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Coordinate analysis of the multiple phase transitions in

hexagonal YMnO3 leads to the prediction of a previously

unknown aristotype phase, with the resulting phase-transition

sequence: P63
0cm0(e.g.)$ P63cm$ P63/mcm$ P63/mmc$

P6/mmm. Below the Néel temperature TN ’ 75 K, the

structure is antiferromagnetic with the magnetic symmetry not

yet determined. Above TN the P63cm phase is ferroelectric

with Curie temperature TC ’ 1105 K. The nonpolar

paramagnetic phase stable between TC and � 1360 K trans-

forms to a second nonpolar paramagnetic phase stable to

� 1600 K, with unit-cell volume one-third that below 1360 K.

The predicted aristotype phase at the highest temperature is

nonpolar and paramagnetic, with unit-cell volume reduced by

a further factor of 2. Coordinate analysis of the three well

known phase transitions undergone by tetragonal BaTiO3,

with space-group sequence R3m $ Amm2 $ P4mm $

Pm3m, provides a basis for deriving the aristotype phase in

YMnO3. Landau theory allows the I$ II, III$ IV and IV$

V phase transitions in YMnO3, and also the I $ II phase

transition in BaTiO3, to be continuous; all four, however,

unambiguously exhibit first-order characteristics. The origin of

phase transitions, permitted by theory to be second order, that

are first order instead have not yet been thoroughly

investigated; several possibilities are briefly considered.
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1. Introduction

Interest in the multiferroic properties of hexagonal YMnO3

and family,1 with both the number and temperatures of phase

transitions being controversial, has recently increased sharply.

Huang et al. (1997) detected anomalies, indicative of coupling

between ferroelectric and antiferromagnetic ordering, in the

dielectric constant of YMnO3 near its magnetic Néel

temperature TN ’ 80 K. Janoschek et al. (2005) reported the

slightly pressure-dependent magnetic moment of YMnO3 as

3.09 (2) �B at 1.5 K, decreasing smoothly with T to zero at

TN ’ 80 K. Fujimura et al. (2007) detected anomalies in the

relative dielectric permittivity accompanying the anti-

ferromagnetic transition near TN at� 76 K, while Lancaster et

al. (2007) reported two oscillatory relaxing signals due to

magnetic order below TN ’ 70 K that increase, under the

application of hydrostatic pressure, as the ordered moment

decreases. Lee et al. (2008) reported a structural transition at

TN ’ 75 K, characterized by changes of � 0.05–0.09 Å in

atomic location,� 0.05 A mol�1 in magnetic susceptibility and

� 13 J mol�1 K�1 in entropy.

1 The dielectric and magnetic properties of metastable orthorhombic YMnO3

(space group Pnma), with TC ’ 30 K and TN ’ 40 K, are also of current
interest but are not considered further here.



Group-theoretical analysis by Lonkai et al. (2004),

combined with X-ray and neutron powder diffraction deter-

minations of the isomorphous structures RMnO3 for R = Yb,

Lu and Tm over the range 300–1400 K, confirmed the

suggestive but previously nondefinitive anomalies at � 935 K

apparent in Ismailzade & Kizhaev’s (1965) unit-cell lengths

for YMnO3 between 0 and 1075 K. Similar indications of a

YMnO3 phase transition at � 925 K are also present in

Łukaszewicz & Karut-Kalicińska’s (1974) data; the latter

unambiguously identified a still higher temperature phase

transition at� 1275 K in which a unit cell forms with a volume

one-third that at ambient temperature and determined the

structure therein. Lonkai et al. (2004) interpreted the YMnO3

transition at 1050 (50) K as from ferroelectric P63cm to a

mode with PS = 0, but without a change in the space group,

followed by a transition to nonpolar P63/mmc at TNP =

1433 (27) K with unit-cell volume above TNP one-third that

below. Assuming the order parameter causes small changes in

the experimental diffraction pattern, they concluded that

YMnO3 and isomorphous family members are improper

ferroelectrics.

Kim et al. (2000) determined the spontaneous polarization

of single-crystal YMnO3 at ambient temperature over a wide

frequency range to be PS = 4.5 � 10�2 C m�2, with a coercive

field of 190 V m�1. Katsufuji et al. (2002) reported that the

lattice constants and resistivity of RMnO3 (R = Y, Lu, Sc) vary

continuously between 300 and 1000 K and suggested that TC is

likely to exceed 1000 K; they noted that magnetic diffuse

neutron scattering in LuMnO3 remains detectable as high as

� 3TN, i.e. >� 220 K.

van Aken et al. (2004) proposed a two space-group model

for YMnO3 on the basis of cooperative ‘long-range dipole–

dipole interactions and oxygen rotations’, as did Jeong et al.

