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A structural phase transition from space-group symmetry

P21/c to C2/c is reported for NaTaOGeO4 (NTGO). The

critical temperature has been located at Tc = 116 K, based on

the appearance of sharp diffraction maxima at positions h + k

= 2n + 1 of reciprocal space on cooling below this tempera-

ture. Strongly anisotropic diffuse scattering in sheets normal

to [001] is observable for T > Tc and persists up to ambient

temperature. Similarities to phase transitions observed in

other compounds of the titanite structure type are discussed.

The symmetry properties of these phase transitions are

reassessed on the basis of the structural data available. The

primary order parameter is identified with the displacement of

the transition metal cation M (M = Ta in NTGO) away from

the centre of symmetry that it nominally occupies in the

paraphase. The order parameter transforms as the Y�2
representation. The anisotropic diffuse scattering is attributed

to the one-dimensional correlation of local M displacements

parallel to the direction of chains of trans-corner-sharing MO6

octahedra. The critical temperatures of the isomorphous

phase transitions in various titanite-type compounds depend

linearly on the squared transition-metal displacement

measured in the ordered P21/c phase.
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1. Introduction

The structure of NaTaOGeO4 (NTGO) was determined and

identified with the aristotype structure of titanite by Genkina

& Mill (1992). While many synthetic derivatives AMOXO4 of

the mineral titanite, CaTiOSiO4, are known, only a few

compounds display the distorted low-temperature form of

space-group symmetry P21/c. The distortion is associated with

early transition-metal cations occupying the octahedrally

coordinated M site. Off-centre displacement of such early

transition metals is attributed to the mixing of empty transi-

tion-metal d states and the 2p states of the oxygen ligands

(Kunz & Brown, 1995; Brown, 2002).

In the present article the symmetry properties of the phase

transition P21=c$ C2=c in titanite are reviewed. The occur-

rence of an analogous phase transition in NTGO is reported

and its properties are compared with those of the other known

phase transitions of this kind.

1.1. Symmetry properties

Several synthetic derivatives of titanite, including the title

compound, have been described in the conventional space-

group settings C2/c or P21/c (Mill et al., 1990; Phillips et al.,

1992; Genkina & Mill, 1992). A comparison of compounds

with the titanite structure type and in particular the compar-

ison of phase transitions occurring in these compounds are

hampered by the widespread use of non-conventional space-



group settings for the mineral titanite itself. In the following an

attempt is made to reconcile the description of the titanite

structure with the standard settings of the relevant space

groups.

The first structure determination of titanite by Zachariasen

(1930) invoked a cell choice which required the characteristic

octahedral chains of the titanite structure to be oriented

parallel to [101]. Later on Mongiorgi & Riva di Sanseverino

(1968) redetermined the structure in the space-group setting

A2/a, using a cell on a reduced mesh, i.e. International Tables

(ITA) cell choice 1. In this setting the octahedral chains are

oriented parallel to [100]. For the transformation from A2/a to

C2/c the ITA conventions stipulate (Aroyo et al., 2006)

P ¼

0 0 1

0 �11 0

1 0 0

0
@

1
A:

Hence in C2/c the octahedral chains are oriented parallel to

[001]. On the other hand, the ITA setting of P21/a would

require cell choice 3 and the transformation to P21/c with cell

choice 1 is obtained by application of the matrix (Aroyo et al.,

2006)

P0 ¼

�11 0 �11
0 1 0

1 0 0

0
@

1
A:

The structure data available for the transition from A2/a to

P21/a (Taylor & Brown, 1976; Ghose et al., 1991; Kek et al.,

1997) all refer to the identical cell metrics for the low- and

high-symmetry phases i.e. cell choice 1. Hence the appropriate
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Figure 1
Schematic drawing of unit-cell orientations and shifts relative to the A2=a
setting (dashed blue), projected along [010]. Zachariasen’s cell choice
(dash–dotted red), the cell choice used in this work (C2=c, solid green)
and the unit cell of the distorted low-temperature phase (P21=c, dashed
green) are shown. Numbers denote the shift parallel to [010] relative to
the A2=a setting.

