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Single crystals of Na1.75Yb0.08SO4, Na1.82Y0.06SO4, and
Na1.70Ln0.10SO4 (Ln315La, Yb), were grown at 1300 K by the
Czochralski method. The Yb31 and Y31 substituted crystals
transform upon cooling to a monoclinic phase intergrown in
a twin relationship. However, the high-temperature defect struc-
ture of Na2SO4 type I can be supercooled by annealing at 1000 K
and subsequent quenching. (La,Yb)-bearing crystals preserve
even after moderate cooling hexagonal symmetry of Na2SO4

type I but display very weak and di4use superstructure re6ections
indicating tripling of the c-axis. After annealing at 1000 K and
subsequent quenching the superstructure re6ections disappear
and the (La, Yb)-substituted crystals exhibit slightly contracted
cell dimensions (a 5 5.331(1), c 5 7.188(1) As ) compared to the
slowly cooled crystals with the same composition (a 5 5.3472(5),
c 5 7.2102(6) As ). The crystal structures of all synthesized hexag-
onal crystals were determined from room temperature single-
crystal X-ray data and re5ned in space group P63/mmc. The
corresponding re5ned structures are strongly related to the high
temperature phase I of pure Na2SO4 but display additional SO4

orientations correlated with the amount of substituted Y31 and
Ln31 on Na1 and also with the number of cation vacancies on
Na2 and Na3. The structures reveal a disordered arrangement of
5ve di4erent SO4 orientations. If a (La,Yb)-substituted crystal is
rapidly quenched from 1000 K, Ln31 is concentrated together
with Na at the Na1 site whereas upon slow cooling some Ln31

di4uses to Na2. ( 1999 Academic Press

INTRODUCTION

Yb3`-based laser materials are of increasing interest.
Laser action has been demonstrated for Yb-doped #uorapa-
tites (1, 2). Yb-doped Lu

3
Al

5
O

12
(3) was shown to be applic-

able for laser diode pumping. Of similar interest are Yb-
doped glasses. Mix et al. (4) presented an e$cient CW-
1To whom correspondence should be addressed.
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laser operation of Yb-doped #uoride phosphate glass at
room temperature. Hanna et al. (5) reported the "rst laser
action of an Yb-doped YAG waveguide.

Yb3` is an f 13 ion, featuring only two electronic states,
separated by about 10,000 cm~1 being hence the typical
wavelength of Yb3`-doped lasers. Because higher lying elec-
tronic states are missing upconversion or excited state ab-
sorption does not occur. In addition, a small quantum
defect can lead to high slope e$ciency (6) and low heat
generation (7). The emission lifetimes of Yb3`-doped mater-
ials are about a factor three to four longer than those for
Nd3` in the same host (8) leading to e$cient pumping by
laser diodes (9). These properties initiated a search for new
host lattices for ytterbium in order to develop future laser
materials. In this context we have investigated sodium sul-
fate (Na

2
SO

4
) as a potential laser-host crystal.

Na
2
SO

4
exists in four stable crystalline modi"cations

(phases I, II, III, and V) between room temperature and its
melting point at 1156 K (10). The phase relationship and the
transition temperatures are given by (11). Phase IV has been
predicted (12) but lacks experimental proof (13, 14). In con-
text of the present paper only the hexagonal high-temper-
ature form (phase I) is of interest. This hexagonal
modi"cation with space group P6

3
/mmc (14) undergoes

upon cooling below 503 K spontaneous displacive trans-
formation into phase II (11). As a consequence phase I can-
not be obtained at room temperature. However, phase I can
be stabilized by forming solid solutions with anions such as
(CO

3
)2~ or some uni-, bi-, and trivalent cations (15}17) such

as K`, Ni2`, Mg2`, Cu2`, Co2`, Y3`, etc., including rare
earth ions (La3`, Gd3`, Eu3`). The general aspect of
isomorphism and allotropy of A

2
XO

4
and Na

x
¸n(XO

4
)
2

compounds was reviewed by Bredig (18) and Vlasse et al.
(19). Heterovalent solid solutions of Na

2
SO

4
phase I accom-

panied by high concentrations of cation vacancies (up to
30%) give rise to a high Na` mobility (20).
0022-4596/99 $30.00
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Although previous investigations are known (11, 14, 17)
to determine the structure of Na

2
SO

4
phase I, there is still

a considerable lack of knowledge on the real structure
because of pronounced static and dynamic disorder. Two
di!erent sites in the Na

2
SO

4
phase I are occupied by Na`

(11, 14). If substituted by heterovalent cations one of these
sites may contain vacancies whereas the other may be pre-
ferred by the guest ion (22).

