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Abstract. In this work, a complete crystallochemical char-
acterization of two solid solutions, which were founded in
the binary end members system La,BaZnOs;—FEu;BaZnOs,
is reported. Both compounds belong to the family of
mixed oxides with formula Ln,BaMOs which presents in-
teresting magnetic, electric and optical properties. Several
works have been reported about this family of compounds
with the same stoichiometry but with different structures
depending on the M2t coordination and rare earth content.
Two solid solutions were obtained and characterized. Cell
parameters, density measurements and solubility limits
were determined for both solid solutions.

Structure refinements of Eu,BaZnQOs, La,BaZnOs and
the two solid solution series were carried out by the Riet-
veld method. Both structures and their relationship were
discussed.

Introduction

Mixed oxides with general formula RE;BaMOs have been
studied due to their interesting structural and physico-che-
mical properties [1]. When M?>~ = Cu, they are formed as
by-products or impurities called “green phases” during the
synthesis of the LnBa,Cu30;_, type superconductors [2].

This family presents four structural types characterized
by different coordination polyhedra around the divalent
transition metal [3].

These four groups can be described as follow: Type I:
Isolated distorted square-pyramidal MOs units with space
group Pnma, M = Cu, Zn, Co, Ni, RE = Sm, Eu, Gd, Tb,
Dy, Y, Ho, Er, Tm, Yb, Lu; type II: infinite chains of
MOQO¢ octahedra, space group Immm, M = Co, Ni,
RE = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu;
type III: isolated MOy square-planar units, the space group
is P4/mbm, M = Cu, Pd, Pt, RE = La, Pr, Nd, Sm, Eu,

* Correspondence author (e-mail: meve @servidor.unam.mx)

Gd, Tb and type IV isolated MO, tetrahedra, space group
I4/mem, M = Zn and RE = La, Nd.

In this work, we studied the compounds of the binary
system La,BaZnOs—Eu;BaZn0s. Both phases have differ-
ent structural types: La;BaZnOs has a tetragonal structure
with space group I4/mcm and with isolated MOy tetrahe-
dra [4]. Meanwhile, Eu;BaZnOs is orthorhombic, space
group Pnma and with isolated MOs square pyramidal
units [5].

Although this family of compounds has been widely
studied, not much work has been done in binary systems
in which solid solutions have been formed [6]. Our mean
interest is to study the structural change when different RE
cations are introduced in the lattice in order to form solid
solutions series in both sides of the binary system.

Wong-Ng, et al. report the Rietveld refinement results
from synchrotron radiation and neutron diffraction data for
BaR,Zn0Os (R=La, Nd, Dy, Ho, Er and Y), but not a solid
solution series [7]. We have recently reported the
Eu; gl.ag ,BaZnOs structure [8].

Experimental

Sample preparation

The solid solutions series were prepared by solid state re-
action. Starting materials were LayOs; (99.99%, Aldrich),
Eu;03 (99.99%, Aldrich), BaCO; (99.99%, Aldrich) and
Zn0 (99.99, Aldrich). Appropriated quantities of the reac-
tants with 10 g total weight were mixed with acetone for
at least 10 min in an agate mortar and pestle. Powders
were heated in air, using tin oxide crucibles at 700 °C for
few hours to expel CO,, finally products of La;BaZn0Qs
with Eu** was fired at 1050 °C for a period of 2 to 5 days
meanwhile compounds of Eu,BaZnOs with La** were
fired at 1200 °C for the same period of time. Since all
compounds are easily hydrated, they were kept in desic-
cators.

X-ray diffraction analysis

Products were identified by X-ray powder diffraction with
a Bruker axs D8 Advance, CuK, radiation with secondary

4

¥

—— ~-

——

La

Re

In |
sol
X-r
mes:

tion
app
sho
soli

Intensity (a. u.)

