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Isovalent-substitution effect on the Verwey-type transition
in the A-site-ordered double perovskite(Ba, Sr)RFe,O5
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Two types of chemical-pressure effects on the Verwey-type transition in Ba®mfee studied, viz.,
ionic-size contractions at the Ba and Sm sites. Whereas the replacement of Sm by the smaller Eu and Gd atoms
increases the transition temperatiig from 232 K to 264 K, the Sr-for-Ba substitution decreases it from
232 K to 180 K forx=0.15 in(Bay;_,Sr,)SmFeOs. Of various structural parameters determined by synchro-
tron x-ray diffraction abovd,,, the magnitude of the orthorhombic distortigrb—a) is found to correlate with
Ty in a manner that unifies both substitution schemes. It is suggested that when an incteaaeboveT,,
is achieved by means of the structural substitution, it makes it easier fok tife?* orbital ordering to occur
below Ty,.
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[. INTRODUCTION divalent element such as Ca. Both are shown to defrgss
but in a different mannée¥® This suggests the existence of a
The A-site ordered double-perovskite phad&'B,Os.s  contribution from thechemical pressuréan atomic-size dif-
with the B-site occupied solely by iron was reportfdr A ference for the case of Ca substitution. From a study on the
=Ba and A’=Sm,Nd in 1999. Até=0, the B&RFe,0O5,s physical-pressureffect on BaSmF£; it was learned that
structure consists of repeated slabs of double-layered squafg decreases with increasing hydrostatic pressure at a rate of
pyramids, (FeQ,),,, filled with Ba and separated by the approximately 57 K/GP&
rare-earth-metal atof. From®’Fe Méssbauer spectroscopy,  In the present article, we show that the Verwey-type tran-
a valence mixing akin to the Verwey transition in magnetitesition in (Ba, S)RFe,Os is affected differently by chemical-
(Fe;0,) was revealed via observation ofFand Fé* states  pressure effects at the twi-cation sites, viz.R and Ba. In
below the transition temperatuf®, and F&°* aboveT,.?  order to do so, two substitution series of the BaSyke
The transition is accompanied by abrupt changes in volumegarent phase are synthesized and investigated:
entropy, and electrical conductivity and by the appearance daRFe,0s.s (R=Sm,Eu,Gg and (Ba,_,Sr)SmFeOs.s

a small magnetoresistance efféc. (0=<x=<0.15.
Above theT,, of 200—300 K(T,, depending orR), the
pseudotetragonal B¥e,0O5 experiences a slight orthorhom- Il. EXPERIMENT
bic distortion that eventually vanishes at the Néel tempera-
ture Ty of ~430 K (independent oR).6 Below Ty, a three- Syntheses and oxygen-content characterizafitve poly-

dimensional charge ordering occurs. The resulting structurérystalline samples were synthesized from high-purity
has alternating chains of Feand Fé*378and exhibits an BaCO;, SrC0;, R;O3 and FgOs/Fe, using two methods.
increased orthorhombic distortion that implies ordering ofThe first was a ceramic synthesis followed by an oxygen-
the doubly occupied,, orbitals of F&*.69 This in turn ex- content control by Fe getter and tempering in 5%/ At
plains why the charge-ordering pattern is not of the checkertR=Sm, Eu; see Ref. 12 for detgil§'he second was a citrate
board arrangement that would minimize Coulombic repul-nanoprecursor method, followed by equilibration and
sion if point charges only were considered. Variatiomgfas ~ quenchingR=Gd; see Ref. 8 for detajlsFor determination
a function ofR in BaRFe,0s,*® shows that the charge and Of the oxygen nonstoichiometry, powdered samples were
orbital ordering is most stable whdhis small. The highest digested in 6M HCI, and the resulting solution was titrated
Ty of 309 K is accordingly registered f&®=Y.9 This favor- ~ With ceriun{IV)nitrate of precise molarity, under Ar protec-
able effect of smalR on the stability of the charge-ordered tive atmosphere. We aimed to maintairconstant through-
phase is interpreted in terms of diminishing interference ofut the sample series; the result is contained in the interval of
the “hard” R atoms with the large orthorhombic distortion 0.0195)<§<0.0425). From data in Ref. 4,AT,/A§
that accommodates thik, orbital ordering(in contrast to the =-45090) K can be evaluated for the relevant nonstoichi-
behavior of the “soft” Ba atont ometry range of BBF&,0s, s Using this value, a change in
The stability of the charge ordering decreases also with dy caused bys not being constant can be calculated, giving
departure from the ideal ratio of the two integer iron va-9(2) K across the nonstoichiometry interval of the
lences. Such an imbalance can either be induced by th-substitution series and(®) K for the Sr-for-Ba substitu-
added oxygens, or by substituting the trivalenR with a  tion series.
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Transition temperatures Resistivities of the sintered of chemical pressure. That is, whereas the contraction of the
samples were measured by a four-point metf@@uantum ionic size at theR site shortens equally, b, andc, the
Design PPMS-9 instrumenas a function of temperature un- contraction in the ionic size at the Ba site leazasichanged
der magnetic field of 0 and 7 T. A magnetoresistancelikeand decreases only the longer one of the orthorhombic
curve was obtained as the relative difference of these twéa andb) parameters. In order to explain this observation,
series, and the peaks on this difference curve occurring at thege need to note two important differences between these two
Verwey transition were extracted by least-squares fitting asites in the parent phase BaSrgBg (1) in terms of bond
Gaussian curves on a fourth-order polynomial background. M e
The peak top was regarded to be the transition temperatur "R (A)