In the present study we will provide a structure model
how ¸n3` substitution modi"es the host structure of
Na

2
SO

4
phase I. In addition, we will discuss the structural

di!erences between a slowly cooled and a quenched crystal
of Na

1.70
¸n

0.10
h

0.20
SO

4
, (¸n3`"La, Yb) composition.

All investigated crystals were grown by the Czochralski
method to obtain su$cient crystal sizes for laser applica-
tions. The admixture of lanthanum turned out to be neces-
sary because upon cooling crystals substituted by only Yb
underwent a phase transition. As discussed below, the high
temperature phase of Yb-substituted Na

2
SO

4
can be super-

cooled by rapid quenching but in this case the quality of
large single crystals su!ers by the development of cracks. In
addition, Y-substituted Na

2
SO

4
was synthesized for com-

parison with literature data (17).

CRYSTAL SYNTHESIS AND CHARACTERIZATION

Starting materials for crystal synthesis were Na
2
SO

4
phase V (Fluka, anhydrous, 99.9%), Yb

2
(SO

4
)
3
' 8 H

2
O and

Y
2
(SO

4
)
3
' 8 H

2
O (both Aldrich, 99.9%), and La

2
(SO

4
)
3
'

x H
2
O (Aldrich, 99.9%). Powder mixture were prepared

containing (a) 5 mol% Yb
2
(SO

4
)
3
, (b) 3 mol% Y

2
(SO

4
)
3
, (c)

4 mol% La
2
(SO

4
)
3

and 0.5 mol% Yb
2
(SO

4
)
3
, and (d)

10 mol% La
2
(SO

4
)
3

(all concentrations relative to
Na

2
SO

4
). The powder samples were heated in a porcelain

crucible up to 1300 K using a resistance furnace with a heat-
ing rate of 341 K/h. Melts were kept at this temperature for
5 h in order to ensure homogeneity. Single crystals were
pulled (2.5 mm/h) out of the melt by use of a rotating Pt}Rh
wire (30 r/min.). Only the (La,Yb)-substituted starting ma-
terial formed a colorless and transparent boule (17 mm long
and 7 mm in diameter) of high optical quality. Details of
crystal growth will be published elsewhere (23). Inductively
coupled plasma (ICP) measurements showed that both
La3` and Yb3` had been incorporated into the crystal
when a combination of both salts was used as starting
material. All other experiments led either to fragile crystals
and/or to milky white colored specimens.

Single-crystal fragments (0.2}0.35 mm in dimension) were
separated from boules of Y-, Yb-, (La,Yb)-, and La-sub-
stituted Na

2
SO

4
, glued on glass "bers, coated with epoxy

resin to avoid hydration, and tested for quality on a single-
crystal di!ractometer. In case of the Y-, Yb-, and only
La-substituted crystals the single-crystal X-ray re#ections
were extremely broadened and often split; thus, the forma-
tion of a monoclinic phase intergrown in a twin relationship
was suspected (17). Only the (La,Yb)-substituted crystals
revealed very sharp X-ray re#ections. A second crystal frag-
ment from the same (La,Yb) specimen was studied on a pre-
cession camera (Ni-"ltered Cu X-radiation) where hk0 and
hhl layers were recorded. These photographs revealed few
additional weak and di!use re#ections indicating tripling of
the c-axis (the strongest re#ections were: 2 2 7, 1 1 11, 1 1 13,
0 0 10, 0 0 14, and their hexagonal symmetry equivalents).
The latter re#ections could also be located with the di!rac-
tometer but their intensities were too low and di!use to be
incorporated into a data collection.

If the samples were quenched from above 600 K, Eysel
et al. (17) found hexagonal symmetry for Y3`-substituted
Na

2
SO

4
, corresponding to phase I. In accordance with this

observation, fragments from all crystals were equilibrated at
1000 K (safely above the transition temperature at 510 K for
pure Na

2
SO

4
) for several hours and subsequently quenched

in liquid nitrogen. The crystal quality test on the single-
crystal di!ractometer was repeated for these quenched sam-
ples and the Yb- and Y-substituted crystals proved now to
be untwinned. However, due to quenching the macroscopic
quality of the crystals su!ered by developing cracks. The
10% La-substituted sample still showed characteristics of
intergrowth and/or twinning; thus, this composition was
abandoned.