Figure 2
Joint p.d.f. around Na in (100) at ambient temperature. Distances are
given in Å. O2 and O20 are located above and below the plane of
projection.

Figure 3
Reconstructed reciprocal space map of (a) the h0l and (b) the h1l layer of
NTGO.



transformation for obtaining the cell dimensions of the stan-

dard settings C2/c and P21/c is P in this case. In several

descriptions of the titanite aristotype structure, Ti has been

placed in the 4(b) position (for an example in space-group

setting C2/c see Hawthorne et al., 1991). In order to arrive at a

description with Ti in 4(a) an appropriate unit-cell shift has to

be applied. Other permissible translations of C2/c, i.e. (1
2, 0, 0)

and/or (0, 0, 1
2), may be required to transform other settings of

the titanite structure to the one used here. In the final aris-

totype structure, i.e. the setting used by Genkina & Mill

(1992), the transition metal M occupies the 4(a) Wyckoff

position, A, X and one O atom occupy 4(e), and the two

remaining O atoms are situated on general positions 8(f). In

the distorted low-temperature structure all atoms occupy a

general position. The relative shifts of the various unit-cell

definitions are summarized in Fig. 1.

With the above definitions the properties of the transition

P21=c$ C2=c in titanite have to be reassessed: comparison of

the transformed coordinates (Table 2) shows that the irre-

ducible representation of the primary order parameter should

be Y�2 . While Ghose et al. (1991) pointed out that Y�2 involves

a pure origin shift by (1/4,1/4,0) (cf.

also SYMMODES; Capillas et al.,

2003), the same authors arrived at the

conclusion that the low-temperature

structure develops according to Yþ2
instead. However, the resulting space-

group symmetry (with respect to the

original cell in C2/c) would become

P21/n in this case and the individual

displacements would therefore

propagate along the [101] direction.

As the origin shift is absent for the

transformation properties of Yþ2 , Ti

would have to remain at the centre of

symmetry and only the positions of

the other atoms, i.e. those occupying

the 4(e) and 8(f) Wyckoff positions,

would be affected by the phase tran-

sition. It has been suggested that this

is the case in the low-temperature

structure of CaTaOAlO4 (Malcherek,

Borowski & Bosenick, 2004),

although a direct experimental

confirmation is still missing.

2. Experimental

Single crystals of NaTaOGeO4 were

grown following the method

described by Mill et al. (1990). The

obtained small (V < 0.1 mm3) crystals

were transparent and colorless. Vari-

able-temperature measurements of

crystal (1) for selected areas of reci-

procal space between ambient temperature and liquid

nitrogen temperature were conducted at ANKA (FZK,

Karlsruhe) using a Bruker APEX CCD detector at a wave-

length of � = 0.80078 Å. These data serve to determine the

critical temperature of the phase transition in the following.

Diffraction data at constant temperature [crystal (2), T1 = 98

and T2 = 295 K] were collected at Hasylab (DESY, Hamburg)

using a 165 mm MARCCD detector at a wavelength of � =

0.3918 Å. Owing to the small wavelength, absorption effects

were minimized and the data were therefore used for structure

determination. Additional ambient temperature data [crystal

(1)] were collected at the Swiss–Norwegian beamline (BM1A)

of the ESRF facility in Grenoble at a wavelength of � =

0.710 Å using a MAR345 image-plate system. Reconstructed

reciprocal space images were obtained from these data using

the CrysAlis software package (Oxford Diffraction, 2004).

Data collected with the MARCCD detector at Hasylab were

reduced using the XDS package (Kabsch, 1993). Crystal

structures were refined using JANA2000 (Petricek et al., 2000).

Anharmonic contributions to the displacements of Na were

refined for T2.
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Table 1
Experimental and refinement details.