. . . 1.05 1.06 1.07
Ty. Figure 1 illustrates this procedure. | | |

Structural parametersSynchrotron x-ray powder diffrac-
tion (SXPD) patterns were collected at the BLO2B2 beamline 260 | R= Gd
of SPring-8, Japan, with radiation of the wavelength
=0.50075 A for 5—15 min on each sample sealed in a quartz
capillary of 0.1 mm in diameter. An interval between 6° and

40° in 26 of the imaging-plate detector was scanned for use 240 7 B
in Rietveld refinements by the RIETAN-2000 programm. ~
|\>

Ill. RESULTS AND DISCUSSION 220 - -

In Fig. 2, the effect of ionic radidé on the determined,
is compared for the substitutions at tReand Ba sites. It is
seen that whereas decreasing ionic radius a{BlaeSh site 200 -
decreased,, decreasing the size of the atom does the
opposite. In order to explain this behavior in terms of steric
arguments, interatomic distances for the two substitution x=0.15
series were evaluated at a reference temperature o 180 -
300 K(T>Ty) (from the refined crystal-structure data | | |

listed in Tables | and ) for BaRFeOs,s; and 1.59 1.60 1.61
(Ba,_,Sr,)SmFeOs, 5. With allowances for somewhat differ- r(BaL'_XSrQ) (A)

ent oxygen contents, these data are consistent with the earlier

published data for the BRFe,0s, 5 phases:®10 FIG. 2. (Color onling Ty vs the Shannon “IR” ionic radiugRef.

It is seen from Tables | and Il that the variations in lattice 14) r, at the R site and the(Ba,Sy site in B&RFe0; and
parameters show a marked difference between the two typ&Ba; ,Sr,)SmFeOs.
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TABLE I. SXPD refinement results for B&e,0s,s (R=Gd,Eu, Sm samples at 300 K. Space group
Pmmm(No. 47): Rat(0,0,1/2, Ba at(0,0,0, Fe at(1/2,1/2 2), O(1) at(1/2,1/2,0, O2) at(1/2,0 z2),
0O3) at(0,1/2,2), O(4)=6sat(1/2,1/2,1/2. The occupancy of @) was fixed to cerimetrids. Isotropic
atomic displacement parametdBswere constrained equal for all oxygerg, is the minimum weighted-

profile (Ry,) value expected statistically.

R Gd Eu Sm
Ty (K) 264 252 232
Cerimetricé 0.019 0.035 0.039

Unit cell a(h) 3.93133) 3.93682) 3.94132)
b (A) 3.95373) 3.95782) 3.95972)
cA) 7.59425) 7.599%4) 7.610%4)
b-a (A) 0.02246) 0.021@4) 0.01844)

R B(A? 0.695) 0.755) 0.636)

Ba B (A? 0.445) 0.406) 0.496)

Fe z 0.26374) 0.26374) 0.26295)
B (A? 0.504) 0.564) 0.404)

o(1) B (A% 0.7712 1.0213) 0.7914)

02 z 0.305921) 0.318320) 0.320623)

03 z 0.312921) 0.301820) 0.297723)

Rup 9.52 6.39 6.87

Re 2.53 2.55 2.41

Bond lengths Fe—-Q) 2.002833) 2.004435) 2.001138)
Fe-Q2) 2.002726) 2.022@34) 2.028@40)
Fe—-Q3) 2.000930) 1.989623) 1.988324)
Fe-Q4) 1.794333) 1.795435) 1.804138)
Ba-Q(1) 2.78781) 2.79121) 2.793%1)
Ba-Q2) 3.0431121) 3.1192122 3.136%136)
Ba-Q(3) 3.091%122 3.0296119) 3.0088131)
R-0(2) 2.457Q95) 2.404@90) 2.397310)
R-0O(3) 2.434292) 2.486795) 2.5081107)
R-0O(4) 2.78781) 2.79121) 2.793%1)

valence, the Sm site is underbonded whereas the Ba site gt suppresses it when the ionic size at the Ba site decreases
not! and(2) the R atom is harder, less polarizable, and lessfor a givenR.