SINGLE-CRYSTAL X-RAY DATA COLLECTION
AND REFINEMENT

Room temperature X-ray data were collected on an Enraf
Nonius CAD4 single-crystal di!ractometer using graphite
monochromated Mo X-radiation. Hexagonal cell dimen-
sions were re"ned from the setting angles of 25 re#ections
with 203'0'103 (Table 1). The few &&superstructure'' re-
#ections observed for the slowly cooled (La,Yb)-substituted
specimen did not allow us to establish the space group of the
superstructure; thus, only an average structure of the 5]7 As
subcell was determined. Di!raction data were collected up
to 0"403 (!94h48, 04h49, !14l410) yielding
1396 re#ections of which 243 were unique. Data reduction,
including background and Lorentz-polarization correc-
tions, was performed with the program SDP (24). An em-
pirical absorption correction using psi-scans was applied for
all data sets. Systematic extinctions were in agreement with
the following space group symmetries: P6

3
/mmc, P6

3
mc,

P31 1c, P31c, P31 2c. Structure solutions were attempted in all
"ve space groups using direct methods of the SHELX97
program package (25) and space group P6

3
/mmc was found

to be correct. The structures were re"ned on F2 with neutral
atom scattering factors and the SHELX97 program package
(25). Two S positions and three Na sites were found. The
scattering power on Na1 was observed to be signi"cantly
higher than expected for only Na; thus, Na and ¸n (La, Yb)



TABLE 1
Selected Structural data for Y31, Yb31, and Ln31 (La,Yb) substituted Na2SO4 phase I (space group P63 /mmc)

Re"ned formula S2-type pfu Treatment a (As ) c (As ) R1a nF'4p(F)b

Na
1.76

Yb
0.08

h
0.16

SO
4

0.44(3) quenched 5.330(2) 7.187(1) 4.6 175
Na

1.82
Y

0.06
h

0.12
SO

4
0.34(2) quenched 5.347(1) 7.159(1) 4.0 148

Na
1.70

¸n
0.10

h
0.20

SO
4

0.56(5) quenched 5.331(1) 7.188(1) 5.0 165
Na

1.82
¸n

0.06
h

0.12
SO

4
0.38(2) cooled 5.3470(8) 7.2102(6) 2.9 150

aR1"(+EF
0
D!F

#
E)/(+DF

0
D).

bNumber of re#ections in least-squares re"nement.
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or Y were allowed to be varied on Na1. Due to the similar
scattering behavior of La and Yb3` and the low Yb3`

concentration in the (La,Yb)-substituted crystal these ca-
tions cannot be distinguished. Low scattering power on Na2
and Na3 indicated the presence of vacancies; thus, the Na
population was allowed to vary. Low populated oxygen
positions were retrieved from di!erence Fourier maps and
vacancies on the oxygen positions O1, O2, O3 were also
re"ned. In the "nal re"nement cycles oxygen populations
were "xed at the converged values and anisotropic displace-
ment parameters were introduced for Na1, O1, and O2. No
bond-length constraints were applied. The "nal least square
cycles were performed with 26 parameters and 148 to 175
re#ections with F

0
'4p(F

0
) converging at R1 values be-

tween 2.9 and 5.0% (Table 1). Final di!erence Fourier maps
revealed maximum residual densities of $0.3 electrons/As 3.

RESULTS

In spite of the small cell dimensions and the simple
chemical formula, the structure of Na

2
SO

4
type I deriva-

tives is by no means trivial (17). In addition to the argu-
ments stated by Eysel et al. (17), the following observations
hamper a straightforward precise re"nement: (a) although
the crystals were rapidly quenched from 1000 to ca. 70 K
they exhibit pronounced primary and/or secondary extinc-
tion of single-crystal X-ray re#ections caused by a very low
degree of a mosaic defects. (b) The extreme disorder of SO

4
units, Na, and substituting heterovalent cations in combina-
tion with cation vacancies leads to a scaling problem. In
other words, there is no position completely occupied by
only one atomic species. (c) Even if di!raction data are
collected up to high di!raction angles of 0"403 only 242
unique re#ections are obtained of which ca. 30% show no
signi"cant intensity. Data collection up to 0"503 leads to
389 unique re#ections but the number of unobserved inten-
sities increases above 50%. Use of larger single crystals in
order to gain higher re#ection intensities is not favorable
because severe secondary and/or primary extinction may
also cause multiple di!raction phenomena.

The e!ect of severe extinction (a) was minimized by re-
"nement of an empirical extinction parameter. The scaling
problem (b) was handled by constraining the population of
the two observed S sites to one S per formula unit. Further-
more, the populations of the disordered oxygen sites were
constrained to obtain tetrahedral coordination for the two
S sites. To reduce the number of variables and to avoid
correlation problems (c) isotropic displacement parameters
were used for the closely spaced Na2, Na3, S1, S2, and O3
sites.