(2007) who detected only one high-temperature phase tran-

sition at � 1250 K below the upper limit of 1400 K in their

neutron powder diffraction study. Fennie & Rabe’s (2008)

group-theoretical analysis and first-principles density-func-

tional calculations for YMnO3 led them also to suggest that

the phase transition at � 1270 K is improper, supporting

Lonkai et al.’s (2004) model.

Subsequent differential thermal analysis by Nénert et al.

(2005, 2006, 2007) detected two high-temperature phase

transitions in YMnO3, at � 1105 and � 1365 K, confirming

both by single-crystal dilatometry in a synchrotron X-ray

powder investigation between ambience and 1475 K. They

determined YMnO3 to be a proper, rather than an improper,

ferroelectric and presented additional experimental and

theoretical evidence for the formation of an intermediate

paraelectric phase with space group P63/mcm between the

polar and highest known temperature phases.

The frequency at which new studies concerning the multi-

ferroic properties of YMnO3 have appeared, together with

several previous controversial assignments of symmetry and

increasing interest in phase-transition order, led to the present

study in which coordinate analysis for YMnO3 establishes the

full phase-transition sequence, based in part on the analysis of

the multiphase transitions in multiferroic BaTiO3.

2. Phases of multiferroic hexagonal YMnO3

2.1. Hexagonal YMnO3 phase-transition temperatures

Hexagonal YMnO3 clearly exhibits no less than four rather

than the two phases previously recognized, as noted in x1. A

new fifth aristotype phase, with space group P6/mmm and no

variable z parameter, is predicted herein to form at T >
�

1600 K, see x3.3. The IUCr nomenclature presented

previously, on the basis of Tolédano et al.’s (1998) recom-

mendations, for the two YMnO3 phases then known (Abra-

hams, 2001) consequently requires revision as follows:

I | 1600 K | P6/mmm (191) | Z = 1| nonpolar, paramagnetic |

phase I unit-cell volume ’ 1/6 that of phases III, IV or V |

predicted zero-parameter structure.

II | � 1360 – >� 1600 K | P63/mmc (194)| Z = 2| nonpolar,

paramagnetic | unit-cell volume ’ 1/3 that of phases III, IV or

V.
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Table 1
Ambient atomic coordinates of YMnO3 in phase IV (Aken et al., 2001) and hypothetical x0y0z0 coordinates for intermediate phase III with supergroup
P63/mcm symmetry, with �x, �y, �z and ambient lattice constants.

Thermal/static u33 displacements in Å. a = 6.1387 (3), c = 11.4071 (9) Å, with polar zIV = z�IV þ
1
4 and z0IV = zIV + 0.00246, where z�IV is a z-coordinate value of van

Aken et al. (2001).

Wyckoff position �xIV–III† �yIV–III �zIV–III ��IV–III

P63cm‡ P63/mcm xIV yIV zIV z0IV xIII yIII zIII (Å) (Å) (Å) (Å) u33§

Phase IV! III
Y1 2a 2b 0 0 0.52122 (12) 0.52368 0 0 1

2 0 0 0.270 0.270 0.09
Y2 4b 4d 1

3
2
3 0.48041 (3) 0.48287 1

3
2
3

1
2 0 0 �0.195 0.195 0.12

Mn 6c 6g 0.3352 (4) 0 0.24688 (12) 0.24934 0.3352 0 1
4 0 0 �0.008 0.008 0.08

O1 6c 0.3083 (12) 0 0.4096 (7) 0.4121 0.3335 0 0.4127 �0.155 0 �0.007 0.155 0.12
12k

O2 6c 0.3587 (10) 0 0.0841 (6) 0.0866 0.3335 0 0.087 0.155 0 �0.008 0.155 0.14
O3 2a 2a 0 0 0.2251 (12) 0.2276 0 0 1

4 0 0 �0.256 0.256 0.12
O4 4b 4c 1

3
2
3 0.2655 (11) 0.2680 1

3
2
3

1
4 0 0 0.205 0.205 0.07

† �x = ðx� x0Þ � a, �y = ðy� y0Þ � a and �z = ðz� z0Þ � c, with ��i = ½ðxi � x0iÞ
2
þ ðyi � y0iÞ