deformable than Ba. Consequently, the decreasing si® of In Fig. 3 all theT,, values that were determined in this
should contract the coordination culR®Og along all three study are plotted against lattice parametgrd, andc, the
directions in order to maintain the highest bond-valence sununit-cell volumeV, and the orthorhombic distortioly—a.
When the ionic size at the Ba site is decreased, the resultin@nly b—a provides a correlation witfi,, that is common for
underbonding is less severe and more efficiently eliminatetboth substitution schemes. The occurrence of this correlation
by contraction within the(ab) plane as there is no Ba—O reflects an increasing stability of the charge-ordered phase
bond parallel withc. The fact that, in the end, only the  (increasing Ty) via improving steric conditions for the
parameter is contracted must be associated with the higth, FE* orbital ordering. In a parallel application of the
hardness of th& atom, which becomes more exposed as thd_eChatelier principle, we note that compression of the lattice
diminishing ionic size at the Ba site “deflates” the structure.by means of physical pressure decreaSggRef. 11) be-
Accordingly, the orthorhombic distortion, as simply repre-cause V is increasing at the transition into the low-
sented by the differenck-a, decreases with increasing Sr temperature orbital-ordered state. Thus it is not surprising to
substitution levelx (Table Il). While the orthorhombic dis- observe that the orthorhombic distortion decreases under in-
tortion decreases with increasing Sr substitution level at thereasing hydrostatic pressure.

Ba site as one means of chemical pressure, it increases whenFurther analysis was carried out based on the refined
the unit-cell volume is suppressed by replacing the laRjer structure data, in order to see other structural parameters that
by a smallerR as the other means of chemical pressure. Thenay correlate witfT,,. The chosen parameters are illustrated
common denominator of this behavior is the higher hardnesi Fig. 4: the Fe—Fe distance across fRdayer (L,), the

of the R atom than that of the Ba atom, which allows the distance between the in-plane Fe atding along botha and
orthorhombic distortion to increase whBrbecomes smaller, b), the Fe—Fe distance across the BaO lajley, and the
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TABLE Il. SXPD refinement results foiBa;_,Sr,) SmFeOs, s (x=0,0.05,0.10,0.15samples at 300 K.
(See Table | caption for detais.

X 0.0 0.05 0.10 0.15
Ty (K) 232 210 194 180
Cerimetricé 0.039 0.041 0.042 0.029
Unit cell a(h) 3.94132) 3.94242) 3.942@3) 3.94331)
b (A) 3.95972) 3.95672) 3.95343) 3.95281)
cA) 7.61054) 7.61124) 7.61396) 7.60912)
b-a (A) 0.01844) 0.01434) 0.01146) 0.00952)
Sm B (A? 0.636) 0.624) 0.725) 0.773)
Ba/Sr B (A? 0.496) 0.524) 0.495) 0.334)
Fe z 0.26295) 0.26214) 0.26214) 0.26223)
B (A?) 0.404) 0.533) 0.474) 0.4Q3)
o(1) B (A?) 0.7914) 0.8411) 1.0512) 0.959)
02 z 0.320623) 0.309123) 0.303@36) 0.298223)
o) z 0.2977123) 0.304323) 0.308336) 0.315@q24)
Rup 6.87 9.12 9.47 6.63
Re 2.41 3.79 4.19 2.99
Bond lengths Fe—-Q) 2.001138) 1.995528) 1.995@33) 1.995222)
Fe-Q2) 2.028@40) 2.010431) 2.001144) 1.995325)
Fe-Q3) 1.988324) 1.997128) 2.002249) 2.012336)
Fe-Q4) 1.804139) 1.810129) 1.811333) 1.809322)
Ba/Sr—Q1) 2.793%1) 2.79281) 2.791%1) 2.79171)

Ba/S—-Q2)  3.136%136  3.069%132  3.0345211)  3.0061135)
Ba/S—Q3)  3.008§131)  3.046Q130  3.0692211)  3.107G138)

Sm-Q2) 2.397310) 2.4487102) 2.4768168) 2.4989110)
Sm-Q3) 2.5081107) 2.4764103) 2.457@164) 2.4262104)
Sm-Q4) 2.79351) 2.79281) 2.791%1) 2.79171)
buckling angle of the FePplane (e; along botha and b). ingly with distances in théab) plane. As a function of the