The re"ned formula for quenched Na
1.70

¸n
0.10

h
0.20

SO
4

(¸n"La, Yb) is in fair agreement (5.8(2)% ¸n3`) with the
starting composition of crystal synthesis (4.5% ¸n3`). For
the slowly cooled crystal of the same bulk composition
a signi"cantly lower concentrations of ¸n3` (3.7(2)%) could
be located (Table 1). The two crystals with di!erent cooling
history also show signi"cantly di!erent cell dimensions
(Table 1). Furthermore, the slowly cooled crystal exhibits
weak and di!use superstructure re#ections whereas such
re#ections are absent in the quenched sample. All of the
above di!erences were con"rmed by a second crystal from
the same batch.

In the quenched Y- and Yb-substituted crystals 3.3(4)%
Y and 4.2(2) % Yb, respectively, could be located, which is in
good agreement with 3% Y and 5% Yb in the starting
compositions. All re"ned structures are very similar and
may be considered as defect varieties of Na

2
SO

4
phase I.

Because of this strong similarity only coordinates, popula-
tions, and displacement parameters for the slowly cooled
and quenched (La,Yb)-substituted crystal are given in
Tables 2a and 2b. Bond distances and selected interatomic
angles (slowly cooled sample) are summarized in Table 3.

CRYSTAL STRUCTURE OF SLOWLY COOLED
(La,Yb)-DOPED Na2SO4

Three symmetrically independent metal sites (occupied by
mainly Na`, minor vacancies, and ¸n3`) were determined.
The Na1 site, at the origin (Fig. 1), exhibits a signi"cantly
higher scattering power than expected for pure Na; thus,
a population of 0.938(2) Na with the reminder being ¸n3`
could be re"ned. Na2 (at 1/3, 2/3, 0.689) and Na3 (at 1/3, 2/3,
3/4) are partly occupied and only 0.45 As apart from each
other. Na2 (multiplicity 4) is 29(3)% and Na3 (multiplicity 2)



TABLE 2a
Atomic Coordinates, Populations, and Displacement Parameters (3 102) for Slowly Cooled Na1.70Ln0.10h0.20SO4 (Ln 5 La, Yb)

Atom Pop. x y z ;
11

a ;
22

;
33

;
23

;
13

;
12

S1 0.62(1) 1/3 2/3 1/4 2.58(8)
S2 0.19(1) 1/3 2/3 0.192(1) 1.8(1)
Na1 0.938(2) 0 0 0 3.69(7) ;

11
2.97(8) 0 0 1/2;

11
¸n1 0.062(2) 0 0 0 3.69(7) ;

11
2.97(8) 0 0 1/2;

11
Na2 0.29(3) 1/3 2/3 0.690(3) 4.2(4)
Na3 0.27(6) 1/3 2/3 3/4 4.2(5)
O1 0.785 0.1820(3) 2x 1/4 6.0(2) 2.0(1) 7.3(3) 0 0 1/2;

22
O2 0.212 0.239(1) 2x 0.090(2) 12.4(8) 7.4(8) 10(1) !6.6(8) 1/2;

23
1/2;

22
O3 0.186 1/3 2/3 !0.001(4) 6.5(5)

Note. Not all ¸n3` could be located.
a;

11
or ;

*40
.
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is 27(6)% occupied. Thus, Na2 and Na3 contribute with
0.85(6) Na to the formula unit. Adding 0.94 Na from Na1
yields 1.79(6) Na which agrees within one standard devi-
ation with 1.82 Na per formula unit (pfu) required for
stoichiometry.

The metal disorder is also re#ected in the disordered
distribution of SO

4
units. SO

4
tetrahedra alternate at 1/3,

2/3, z with disordered clusters of closely spaced Na2 and
Na3 sites. There are two di!erent S sites. S1 (multiplicity 2) at
1/3, 2/3, 1/4 is 62(1)% occupied and S2 (multiplicity 4) at 1/3,
2/3, 0.192 is 19(1)% occupied. The disorder of the various
SO

4
tetrahedra is depicted in Fig. 2. There are three par-

tially occupied O sites bonded to either S1 or S2. O1 (78%
occupied) is on the mirror plane perpendicular to the three-
fold axis, O2 (21% occupied) is on the vertical mirror plane,
and O3 (19% occupied) is on the three-fold axis. S1 bonds to
two O2 and two O1, S2 bonds to three O1 and one O3.
Thus O1 is common to two symmetry independent S sites.
Considering the respective multiplicities, the various Na, O,
and S sites contribute to the formula unit as Na1

0.94
La1

0.06
Na2

0.58
Na3

0.27
S1

0.62
S2

0.38
O1

2.35
O2

1.27
O3

0.38
.