T1 T2

Crystal data
Chemical formula GeNaO5Ta GeNaO5Ta
Mr 356.5 356.5
Cell setting, space group Monoclinic, P21/c Monoclinic, C2/c
Temperature (K) 98 295
a, b, c (Å) 6.838 (1), 8.930 (1), 7.414 (1) 6.854 (1), 8.933 (1), 7.418 (1)
� (�) 114.800 (6) 114.858 (2)
V (Å3) 411.0 (1) 412.10 (9)
Z 4 4
Dx (Mg m�3) 5.760 5.745
Radiation type Synchrotron Synchrotron
Crystal form, colour Tabular, colourless Tabular, colourless
Crystal size (mm3) 0:1� 0:09� 0:045 0:1� 0:09� 0:045

Data collection
Diffractometer Beamline F1 at Hasylab Beamline F1 at Hasylab
Data collection method ’ rotation ’ rotation
Absorption correction None None
No. of measured, independent

and observed reflections
95 016, 20 505, 17 954 95 651, 14 190, 11 959

Criterion for observed reflections I > 3�(I) I > 3�(I)
Rint 0.044 0.048
�max (�) 45.9 53.3

Refinement
Refinement on F2 F2

R½F2 > 3�ðF2Þ�, wR(F2), S 0.023, 0.073, 1.06 0.020, 0.066, 1.02
No. of reflections 20 505 14 190
No. of parameters 74 54
Weighting scheme Based on measured s.u.’s,

w = 1/[�2(I) + 0.0016I2]
Based on measured s.u.’s,

w = 1/[�2(I) + 0.0016I2]
(�/�)max 0.012 0.001
��max, ��min (e Å�3) 2.95, �4.68† 2.59, �2.42
Extinction method B-C type 1 Gaussian isotropic

(Becker & Coppens, 1974)
B-C type 1 Gaussian isotropic

(Becker & Coppens, 1974)
Extinction coefficient 0.00345 (16) 0.00728 (19)

Computer programs used: JANA2000 (Petricek et al., 2000). † At x = 0.2618, y = 0.2449, z = 0.0011, 0.09 Å from Ta.



3. Results and discussion

Measurement and refinement details for NTGO are

summarized in Table 1.1 The structural data obtained for the

two polymorphs are compared in Table 3. Harmonic and

anharmonic contributions to the temperature movements are

listed in Tables 4 and 5, respectively. The positional para-

meters at room temperature agree well with the data deter-

mined by Genkina & Mill (1992).

Calculation of the bond-valence sums (BVS) with para-

meters of Brese & O’Keeffe (1991) shows ideal values for Na,

Ge, O2 and O3 in the low- and ambient-temperature phases.

Ta and O1 are both overbonded with a BVS of 5.12 and 2.1,

respectively. Similar overbonding of Ti and O1 does occur in

titanite.

The probability density function (p.d.f.) of Na at room

temperature is shown in Fig. 2. It indicates site disorder of the

A cation similar to LiTaOGeO4 (LTGO; Malcherek, 2002).

The two positions of Na are 0.15 Å apart, which amounts to

only about half the distance observed for Li in LTGO. Owing

to resolution limits the p.d.f. appears rather flat and it is not

possible to derive a significant barrier height from the asso-

ciated one-particle potential. The reconstructed reciprocal

space images of NTGO (Fig. 3) at ambient temperature

exhibit anisotropic thermal diffuse scattering in sheets normal

to [001] with l = 2n. Similar sheets of diffuse scattering have

been observed in LiTaOGeO4, CaTiOGeO4 and titanite. Some

weak but very sharp reflections with l ¼ 2nþ 1, e.g. 00�55 or
�2205, are visible in the h0l layer of Fig. 3. These apparent

violations of the c-glide symmetry operation are likely to be

caused by multiple diffraction effects, as no significant

systematic absence violations have been observed in the data

used for structure refinement. Fig. 4 shows the squared

intensity ratio of the superstructure reflections 01�66 and 12�66,

and the fundamental reflection �22�22�55 as a function of the

temperature. A linear fit to these data yields an extrapolated

critical temperature of Tc = 115.8 (6) K. The linear tempera-

ture dependence of the squared intensity of the superstructure

reflections is in agreement with the behaviour of other

compounds of this type (Malcherek, Bosenick et al., 2004). As
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Table 2
Atomic coordinates of the titanite structure at T = 530 K (space group
C2/c; x; y; z) and at T = 100 K (space group P21/c; x1, y1, z1) and their
relative displacements.