Fig. -
(x =



4

1246 < Crystal chemistry study of the solid solutions in the system La;BaZnOs—Eu,BaZnOs 247
chen :
<
‘ Two
< Phases
Lag.xEuBaZnO;s
< and
. . Euyyla,BaZn0s
, LagBaZnO_e, Eu;BaZnOs
0 70 90 100
< mole % Fu O3
Fig. 1. Solubility range of the solid solutions and the range in which a mixture of the two phases appears.
¢
< graphite monocromator (35kV, 30mA), A =1.5406 A. La,_,Eu,BaZnOs solid solution
For accurate determination of the lattice parameters, a . . .
scan range 10°~110° 26, with 0.02° and 12ps as a count La,BaZnOs with Eu** forms an extensive range of solid so-
<« ’ ) lutions with formula: La;_,Eu,BaZnOs with 0 < x < 1.4.
time per-step was used. DIFFRACT Release 2000, Eva : -
V6.0 0 [9] d to obiai 1 Ived The proposed replacement mechanism of the solid solu-
& 7 Tev U Program 7] was used fo obiain well Iesolve tion formation is: La** « Eu**, which was supported by
roup powder lines. Structure refinements by the Rietveld meth- . ’ :
od from X-ray powder diffraction data were carried out density measurements and cell parameters evolution (Ta-
<« Yy P ble 1).
inary using the Fullprof program [10]. The employed profile
iffer- ¢ Was a pseudo-Voigt function. To determine the crystal 11.70
cture structure, from powder diffraction data, the isostructural 1165 ]
rahe- ] compounds Nd,BaZnOs [11] and Y,BaZnOs [12] were the ]
jpace starting model. c NeoT-e— o
nidal The density measurements were performed using speci- 11.85 4 ¢ o 4
< . . . . ] T—— @
fic gravity bottles with CCly as displacement liquid. 11.50 -
idely < 11.45
items 1 B
mean Results and discussion T T
it RE ¢ 6.95
1 a
solid In the La;BaZnOs—FEu;BaZnOs binary system, two solid 6.90 7 A
solution series were synthesized and characterize DA A
< solut ynthesized and characterized by 6.85 o _
ssults X-ray powder diffraction, Rietveld refinement and density 880 \\A\\‘
ia for € measurements. 8751 A
solid Figure 1 shows the solubility range of the solid solu- 8.70 1
1 1 1 ] 6.65 T T T T T T
the <« tions and the range in whlcs:g a mlxtur;:+ of the two Phases 00 02 04 06 o8 10 12 12 16
appears as function of La’* and Eu’" content. Figure 2 x
« shows the X-ray diffraction patterns of La, ,Eu,BaZnQOs Fig. 3. Cell funcii £ 1 in Lo Eu.BaZnO. solid
: : . : 1g. JS. (S parameters as a function of x in La; Eu, nls sol
solid solutions series as a function of x amount. solution. A linear fit for @ and ¢ are shown (R = 0.9997 and 0.99765,
< respectively).
‘ +
) _J x=14 8.0 ]
te re- P 7.8 ¥ mecasured density (p, )
Irich), I L¢ L x=12 7.6—: ® calculated density ( p_)
) and « 3 i ]
7.4 4 —
reac- i ] .
- x=1.0 ]
1e fOl‘ ‘ Z‘ _.__‘_A_JK_AL,UL_.__J\___A_U_M_M 72_: 7/.////’:/ v
wders K “ ] R /
'C for '2 . JLJ \ " x=038 {E’ 7.0 //"/:
- ) ] "
ZnOs ¢ < 689 e v
j days A L x=0.6 6.6 —~§ v
were A ]
ce all ‘ 1 }b»__)‘l A Kn M _n x=02 64—5
desic- 6.2
4 L x=0 6'0-'I'I'I'I'I'l'l‘l'
—————— 02 00 02 04 06 08 10 12 14 16
20 30 40 S0 60 70 80 90 100 x
4 20
. Fig. 4. Experimental and calculated density measurements as a func-
n with Fig.2. X-ray powder diffraction pattern of La,_,Eu,BaZnOs tion of x in Lay ,Eu,BaZnOs solid solution. A linear fit for calcu-
ndary { x=0-14) lated density is shown (R = 0.99997).



248 A. Herndndez-Pérez, L. Bucio, A. Ibarra-Palos et al.
B 2l A) e A) Vi A3) W om or Table 1. Cell parameters of La;_,Eu,BaZnOs.
(g/mole)  (g/em®®  (g/em)

0.0 6.9148(1) 11.5989(1) 554.595(9) 560.53 6.66 6.7110(1)
0.2 6.8837(1) 11.5867(1) 549.034(4) 563.14 6.71 6.8106(1)
0.6 6.8315(1) 11.5637(1) 539.663(7) 568.36 6.84 6.9931(3)
0.8 6.8040(1) 11.5524(1) 534.808(5) 570.98 6.98 7.0891(1)
1.0 6.7789(1) 11.5416(1) 530.384(5) 573.59 7.08 7.1809(5)
1.2 6.7534(1) 11.5288(1) 525.809(8) 576.20 7.16 7.2763(3)
1.4 6.7271(1) 11.5238(2) 521.50(1) 578.81 7.24 7.3697(1)

a: error is 0.3%

Table 2. Reliability factors (%) for La,_,Eu,BaZnOs (not corrected
for background).