TABL
Atomic Coordinates, Populations, and Displacement Paramet

Atom Pop. x y z ;
11

S1 0.44(4) 1/3 2/3 1/4 2.4(
S2 0.28(2) 1/3 2/3 0.201(3) 4.0(
Na1 0.898(4) 0 0 0 7.0(
¸n1 0.102(4) 0 0 0 7.0(
Na2 0.19(2) 1/3 2/3 0.677(4) 3.2(
Na3 0.47(5) 1/3 2/3 3/4 3.9(
O1 0.80 0.1831(5) 2x 1/4 7.8(
O2 0.18 0.235(2) 2x 0.093(3) 13.3(
O3 0.28 1/3 2/3 0.014(7) 15.8(

a;
11

or ;
*40

.

S}O distances are between 1.39 and 1.46 As (Table 3) which
is satisfactory considering the strong rotational disorder as
evidenced by the strongly anisotropic displacement para-
meters (Fig. 2).

Na and La have very similar ionic radii in octahedral
coordination 1.02 versus 1.03 As (26). The Na1 site (Na with
minor La) displays six Na1}O distances between 2.47 and
2.30 As depending on whether O1 or O2 is locally occupied.
An additional six O3 sites (low populated) occur 3.09 As
from Na1. The coordination of Na2 is di$cult to de"ne.
There are either six O1 sites 2.71 As apart or twelve O2 sites
(six at 2.85 As and additional six at 3.18 As ) of which only six
can simultaneously be occupied. The additional distances of
2.2 As between Na2 and adjacent O2 and O3 appear to be
rather short but these oxygen sites would complete eight-
fold coordination. Na3 has eight-fold coordination with O1
forming a six-membered ring around Na3 (Na3}O1 : 2.68 As )
and two O2, one above and one below the six-membered
ring (Na3}O2 : 2.61 As ). There are actually three O2 sites
each above and below the ring but the O2}O2 distances are
too short to allow simultaneous occupation of all three sites.
E 2b
ers (3 102) for Quenched Na1.70Ln0.10h0.20SO4 (Ln 5 La, Yb)

a ;
22

;
33

;
23

;
13

;
12

1)
2)
1) ;

11
4.1(1) 0 0 1/2;

11
1) ;

11
4.1(1) 0 0 1/2;

11
4)
4)
3) 3.1(2) 11.3(7) 0 0 1/2;

22
13) 4.5(9) 7.5(11) !3.2(11) 1/2;

23
1/2;

22
20)



TABLE 3
Bonding Distances (As ) and Selected Interatomic Angles (3)

for Slowly Cooled Na1.70Ln0.10h0.20SO4 (Ln 5 La, Yb)

S1}O1 2] 1.402(3) S2}O3 1] 1.39(3)
S1}O2 2] 1.45(1) S2}O1 3] 1.463(4)
O1}S1}O1 2] 107.6(3) O1}S2}O1 3] 112.1(3)
O1}S1}O2 2] 107.6(2) O3}S2}O1 3] 106.7(3)
O2}S1}O2 2] 105(1)

Na1}O1a 6] 2.468(2) ¸n1}O1 6] 2.468(2)
Na1}O2a 6] 2.31(1) ¸n1}O3 6] 3.087(1)

Na2}O1a 6] 2.713(4) Na3}O1 6] 2.677(2)
Na2}O2a 6] 2.85(1) Na3}O2 2] 2.61(1)
Na2}O2 1] 2.20(2)
Na2}O3 1] 2.23(4)

aEither O1 or O2 may be occupied; thus the coordination of Na1 is
six-fold and the one of Na2 is eight-fold.

FIG. 2. Disorder of SO
4

tetrahedra in (La,Yb)-doped Na
2
SO

4
phase I.

(A) Observed distribution of disordered SO
4

tetrahedra; note the disorder
is produced by a horizontal and a vertical mirror plane and by a vertical
three-fold axis (parallel to c). Two types of S sites (characterized by small
displacement ellipsoids) are distinguished, S1 (62% occupied) and S2 (19%
occupied). S1 is at the intersection of the horizontal mirror plane with the
three-fold axis; S2 is also on the threefold axis but displaced from the
horizontal mirror plane and thus repeated. There are three symmetry
independent but partially occupied O sites. O1 (78% occupied) is on the
horizontal mirror plane, O2 (21% occupied) is on the vertical mirror plane,
and O3 (19% occupied) is on the three-fold axis. (B and C) Tetrahedral
coordination of S2 by one O3 and three O1. (D, E, F) Tetrahedral coord-
ination of S1 by two O1 and two O2.
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In none of the previous studies on Na
2
SO

4
phase I struc-

tures have the S2 and O3 positions been located although
Eysel et al. (17) discuss the possibility of this type of SO

4
disorder. It is striking that Na1 may form six additional
bonds to O3 of 3.09 As and that the numerical values of
(La,Yb) on Na1 (contributing 0.06 La pfu) and O3 (0.38
O pfu) almost perfectly match this 1/6 ratio. This may
suggest that the driving force for the position of O3 is
actually ¸n3` on Na1. The three-valent charge of ¸n3`
requires additional bonding partners to compensate for the
higher valence compared to Na (Fig. 3). Thus, ¸n3` attracts
oxygen toward O3 and the SO