Figure 5 shows how these parameters correlate WjitHt is ~ diminishing ionic size at the Ba sitevhich causes a decrease
seen that there is no correlation common to both types of th Ty), Lo(b) changes more profoundly th&n(a), as follows
isovalent substitutions investigated in this study. Individu-from the predominant contraction alomgas a function of
ally, the Ty, values for theR-substitution series correlate with the increasing substitution level Interestingly, the buckling
distances along, in particular withL,, and this is directly —angles(b) does not become sharpertasontracts. The angle
related to the ionic size dR as discussed above. The valuesactually becomes more open as a function of increasing
of Ty for the Sr-for-Ba substitution series correlate accord-because the angle apex2p)moves towards the center of the

¢ (A)
7.52 754 7.56 7.58 7.60
| | 1 1 | | I | | | |

260 — B FIG. 3. (Color online Ty vs

lattice parametersa, b, and c,
240 — — unit-cell volumeV, and the ortho-
rhombic distortion b-a for
290 — | BaRFe,0O5 (solid circley and
(Bay_,Sr,)SmFeOs5 (open circles;
hence a double symbol for the
parent phase The size of the
symbols is several times larger

180 — — than standard deviations.
a b c
T T T T T T 1 T T T

3.93 3.94 3.95 3.96 3.97 118.0 118.4 118.8 0.010 0.015 0.020

a b (A) v (A% b—a (A)

Ty (K)

200 — —
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recollecting that Sm is slightly underbonded in terms of bond
valence, whereas Ba is nbAccording to the bond-valence
distortion theorent® the Sm coordination cube is distorted in
order to keep the Sm bond-valence sum up. When the dimin-
ishing ionic size at the Ba site deflates the structure, the Sm
underbonding, as well as the distortion of its coordination,
decreases alongside. However, a further Sr-for-Ba substitu-
tion eventually produces a need for a further distortion of the
Ba/Sr coordination so that the bond-valence sum is main-
tained. There appears to be no other correlation revealed by
inspection of the individual bond distances than such bond-
valence effects and the already identified change in the
orthorhombic distortion.

IV. CONCLUSIONS

Chemical-pressure effects were evaluated through two in-
dependent isovalent substitution schemes, viz., Sr-for-Ba
substitution in(Ba;_,Sr,)SmFeOs; and decrease in th&
ionic size in B&RFe,Os. The results show that the Verwey-
type transition is affected according to a single criterion of
how far the induced steric changes abdyeresemble those
needed to accommodate thg, orbital ordering of F& be-
low Ty. Because thel,, ordering proceeds upon an increase
in orthorhombic distortion;T,, as a measure of stability of
the charge-ordered state increases with increasing ortho-
rhombic distortion in the valence mixed stagdistortion
evaluated at 300 K The local chemical-pressure contrac-

FIG. 4. (Color onling A schematic illustration of the BRFe,0;  tions exerted by the two substitution schemes correlate in
structure in the valence-mixed state. Irgmeygen—-iron distances terms of T, with the previously studi¢d hydrostatic com-

L1, Ly, Lg and the buckling angle of the FeQ plane are marked. pressions only via the linkage between orbital ordering and

orthorhombic distortion. This once again proves that the so-
iron-oxygen slab. The apex(B) of the angles(a), which is  called chemical pressure is not the same as the physical pres-
along the shorter of the orthorhombic axes, does the oppcsure when exerted on structures exhibiting anisotropy of the
site, and the angle becomes sharper even though the unit-célbnd network. Therefore, chemical-pressure substitutions in
parameter is not changing. The process behind this can besuch structures are important means to control and tune the
followed from bond distances in Table Il and understood byelectronic properties.

Ly (A)
3.95 4.00
L 1 I 1 1 L L I 1 L L 1 1 I 11 1 1 I 1 ] I I I
260 A — FIG. 5. (Color online Ty vs
Fe«{O)-Fe distanced ,, L,, and
240 — | L3, and the Fe-O-Fe buckling
anglee (Fig. 4; note that, ande
2 are considered separately aloag
T 220 B andb), for BaRFe,0Os (solid sym-
g bols) and (Ba_,Sr)SMmFeOs
200 — | (open symbols; hence a double
symbol for the parent phagerhe
size of symbols is comparable
180 B with standard deviations.
b a a b
rrprrrr[prr rrprrrrpo T T T
3.60 3.65 4.00 4.05 155 160 165
L, (A) L, (A% ¢ (degree)
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