2

x Ryp Rexp Raragg R X

0.0 11.1 6.63 5.88 5.06 2.79
0.2 10.5 5.89 6.32 5.52 3.19
0.6 11.2 5.97 6.70 5.18 3.55
0.8 10.4 6.20 5.58 478 279
1.0 103 6.64 4.84 4.35 2.39
1.2 11.9 5.58 6.94 5.05 4.57
14 12.9 6.94 5.16 5.60 3.48

Cell parameters are presented in Fig. 3. Both ¢ and a
decrease with Eut content, but different slopes are ob-
served in cell parameters plots showing that the contrac-
tion of ¢ is smaller than a.

Experimental and calculated density values are shown
in Fig. 4. Experimental data are well consistent with the
calculated values for the proposed stoichiometric substitu-
tion. Experimental results are 1 to 3% lower than the cal-
culated values for this solid solution replacement mechan-
ism. This is a common effect observed when the density
of a powder is measured using a displacement liquid and

Table 3a. Atomic positions for La, Eu,BaZnOs in [4/mcm.

Atom site X y z
La/Eu 8h X1 b 0.00
Ba 4a 0.0 0.0 0.25
Zn 4b 0.0 0.5 0.25
01 4c 0.0 0.0 0.0
02 16/ X2 2 2

it is attributed to the difficulty in removing residual air on
the surface of the particles. The important result is that the
experimental data follow quite well the calculated data,
indicating that the proposed mechanism of solid solution
formation is correct.

For La,BaZnOs and six compounds of its solid solu-
tion with Eu?t (La,_,Eu,BaZnOs, x = 0.2, 0.6, 0.8, 1.0,
1.2, 1.4) Rietveld refinements were carried out, the relia-
bility factors of each refinement are listed in Table 2. The
crystallographic data of these seven compounds are shown
in Tables 3a and 3b, with the crystallographic positions
and the thermal parameters for La, ,Eu,BaZnOs solid so-
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Fig. 5. Rietveld refinement results for Lap¢Eu;4BaZnOs (x=14).
Cross marks and continuous line represents the observed and calcu-
lated patterns respectively, the difference plot between them are
shown below. Bragg positions are represented as vertical marks.

Table 3b. Atomic positions for La,_,Fu,BaZnOs corresponding to the parameters defined in Table 3a.

x La/Eu 0, Bis, (A%

X1 i X2 y2 43 La/Eu Ba Zn 0y/0,
0.0 0.1739(1) 0.6739(1) 0.3563(10) 0.8562(10) 0.1319(6) 0.62(3) 0.90(4) 0.60(8) 2.0(1)
0.2 0.1745(1) 0.6745(1) 0.3551(7) 0.8550(7) 0.1304(5) 0.25(2) 0.47(3) 0.57(7) 0.6(1)
0.6 0.1745(1) 0.6745(1) 0.3584(9) 0.8584(9) 0.1349(5) 0.34(3) 0.27(3) 0.28(7) 0.9(1)
0.8 0.1747(1) 0.6746(1) 0.3547(8) 0.8547(8) 0.1330(5) 0.15(2) 0.14(3) 0.11(6) 0.3(1)
1.0 0.1743(1) 0.6742(1) 0.3601(8) 0.8601(8) 0.1302(5) 0.41(2) 0.53(3) 0.25(6) 0.7(1)
1.2 0.1742(1) 0.6742(1) 0.3536(9) 0.8535(9) 0.1310(5) 0.54(2) 0.51(3) 0.49(7) 1.1(2)
1.4 0.1737(2) 0.6737(2) 0.3596(10) 0.8596(10) 0.1288(6) 0.86(3) 0.66(4) 0.87(9) 1.0(2)
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lutions. Figure 5, is a Rietveld refinement plot for a repre-
sentative member of the solid solution (Lag¢Eu; 4BaZnOs)
which corresponds to the solubility limit.

Eu;_,La,BaZnOs solid solution

The solid solution on the opposite side of the binary system
has a shorter solid solution limit, with the same replacement
mechanism and following formula: Eu,_,La,BaZnOs with
0 <y <0.2. The corresponding cell parameters and den-
sity measurements are reported in Table 4. This solid solu-
tion has a smaller solubility range, two different composi-
tions were obtained, y=0 and 0.2; cell parameters are
larger in Euglag,BaZn0s. As in the La,_,Eu,BaZnOs
solid solutions, density measurements are in agreement
with the proposed solid solution formation mechanism in
which a stoichiometric substitution of the La** for Eu3* oc-
curs. The crystallographic positions for Eu,_,La,BaZnOs
and the reliability factors for the corresponding Rietveld
refinements are shown in Table 5.