4
tetrahedron is dragged to

a position and orientation observed as S2 (Fig. 2). The
position of O3 may also cause the disorder between closely
spaced Na2 and Na3. Let us assume that the distance of
1.79 As between Na3 and O3 (both atoms are positioned on
the same three-fold axis) is too short, then O3 must be either
neighbored by vacancies on Na3 or Na moves to Na2 which
FIG. 1. Structure of ¸n3`-doped Na
2
SO

4
phase I projected parallel to

c with unit cell outlines. Large spheres denote Na and ¸n3`, medium sized
spheres are O, small spheres are S. Bonds are drawn between Na and O.
Notice that all O sites are only partially occupied.
exhibits a Na2}O3 distance of 2.23 As (Fig. 4). The fact that
we have only 0.12 vacancies pfu but 0.38 O3 pfu indicates
that O3 must have few short Na2}O3 distances. The num-
ber of these short Na2}O3 distances may be the limiting
factor for the stability of this structure type with more
extensive ¸n3` substitution.
FIG. 3. Coordination of Na and La on Na1. Na exhibits a distorted
octahedral coordination where O1 (Na}O1: 2.47 As ) and O2 (Na}O2:
2.31 As ) are statistically occupied. La has a regular octahedral coordination
by O1 (La}O1: 2.47 As ) with additional six O3 atoms 3.09 As apart.



FIG. 4. Local neighborhood of S2 type SO
4
tetrahedra (c-axis vertical);

m indicates horizontal mirror planes; two digit numbers represent distances
in As from O3 to adjacent Na sites. S2 type tetrahedra are only occupied if
Na on Na1 is replaced by ¸n. O3 forming the apex of the tetrahedron is
only 1.79 As apart from Na3 positioned on a mirror plane; thus Na3 must
be vacant if O3 is occupied. O3 may either be bonded to Na2@ or Na2 and
Na2@ may be vacant.
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STRUCTURAL DIFFERENCES OF THE
QUENCHED CRYSTALS

All three quenched structures (Y-, Yb-, and (La,Y)-sub-
stituted) and the slowly cooled (La,Yb)-substituted crystal
have within 5 p the same coordinates. The same good agree-
ment is observed for the displacement parameters among
the three quenched structures. However, the slowly cooled
(La,Yb)-substituted crystal has displacement parameters for
the positions S2, O3, and Na1 decreased by a factor of ca.
0.5}0.6 relative to the quenched structures. The displace-
ment parameter of O1 is decreased by a factor of ca. 0.7 in
the slowly cooled crystal. The remaining displacement para-
meters agree again within 5 p. In other words, the entire S2
tetrahedron is better de"ned in the slowly cooled sample but
displays substantial disorder in the quenched structures.
One has to consider that O1 is shared by S1 and S2 which
explains the moderate decrease of the O1 displacement
parameter in the slowly cooled crystal. As discussed above,
the correlation between substituting Me3` on Na1 and
the presence of the S2 tetrahedron is also re#ected in
the common behavior of displacement parameters of these
entities.

The major di!erences between the quenched and the
slowly cooled (La,Yb)-substituted structure are the atomic
populations (Table 2). The much higher population of ¸n3`
on Na1 in the quenched sample causes also an increase of
the population of the S2 tetrahedron relative to the slowly
cooled crystal (Tables 1 and 2). As already found for the
slowly cooled crystal the number of S2 tetrahedra per for-
mula unit and ¸n3` pfu on Na1 is related by a factor of 6/1.

At "rst glance one could speculate that slow cooling
causes exsolution of a more ¸n3` rich phase which, due to
its low concentration, is not picked up by the di!raction
experiments. Furthermore, one could assume that the weak
di!use &&superstructure'' re#ections are actually di!raction
spots of this additional exsolved phase. There are, however,
convincing arguments contradicting this assumption. Eysel
et al. (17) showed that increasing substitution of Y3` or
Ni2` in Na

2
SO

4
phase I causes a signi"cant increase of the

a-axis and a strong decrease of the c-axis, whereas the cell
volume remained almost constant. This behavior of cell
dimensions is not observed (Table 1) for the quenched phase
with assumed high ¸n3` concentration and the slowly
cooled phase with assumed low ¸n3`. Furthermore, the cell
volume of the quenched crystal (176.9 As 3) increases to
178.5 As 3 when slowly cooled. In addition, the exsolution
model cannot explain the stronger disorder of S2 tetrahedra
in the quenched samples as evidenced by the increased
displacement parameters. For the above reasons we assume
that the two crystals with di!erent cooling histories have the
same chemical composition. Thus the lower ¸n3` content
located in the structure of the slowly cooled sample is
probably an artifact caused by correlation e!ects between
the scale factor and atomic populations.