To obtain the coordinates (x1, y1, z1) the transformation matrix P and an
additional shift of +(0,0,12) has been applied to the data given by Kek et al.
(1997).

Atom x y z x0 ¼ xþ 1=4 y0 ¼ yþ 1=4 z0 ¼ z

T = 530 K
Ca 0 0.6690 1/4 1/4 0.9190 1/4
Ti 1/2 1/2 1/2 3/4 3/4 1/2
Si 0 0.3173 1/4 1/4 0.5673 1/4
O1 0 0.9297 1/4 1/4 0.1797 1/4
O2 0.1855 0.4337 0.4114 0.4355 0.6837 0.4114
O20 0.6855 0.9337 0.4114 0.9355 0.1837 0.4114
O3 0.1035 0.2107 0.1177 0.3535 0.4607 0.1177
O30 0.6035 0.7107 0.1177 0.8535 0.9607 0.1177

Atom x1 y1 z1

T = 100 K
Ca 0.25115 0.91845 0.2410
Ti 0.74926 0.75456 0.5149
Si 0.24877 0.5672 0.2480
O1 0.2502 0.1793 0.2505
O2a 0.4349 0.6843 0.4105
O2b 0.9378 0.1847 0.4134
O3a 0.3534 0.4610 0.1161
O3b 0.8535 0.9598 0.1185

Atom �x ¼ x1 � x0 �y ¼ y1 � y0 �z ¼ z1 � z0

Displacements
Ca 0.00115 �0.00055 �0.009
Ti �0.00074 0.00456 0.0149
Si �0.00123 �0.0001 �0.002
O1 0.0002 �0.0004 0.0005
O2 �0.0005 0.0007 �0.0010
O3 0.0028 0.0011 0.0020
O4 �0.0001 0.0003 �0.0016
O5 0.0 �0.0009 0.0008

Table 3
Atomic coordinates of NTGO at T = 295 and 98 K and the relative static
displacements �x, �y, �z.

For T = 295 K the (1/4,1/4,0) shift has been applied and atoms related by the
base centering have been listed seperately, in order to emphasize the relation
to the distorted structure.

Atom xþ 1=4 yþ 1=4 z Ueq

T = 295 K, space group C2/c
Na 1/4 0.9241 (1) 1/4 0.0200 (2)
Ta 3/4 3/4 1/2 0.00684 (1)
Ge 1/4 0.56758 (1) 1/4 0.00632 (1)
O1 1/4 0.1837 (1) 1/4 0.0094 (1)
O2 0.4458 (1) 0.6883 (1) 0.4112 (1) 0.0114 (1)
O20 0.9458 (1) 0.1883 (1) 0.4112 (1) 0.0114 (1)
O3 0.3477 (1) 0.4553 (1) 0.1124 (1) 0.0100 (1)
O30 0.8477 (1) 0.9553 (1) 0.1124 (1) 0.0100 (1)

Atom x1 y1 z1 Ueq

T = 98 K, space group P21=c
Na 0.24827 (4) 0.92207 (6) 0.24235 (5) 0.0111 (1)
Ta 0.748245 (2) 0.752060 (2) 0.504007 (3) 0.003180 (5)
Ge 0.249340 (6) 0.567282 (8) 0.249414 (6) 0.003072 (8)
O1 0.25058 (5) 0.18307 (5) 0.24884 (4) 0.00508 (5)
O2 0.44387 (6) 0.68888 (4) 0.41119 (6) 0.00602 (5)
O3 0.94724 (6) 0.18710 (4) 0.41330 (6) 0.00594 (5)
O4 0.35039 (6) 0.45542 (4) 0.11373 (6) 0.00544 (5)
O5 0.84765 (6) 0.95470 (4) 0.11214 (6) 0.00540 (5)