Structural description of tetragonal system
La;—Eu,BaZn0Os (0 < x < 1.4)

The structure (Fig. 6), is built up by La/EuOg bicapped
trigonal prisms in alternative layers of La/Eu, ZnOy tetra-
hedra and BaO;( bicapped tetragonal antiprism. The sym-
metry is described by the space group 4/mcm, in which
lanthanum ions with partial substitution of Eu** occupy
8h sites at the center of the bicapped trigonal prisms
formed by O(1) and O(2) oxygens. The body of the trigo-
nal prism is formed by O(2) while O(1), located at the ori-
gin of the unit cell, complete the two vertexes of the bi-
capped prism. The effect of Eu* substitution in the

Fig. 6. La,_,Eu,BaZnOs structure.

structure increasing of x values, is reflected in the decrease
of a parameter (Fig. 3). Bond distances (La/Eu)—O(1) be-
come from 2.555 A (x=0) to 2.487 A (x = 1.4), Table 6,
s0 O(1) corners of the bicapped prism become closer with

Table 4. Cell parameters for Eu,_,La,BaZnOs.

a(d) b (A) c(d) VA EWw Om O
(g/mole) (g/em’)®  (g/em®)
0.0 7.17634(8) 12.5317(1) 5.78936(7) 520.65(1) 586.627 7.32 7.4817(1)
0.2 7.1952(1) 12.5720(2) 5.8035(1) 524.97(1) 584.04 7.27 7.3871(1)

a: error is 0.3%

Table 5. Atomic positions for Eu,_,La,BaZnOs in Pbmn, and reliability factors (%) not corrected for background.

EuzBaZnOS (y = 0)

Eul‘gLaoAzBaZn05 (y = 02)

Atom  site X y z Bi, X y Z Biso

Eul 4c 0.1182(3) 0.2928(1) 0.25 0.28(2) 0.1160(3) 0.2909(1) 0.25 0.24(4)
Eu2 4c 0.3974(2) 0.0739(1) 0.25 0.28(2) 0.3977(2) 0.0744(1) 0.25 0.08(4)
Ba 4c 0.9251(2) 0.9001(1) 0.25 1.04(3) 0.9267(3) 0.9012(1) 0.25 0.11(4)
Zn 4c 0.6906(5) 0.6466(3) 0.25 0.9(1) 0.68438(5) 0.6501(3) 0.25 1.1(1)
01 8d 0.166(1) 0.432(1) 0.013(2) 0.4(2) 0.157(1) 0.422(1) 0.013(2) 1.0(2)
02 8d 0.376(2) 0.2229(9) 0.511(2) 0.4(2) 0.362(2) 0.2320(9) 0.511(2) 1.0¢2)
03 4c 0.077(2) 0.112(1) 0.25 0.4(2) 0.087(2) 0.100(1) 0.25 1.0(2)
Reliability factors (%)

Ry 10.9 11.7

Rep 4.74 7.03

RBragg 7.90 7.05

Re 5.19 4.65

7 5.25 2.78
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Table 6. Atomic distances for La,_,Eu,BaZnOs.
x=0 x=02 x=06 x=08 x=10 =x=12 x=14

