial atoms, thus, giving rise to independent bonds in
the Fe and Mo sublattices and the observed increased intetiie in-plane and apical directions. Refined structural param-
sities of a few Bragg peaks due to the ferrimagnetic struceters and bond lengths are listed in Table I.
ture, the actual symmetry of the material in its ferromagnetic Lattice parameters, unit cell volume, and refined magnetic
state is required to be lower than cubic to create a uniguenoments for Fe and Mo are shown in Fig. 4 as a function of
magnetic axi$??° Otherwise, in the cubic symmetry, the temperature. As shown in the figure, the ferrimagnetic order-
magnetic structure could not be introduced and refined. Thusng of the Fe and Mo moments clearly correlates with the
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TABLE II. Bond-valence-sum (BVS) calculations, using room-temperature bond lengths, for
Ba,FeMoQ;, SnFeMoQ;, and CaFeMoQ;. BVS calculations were performed using the equation
=3¢ i)B wherey is the calculated valenc&=0.37 is an empirical universal constan=2.285, 2.118,
1.967, 1.734, 1.759, 1.907, and 1.907 for Ba, Sr, C&',Fee**, Mo®", and MJ&*, respectively, and;;
represents the cation-to-anion bond lengtee Refs. 22 and 25

Bond-length(A) Ba,FeMoQ; Sr,FeMoQy CaFeMoQy
Fe-Qp. 2.1158) X 2 1.99615) x 2 1.9867) X 2
Fe-Qq 2.0514) X 4 1.9838) x 4 2.0165) X 2
Fe-Qq 2.0155) X 2
Mo—0,, 1.9208) X 2 1.95115) x 2 1.9777) X 2
Mo—Ogq, 1.9834) x4 1.9638) x4 1.9715) %X 2
Mo—Ogq, 1.9665) X 2
A—Ogyp, 2.853713) x4 2.78661) x4 3.1652) x 1
A-O,, 2.4462) X 1
A=Oy. 2.3513) x 1
A-O,, 3.1173)x 1
A—Ogq. 2.852844) <X 8 2.7113) X4 2.6269) x 1
A—Oqq 2.8693) X 4 2.36810) X 1
A—Oqq 3.36210) X 1
A—Oqq 2.68911) X 1
A—Oqq 2.6159) X 1
A—Oqq 2.36810) X 1
A-Ogq 3.36110) X 1
A-Ogq 2.69210) X 1

vga=2.58 v, =1.96 vea=2.06

Usingr,, for Fe?* Vpe=2.41 UEe=3.03 UEe=2.89

Usingr, for Fe** UEe=2.58 Upe=3.23 vFe=3.08

Usingr, for Mo®* Umo=4.80 Umo=4.82 UMo=5.04
Usingr, for Mo®* UMo=5.19 UMo=5.21 UMo=5.04

behavior of the unit cell lattice parameters and volume. Attemperatures when compared to the corresponding bonds in
10 K, Fe and Mo moments refined te4.1(1) ug and SnFeMoQ; and CaFeMoQ;. For example, an average
~-0.591) ug, respectively, with a net ferrimagnetic mo- room-temperaturéFe—O) bond length of~2.075, 1.990,
ment of ~3.52 ug, in good agreement with the magnetiza- and 2.00 A is observed for B&eMoQ;, SpLFeMoQ;, and

tion data shown in Fig. 1 and other similar values reported ifc@&FeMoQ; (data not showyy* respectively. On the other
the literature. The practically constant Mo moment refined td1and, the dependence @fe—O) bond length on tempera-

a value of ~-0.581) ug at most temperatures belofy,  ture shows different behavior in BeeMoQ; wh_en compared
which is significantly lower than the theoretical value of 10 SkFeMoQs. In SpFeMoQ;, an essentially constant
—~1 ug expected for M&" ions but is in agreement with sev- (F&—0) bond length is observed as a function of tempera-
eral studies showing the itinerant character of the_Mp  ture, butin the case of BEeMoQ;, this bond is nearly con-

2 Ti i i
electron that is shared between Mo and Fe. Similarly, thSt@nt only below~200 K; it then increases monotonically at

- 5 tw
value of 4.1ug for Fe is significantly lower than the value of a rate of ~8.93x10°A/K be een 200 and 490 K. In
5 4ug that would be expected for Beions. As explained SrFeMoQ;, the nuclear and magnetic structural phase tran-

above, reduction of the refined Fe moment could be attrib—S itions as well as the rotation of Fg@nd MoQ; octahedra