Atom �x �y �z

Displacements
Na �0.00173 �0.00203 �0.00765
Ta �0.00175 0.00206 0.004
Ge �0.00066 �0.00023 �0.00059
O1 0.0006 �0.0006 �0.0012
O2 �0.0019 0.0006 0.0
O3 0.0014 �0.0012 0.0021
O4 0.0027 0.0001 �0.0013
O5 �0.0001 �0.0006 �0.0003

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: CK5025). Services for accessing these data are described
at the back of the journal.



in titanite (Malcherek et al., 2001), the superstructure reflec-

tions remain visible immediately above Tc in the form of

diffuse intensity maxima that are superimposed onto the

diffuse sheets in layers of l ¼ 2n.

Comparison of the static displacements in titanite and in

NTGO (Tables 2 and 3) shows that the largest displacements

have equal direction for both compounds. Having the smaller

critical temperature, the overall displacements in NTGO are

evidently smaller as well, as will be further discussed below.

However, the z component of the Ta displacement is less

pronounced than the corresponding Ti

displacement component. While the

�x=�z ratio of the M displacement in

titanite is only �0.04, it amounts to

�0.44 in NTGO. A similar rotation of

the short Ta—O1 bond away from the

position of the average bond in the

paraphase is known for the phase tran-

sition in LTGO (Malcherek, 2002).

While the resulting sublattice polariza-

tion is nearly parallel to [001] in titanite,

it deviates from this direction within the

(010) plane in NTGO and LTGO.

In titanite the static Ca displacement

is significantly smaller than the Ti

displacement. In NTGO the corre-

sponding displacement of Na is almost

as large as that of Ca in titanite and its z

component is in fact larger than the z

component of the Ta displacement. At

the same time the x and y components

of Na and Ta displacement are nearly identical but of opposite

sign in NTGO. The A cation is generally expected to be

disordered above Tc across a split position that is character-

istic of the intermediate phase (Kek et al., 1997). Therefore, its

displacement would not occur at Tc, but the A atoms would
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Figure 5
Tc as a function of the squared-static transition-metal cation displace-
ment. The line has been constrained to pass the origin. Structure data and
critical temperatures have been obtained from Kek et al. (1997) (titanite),
Malcherek (2002) (LiTaOGeO4), Genkina & Mill (1992), Malcherek,
Bosenick et al. (2004) (LiTaOSiO4), Ellemann-Olesen & Malcherek
(2005a) (CaTiOGeO4) and Ellemann-Olesen & Malcherek (2005b)
(SrTiOGeO4). Extrapolated values of Tc for �-NaTiOPO4 and
NaNbOGeO4 have been obtained using the known structure data of
the respective distorted phases (Phillips et al., 1992; Mill et al., 1990).

Figure 4
Squared relative intensity of two superstructure reflections as a function
of temperature. Straight-line fits have been used to extrapolate Tc.

Table 4
Harmonic temperature parameters (Å2) at T = 295 and 98 K.

The correction factor for the harmonic contributions takes the form exp½2�2ðU11h2a�2
þU22h2b�2

þU33h2c�2
þU12hka�b� þU13hla�c� þU23klb�c�Þ�.

Atom U11 U22 U33 U12 U13 U23

T = 295 K, space group C2/c
Na 0.0153 (3) 0.0127 (3) 0.0282 (4) 0 0.0053 (3) 0
Ta 0.006618 (6) 0.006617 (7) 0.006871 (7) 0.000740 (2) 0.002422 (4) �0.000577 (3)
Ge 0.00604 (1) 0.00585 (1) 0.00668 (1) 0 0.00230 (1) 0
O1 0.0131 (1) 0.0097 (1) 0.0061 (1) 0 0.0047 (1) 0
O2 0.0082 (1) 0.0122 (1) 0.0128 (1) �0.0033 (1) 0.0033 (1) �0.0037 (1)
O3 0.0123 (1) 0.0076 (1) 0.0123 (1) �0.0012 (1) 0.0072 (1) �0.0027 (1)