m;
(Lal/Eul)—(01) x 2 2.555(1) 2.542(1) 2.523(1) 2.513(1) 2.504(1) 2.495(1) 2.487(1)
(Lal/Bul)—(02) x 2 2.349(7) 2.318(5) 2.364(6) 2.316(6) 2.331(6) 2.284(6) 2.309(7) Eu
(Lal/Eul)—(02) x4 2.685(7) 2.675(5) 2.673(6) 2.672(6) 2.617(6) 2.646(6) 2.592(7) cal
(Ba)—(O1) x 2 2.900(3) 2.897(3) 2.891(3) 2.888(3) 2.885(3) 2.882(3) 2.881(5) the
(Ba)—(02) x 8 2.989(7) 2.982(5) 2.950(6) 2.937(6) 2.961(6) 2.926(6) 2.949(7) 280
(Zn)—(02) x 4 1.963(7) 1.978(5) 1.909(6) 1.945(6) 1.926(6) 1.959(6) 1.933(7) Eu.
bo
the x content. In its turn, because of (La/Eu)—O(2) bond alternating the site of Eu(l) and Euw/La(2), waving along ﬁlcz
distances have not significant change, the body of the bi- the b-axis. This structure, in comparison to that already
capped trigonal prism keeps its size and is only distorted described, does not form layers. The BaO;; polyhedra are C(;e_
in their O(1) corners. As a consequence of this distortion, sharing their faces forming chains along the c-axis, which gec'
different slopes are observed in cell parameters plots as undulate in b-axis direction. In its turn these chains are
function of Eu’* content (Fig. 3). linked together by sharing O(2) vertexes. Is_‘trt
Concerning the BaO1q polyhedra, they are linked shar- 4
ing their O(1) vertexes forming —Ba—O(1)—Ba—O(1)—  Table 7. Atomic distances for Eu;.,La,BaZnOs. gor
chains along the c-axis. For these polyhedra the corre- ctel
sponding bond distances are showed in Table 6. The varia- y=0 y=02 cor
tion of Ba—O(l). dist.ances sligl_ltl}f diminish with x con- (Eul)—(O1) x 2 2.25(1) 2.27(1) :Iit;
tent as well c-axis. Finally, Zn is in a regular tetrahedron
with bond distances from 1.909 to 1.978 A (Table 6). (Eul)=(02)>2 234D 237
(Eul)—(02) x 2 2.23(1) 2.39(1) gcéa
4
Structural description of orthorhombic system Eul)=(03) 2-28(1) 2402)
Eu,_,La,BaZnOs (0 < y < 0.2) (Eu2/La)—(O1) x 2 2.45(1) 2.30(1) Ref
(Eu2/La)—(0O1) x 2 2.28(1) 2.47(1)
In the orthorhombic structure (Fig. 7), space group Pbnm, (Eu2/La)—(02) x 2 2.41(1) 2.42(1) (11
three different coqrdination polyhedra are presentzz Ba2+ (Eu2/La)—(03) 2.34(2) 2252)
occupy (.hstorted tricapped quadrang.ular prisms; Zp * ions (Bal)—(O1) x 2 3.19(1) 3.24(1)
are in distorted square-based pyramids ZnOs, whilst Eu’t
. . . . (Bal)—(01) x 2 3.26(1) 3.38(1)
are in two non equivalent distorted monocapped trigonal
prisms, one of them completely occupied by Eu’* ions (Bal)—(02) x 2 3.04() 2.96(D
coordinated with seven oxygens, and the other with par-  (Ba—(02)x2 2.99(1) 3.06(1)
tially substituted by the La** ions introduced in the lattice. ~ (Bal)—(03)x2 2.898(1) 2.904(7)
In monocapped trigonal prisms, the trigonal prism body is (Bal)—(03) 2.86(1) 271Q)
formed by O(2) and O(1), while O(3) completes the vertex @n)—(01) x 2 2.08(1) 2.00(1)
of the monocapped prism. The resultant polyhedron is ir- (Zn)—(02) x 2 2.19(1) 2.15(1)
regular with a variation in the bond distances Eu/La—O (Zn)—(03) 1972) 2.05(2)

(Table 7). The prisms form chains joined by their edges

Fig. 7. Eu;_,La,BaZnOs structure.
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The relationship between both structures can be sum-
marized as follows:

In the tetragonal La,_,Eu,BaZnOs (0 < x < 1.4), as the
Eu’* increased the La/EuQg polyhedra size decrease, that
can explains the different coordination number Eu/LaO; in
the orthorhombic Eu,_,L.a,BaZnOs (0 < y < 0.2) structure
as well as the decrease in the ¢ cell parameter. The coordina-
tion of Zn?* in the ZnOs polyhedron in the orthorhombic
Eu;_yLa,BaZnO;s (0 <y < 0.2) is unusual in oxides. O(3) is
both vertex of the polyhedra ZnOs and the monocapped tri-
gonal polyhedra Eu/La0O;. When La3* amount is increase,
the bond distance Zn—O(3) of the square-based pyramid in-
crease along c axis, so in the tetragonal La, ,Eu,BaZnOs
(0 <x<1.4), became a ZnO, tetrahedron. The same ef-
fect is observed in Ba’* polyhedra: In the orthorhombic
structure is BaOy; decreasing the size with the increase of
La’* until change the coordination to BaOj, in the tetra-
gonal structure. Smaller polyhedra cause the b cell param-
eter decrease, so with the increase of La3* amount b be-
comes similar to @ and ¢ becomes longer, resulting in a
tetragonal La;_,Eu,BaZn0Os (0 < x < 1.4), with bicapped
trigonal planes of La’t.
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