It is well known that cation ordering leads to an increase
of the cell volume as found for the slowly cooled crystal
(other examples for this behavior are the tetrahedral frame-
work structures of cordierite (27) and feldspars (28) with
ordered and disordered Si, Al distributions). An ordering
model for the slowly cooled crystal would also be in agree-
ment with the better de"ned S2 tetrahedra, the presence of
superstructure re#ections, and the well established high
ionic conductive for this structure type (20).

Similar superstructure re#ections, leading to a tripling
of the c-axis, have also been reported (29) for burkeite,
Na

4
SO

4
(CO

3
)
5
(SO

4
)
1~t

. This mineral has a structure closely
related to Na

2
SO

4
with CO

3
units partially replacing SO

4
tetrahedra. The burkeite structure is orthorhombic (Pmnm)
with cell dimension of ca. a"5.17, b"9.21, c"7.06 As . If
the b dimension is divided by 3 a pseudo-hexagonal setting
corresponding to Na

2
SO

4
phase I is obtained. The super-

structure re#ections in burkeite (29) were attributed to
ordering of SO

4
orientations (disordered in the subcell).

Similar arguments may hold for the superstructure re#ec-
tions in slowly cooled ¸n3`-substituted Na

2
SO

4
. If we

further assume that mainly the S1-type tetrahedra are in-
volved in ordering in ¸n3`-substituted Na

2
SO

4
, it has to be

considered that complete order cannot be achieved because
of the additional S2-type tetrahedra with apical oxygen on
the three-fold axis. In addition to ordering of SO

4
orienta-

tions, there seems also to be ordering of ¸n3` and vacancies
on the sites Na1, Na2, and Na3 upon slow cooling. In the
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re"nement model for the slowly cooled sample we assume,
in analogy to the quenched crystals, complete occupancy of
Na1 by Na and (La, Yb). This might not be correct and
instead vacancies may also occur on Na1 or some Ln3`

di!used to Na2 and Na3. However, the structure re"nement
only allows the determination of the number of electrons on
a speci"c atomic site; thus, the exact model cannot be
resolved. At "rst glance, the above discussion may be mis-
leading if one assumes that in the quenched structure ¸n3`
is concentrated on Na1 but becomes &&disordered'' on Na2
and Na3 in the slowly cooled crystal. One has to consider
that the exact structure of the slowly cooled crystal (tripled
c-axis) has not been determined and all discussions
are based on the subcell. What looks like increased disorder
in the subcell may well be increased ordering in the super-
cell.

COMPARISON WITH OTHER STRUCTURAL STUDIES
ON Na2SO4 PHASE I

All structures re"ned in this study are closely related to
the one of Na

2
SO

4
phase I stable above 510 K (11, 14). So

far, two quenched structures of Y (2.1%) and Nd (2.7%)
doped Na

2
SO

4
were reported at ambient conditions (17, 22).

Compared to our results these previous studies show signi"-
cant di!erences. These di!erence may be either realistic or
the true defect structure in the previous studies could not
completely be resolved due to insu$ciencies of the data or
the re"nement model.

All phase I varieties have the following structural features
in common: Within P6

3
/mmc space group symmetry Na

ions (type Na2 and Na3) and SO
4

tetrahedra are alternately
&&spit'' along the three-fold axes at 1/3, 2/3, z and 2/3, 1/3, z.
Additional Na (type Na1), hosted at the origin and 0, 0, 1/2,
has 31 m symmetry. The bonding requirements of Na1 are
mainly responsible for the variability of phase I. It must be
stressed, however, that within space group P6

3
/mmc an

ordered tetrahedral arrangement cannot be assembled. The
Na1}O bonds vary with temperature and partial substitu-
tion by di!erent charged cations. Various Na1}O distances
can be accomplished by rotation or small shifts of the rigid
SO

4
tetrahedra.

Rasmussen et al. (11) used powder X-ray Rietveld data
collected at 543 K re"ned with the starting parameters of
Eysel et al. (17) and determined two oxygen sites. One site
(O1) with local symmetry m.. (multiplicity 12) is 1/3 occupied
and the other (O2) with .m. symmetry (at x, y, 1/4, multipli-
city 12) is also 1/3 occupied. This model leads to S}O2 of
1.35 As and S}O1 of 1.43 As . Na1}O distances are between
2.47 and 2.50 As and those of Na2 are between 2.44 and
2.60 As . It remains actually dubious whether the re"ned
oxygen distribution is correct or a consequence of the ap-
plied model which was adopted from an Y-substituted
structure (17). The O2 site is very close (0.25 As ) to a position
of mm2 symmetry (at ca. 0.19, 2x, 1/4) which is essentially
identical to our O1 site.