T = 98 K, space group P21=c
Na 0.00875 (12) 0.00526 (9) 0.01730 (19) �0.00006 (5) 0.00358 (12) �0.00022 (7)
Ta 0.002967 (6) 0.003137 (6) 0.003265 (7) �0.000264 (2) 0.001138 (5) 0.000239 (2)
Ge 0.00288 (1) 0.00298 (1) 0.00323 (1) 0.00001 (1) 0.00115 (1) �0.00001 (1)
O1 0.00648 (8) 0.00553 (8) 0.00360 (6) 0.00003 (4) 0.00248 (6) 0.00003 (5)
O2 0.00439 (7) 0.00633 (8) 0.00681 (8) �0.00152 (6) 0.00183 (6) �0.00164 (7)
O3 0.00457 (7) 0.00619 (8) 0.00663 (8) �0.00150 (6) 0.00192 (6) �0.00151 (7)
O4 0.00622 (7) 0.00451 (7) 0.00654 (8) �0.00052 (5) 0.00360 (6) �0.00135 (6)
O5 0.00621 (7) 0.00440 (6) 0.00646 (8) �0.00048 (5) 0.00351 (6) �0.00122 (6)



rather start to order onto one of the displaced positions at this

temperature.

Fig. 5 demonstrates that the critical temperature follows the

Abrahams–Kurtz–Jamieson law (Abrahams et al., 1968) if the

transition metal displacement is defined by the distance to the

(appropriately transformed) 4(a) position of the space group

C2/c. The static displacements have been obtained using the

published structural data of various compounds occurring in

the distorted titanite structure. The Ta displacement of NTGO

is apparently smaller than expected from the obtained linear

relationship between squared M cation displacement and

critical temperature. This particular deviation may be due to

the relatively large reduced temperature, T=Tc = 0.845, at

which the low-temperature structure reported here has been

determined. Structure determination at lower temperatures

might attain a more saturated order parameter and conse-

quently a slightly larger Ta displacement. Using the derived

linear relationship it is possible to estimate the stability of the

distorted phase as a function of composition for compounds

that have the titanite topology in common. Compounds with

M = Ta generally have the lowest Tc. A strikingly large

difference of 1500 K exists between Tc in NaTaOGeO4 and the

extrapolated Tc of NaNbOGeO4. NaNbOGeO4 decomposes

at � 1373 K (Mill et al., 1990), hence the phase transition

cannot be observed under ambient pressure conditions in this

compound. The larger off-centre distortion in NaNbOGeO4

and the related higher stability of the P21=c structure has to be

attributed to the electronic configuration of the transition

metal, as the radii of Ta5þ and Nb5þ are indistinguishable.

Similar, albeit smaller, differences of the critical temperatures

and of the related distortions are known to occur in various

oxide ferroelectrics, e.g. the pairs LiNbO3/LiTaO3 or KNbO3/

KTaO3, where the latter compound is commonly described as

incipient ferroelectric (e.g. Akbarzadeh et al., 2004). Possible

reasons for the different behaviour of the 4d and 5d systems

have been discussed by Kaupp (2001).
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Table 5
Third- and fourth-order tensorial coefficients 	ijk (�1000) and �ijkl (�1000) for Na at T = 295 K.

The correction factor for the anharmonic contributions takes the form
�
1� i 4

3�
3ðh3	111 þ k3	222þ . . . þ hl2	233 þ hkl	123Þ þ

2
3�

4ðh4�1111 þ k4�2222þ . . . þ k2l2�2233

þ kl3�2333Þ
�
.

	222 	112 	233 	123

Na �0.93 (8) �1.09 (9) 0.3 (1) 0.0 (1)

�1111 �2222 �3333 �1113 �1122 �1133 �1223 �1333 �2233

Na �1.50 (9) 0.08 (3) �5.9 (3) �0.74 (7) �0.08 (2) �0.61 (8) 0.04 (2) �0.46 (12) 0.08 (4)