. L .7~ “appear to occur in the vicinity df¢, thus making it difficult
uted to the presence of Fe and Mo ions in different oxidationy, iy separate the steric effects due to pure geometrical

states(Fe?"/Fe’” and Md*/Mo™") as well as to vacancies considerations from the electronic effects that result from

and disrupted grain surface and boundaries. magnetic orderinde.qg., splitting of thed energy levels As
Behavior of the averagéFe—O0), (Mo—O0), (Ba—O0),  noted in our previous pap@e—O bonds in SfFeMoQy

and (Sr—O) bond lengths as a function of temperature isare relatively short and are essentially constant over a wide

displayed in Fig. 5 for both B&eMoQ; and SgFeMoQ;  temperature range and the planarF® and Mo—O bonds

(data extracted from previous wéikAs shown in the figure, contract at a rate faster than the average thermal contraction,

the calculated averagdlo—O) bond lengths appear to be while the apical bonds contract at a slower rate. As the co-

constant, and temperature and sample independent; howeverdinated rotations of the corner-linked Feé&nd MoQ; oc-

a significantly largekFe—O) bond length is observed at all tahedra grow, the different contraction rates allow the planar

174421-5
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and apical Fe-O and Mo—O bonds to maintain nominally coming constant(t=1.0) at all temperatures above the
constant lengths in spite of the thermal contraction. Thustetragonal/cubic phase transiti&hThe unusually large va-
rotation of the Fe@octahedra occurs to relieve the internal lence state calculated for Ba and the calculated tolerance
geometrical strains caused by the-F© bonds being at or factor imply that this ion is under compressive strains. Inter-
near their minimal sustainable value, the onset of this rotapreting the results obtained for Fe and Mo, on the other hand,
tion does not have to coincide with the nuclear and/or magys not straightforward because of their multiple oxidation
netic structural transitions. As such, rotation of Eeftahe-  gate5 and the itinerant nature of the Melectrons, how-

dra is not necessary in BeMoQ, because théFe—0) ever, we speculate that Fe and Mo Iayezrs must be experienc-
bonds are considerably large2.06 to 2.09 A than the sug- ing tensile strains to at least partially counterbalance the

%estedd m'n'malt\.’alll"i of;l.t9_8 A.dOn 'E[he other htanq' €N compressive strains in the Ba layers. More investigative
anced geometrical frustrations due to smakesite ions o‘fvork is needed to resolve this issue.

lead to larger structural distortions and to more degrees
freedom (octahedral rotations and tijtdeing added to the

system as demonstrated by the monocliR&;/n structural CONCLUSIONS
distortion of CaFeMoG;, for example, as reported by Ritter ) ) . . )
et al® and otheré:” Using neutron powder diffraction, we have investigated

Finally, we used the bond-valence sum mefRdd esti- the evolution of the nuclear and magnetic structures of
mate the room-temperature oxidation states of Fe and Mo iF%&FeMoQ; as a function of temperature. The lattice param-
BaFeMoQ;, SnLFeMoQ;, and CaFeMoQ;. As shown in  ©ters and unit cell volume of BBeMoQ; are considerably
Table II, the calculated valence states of Fe, Mo, Sr, and c&ger than those of §FeMoG;. Similar to SpFeMoQ;, the
ions (in Sr,FeMoQ and CaFeMoQ) are in good agreement structure of BaFeMoQ; undergoes a phase transition from
with their expected values based on the assumption ofubic Fm3m to tetragonalpseudocubicl4/mmmat T but,
Fe*—Mo®* pairs in the materials, however, significantly unlike SpFeMoQ;, the FeQ and MoQ octahedra do not
different values are obtained in the case ofBzMoQ; with  exhibit any rotations. The cubic to tetragonal structural tran-
the oxidation states of Fe, Mo, and Ba calculated assition is required by the ferrimagnetic interaction of the Fe
~(2.4-2.5+, ~(4.8-5.2+, and~2.58+, respectivelyisee and Mo spins with the nuclear lattice. The ferrimagnetic
Table Il for more details The large oxidation state calcu- structure of BaFeMoQ; can be described using the symme-
lated for bivalent Ba is of particular interest because it indi-try of the tetragonal magnetit/mm'm’ space group. Fi-
cates the presence of considerable strains within the structurglly, our refinements show that the Fe and Mo moments are
in agreement with predictions based on the tolerance factogonsiderably lower and larger than their expected values in
calculated using nominal ionic sizes as tabulated in ShanF€*—Mo>" and Fé*—Mo®*, respectively, thus suggesting
non’s papef® suggesting that the synthesis of this materialthe presence of a mixture of both combinations. Bond-
would be difficult under normal conditions. However, the valence-sum calculations show the presence of significant
tolerance factokt), calculated using bond lengths extractedstrains in the system due to the large size of the Ba ions.
from our refinements, was found to be constant with.0 at
all temperatures between 10 and_ 490 K, thus indic_ating the ACKNOWLEDGMENTS
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