Naruse et al. (14) reported single-crystal X-ray data at
693 K and described a slightly di!erent oxygen arrange-
ment. In their structure both O sites have m.. symmetry
leading to S}O2 of 1.33 As and S}O1 of 1.58 As . Their O2 is
at 0.193, 2x, 0.226 similar to our O1 site but slightly dis-
placed parallel to the three-fold axis. Oxygen populations
are not given but from the speci"ed tetrahedral S coordina-
tion (3]O2 and 1]O1) one has to assume that O1 is 1/6
occupied and O2 is 1/2 occupied. Na1}O distances are
between 2.46 and 2.71 As and Na2}O distances are between
2.28 and 2.74 As . The authors emphasize that the disorder
may be more extensive but could not be evaluated in detail
in order to keep the ratio between parameters and observa-
tions at a reasonable value.

Eysel et al. (17) studied the quenched structure of
Na

1.88
Y

0.04
h

0.08
SO

4
at room temperature and developed

a model structure for end-member Na
2
SO

4
. We may sus-

pect that due to the relatively low Y substitution, additional
O and S disorder could not be determined. Furthermore,
cation vacancies were not resolved in this study and the
oxygen coordinates were modeled from the structure re"ne-
ment and crystal chemical principles. Our study on quen-
ched Na

1.82
Y

0.06
h

0.12
SO

4
shows Y concentrated together

with Na on Na1. There are vacancies on Na2 and Na3, and
0.34 SO

4
pfu are of the S2 type with the remainder being of

S1 type.
A room-temperature structure of Na

1.85
Nd

0.05
h

0.10
SO

4
was reported by Rastsvetaeva and Andrianov (22). The
authors also note additional di!use re#ections but did not
characterize them. It remains unclear whether the crystal
was slowly cooled or quenched but the presence of addi-
tional re#ections may indicate slow cooling. In agreement
with our study, an additional O3 site was found completing
the Nd coordination. However, in contrast to our investiga-
tion only one S site was found and O3 is displaced from the
three-fold axis and has a much higher population than
expected from the low Nd substitution. This model led to
S}O distances between 1.39 and 1.56 As with corresponding
O}S}O angles between 94 and 1203. For local Nd3` on
Na1 nine-fold coordination by 6]O2 of 3.18 As and 3]O3
of 2.38 As was assumed whereas for Na on Na1 octahedral
coordination by either 3]O1 of 2.45 As and 3]O2 of 2.18 As
or 6]O1 of 2.45 As was predicted.

CONCLUSION

In the present room temperature structural study on
quenched Na

1.76
Yb

0.08
h

0.16
SO

4
, Na

1.82
Y

0.06
h

0.12
SO

4
,

quenched and slowly cooled Na
1.70

¸n
0.10

h
0.20

SO
4
,

(¸n3`"La, Yb) an additional O site (O3) could be found
which locally completes the ¸n3` coordination and is
responsible for the arrangement of SO

4
units according
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to S2 in Fig. 2. Furthermore, additional few faint and
di!use re#ections were observed for slowly cooled
Na

1.70
¸n

0.10
h

0.20
SO

4
, (¸n3`"La, Yb) leading to tripling

of the c-axis. This tripling is not consistent with any of the
known low temperature structures of Na

2
SO

4
(11). We

suspect that additional long-range ordering is present in the
investigated crystal, but this order could not be resolved due
to the faint character of the additional re#ections which
made the determination of the space group for the &&true''
structure impossible.

The various structures re"ned for phase I of Na
2
SO

4
allow some general rules for the stability of this phase to be
derived. For pure Na

2
SO

4
displacive phase transitions to

phase II (space group Pbnm) and phase III (space group
Cmcm) prohibit quenching of phase I (space group
P6

3
/mmc) down to room temperature. Phase II and III have

long-range ordered SO
4

arrangements where the general
distribution of S and Na sites remains the same as in phase I.
Such an ordered arrangement of SO

4
units can be disturbed

by incorporation of high valent cations associated with
vacancies replacing Na. The di!erent charge and size of the
substituting ion leads to additional orientations of SO

4
entities (S2-type) that stabilizes the disordered high-temper-
ature structure of phase I which under these conditions can
be quenched to room temperature. In other words, upon
cooling the substituting ions do not allow spontaneous
formations of structures with ordered SO

4
arrangements as

described for phases II and III. This behavior "nally allows
the growth of large single crystals necessary for possible
laser applications of this new host material.
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