2
þ ðxi � x0iÞðyi � y0iÞ þ ðzi � z0iÞ

2
�
1=2. ‡ Wyckoff positions in P63cm: 2a 0,0,z; 0,0,z + 1

2; 4b 1
3,

2
3,z;

2
3,

1
3,z + 1

2;
2
3,

1
3,z; 1

3,
2
3,z + 1

2; 6c x,0,z; 0,x,z; �xx,�xx,z; �xx,0,12 + z; 0,�xx,12 + z; x,x,12 + z. In P63/mcm: 2a 0,0,14, 0,0,34; 2b 0,0,0, 0,0,12; 4c 1
3,

2
3,

1
4,

2
3,

1
3,

3
4,

2
3,

1
3,

1
4,

1
3,

2
3,

3
4; 4d 1

3,
2
3,0, 1

3,
2
3,

1
2,

2
3,

1
3,0, 2

3,
1
3,

1
2; 6f 1

2,0,0; 0,12,0; 1
2,

1
2,0; 1

2,0,12; 0,12,
1
2;

1
2,

1
2,

1
2;

12k 	(x,0,z; 0,x,z; �xx,�xx,z; �xx,0,12 + z; 0,�xx,12 + z; x,x,12 + z). § Thermal and/or static atomic amplitudes u33 in Å for Y and In, ueq for O, at ambient T.



III | � 1105 – � 1360 K | P63/mcm (193) | Z = 6 | nonpolar,

paramagnetic | unit-cell volume matches that of phases IV or

V.

IV | 75–1105 K | P63cm (185) | Z = 6 | ferroelectric, para-

magnetic | 2 polar variants.

V | <� 75 K | e.g. P63
0c0m (185) |2 Z = 6 | ferroelectric,

antiferromagnetic | 2 polar variants.

The transformation between paramagnetic YMnO3 phase

IV and antiferromagnetic phase V at TN ’ 80 K, see x1, is

clearly a phase transition with magnetic ordering for which the

Shubnikov/magnetic space group (Koptsik, 1963; Litvin, 2001,

2008a,b) has still to be reported. Lee et al. (2008) give lattice

constants a = 6.12049 (7), c = 11.40756 (2) Å at 10 K (see

ambient values in Table 1).

The proposal that the transition between phases IV$ III in

ferroelectric YMnO3 is ca 935 K, as noted in x1, remained

controversial until the unambiguous determination by Nénert

et al. (2007) that TC ’ 1105 K between polar P63cm and

centrosymmetric P63/mcm. The � 1275 K temperature

reported by Łukaszewicz & Karut-Kalicińska (1974) for the

phase III $ II transition is identifiable with that given by

Lonkai et al. (2004) as 1433 (27) K and by Nénert et al. (2007)

as 1350 K, see also x5.

2.2. Phase transition order in hexagonal YMnO3

Two entropy anomalies were observed by Nénert et al.

(2007) in YMnO3 using differential thermal analysis, the

smaller at TIV–III’ 1100 K, the larger at TIII–II’ 1350 K. Both

are indicative of first-order phase transitions (FOPTs),

although the entropy change was reported at neither.3 Their

dilatometric analysis, however, was suggestive of second

order. Landau–Lifshitz criteria had previously led Nénert et al.

(2005) to characterize the transition at TIV–III as likely to be

continuous, that at TIII–II a FOPT, cf. x4.2. The wide variation

reported in the literature for the magnitudes of TIV–III and

TIII–II is most likely indicative of impurities, defects and/or

disorder in the samples used, but such identification requires

further study. The abrupt magnetic entropy and heat-capacity

changes at TV–IV ’ 75 K reported by Lee et al. (2008), cf. x1,

are strongly suggestive of a FOPT and in sharp contrast with

the gradual transitions observed at TIV–III or TIII–II.

3. Coordinate analysis of each phase in the YMnO3

structure4

Atomic coordinate analysis allows any well determined phase

to be investigated in order to reveal the atomic displacements

required for a possible transition to another phase of higher

but related symmetry. The method requires all differences

between the atomic coordinates derived for the higher-

symmetry structure and those corresponding in the original

structure determination to be less than about 3ueq at the

transition temperature. The results of such analyses for phases

I–IV of YMnO3, based on van Aken et al.’s (2001) experi-

mental coordinates measured at ambient temperature, are

presented in Tables 1–4.

The structure of ferroelectric phase IV contains sheets of

slightly tilted trigonal bipyramidal MnO5 ions separated by

sheets of independent pairs of pentagonal bipyramidal YO7

ions, represented in Fig. 1 (Dowty, 2004) by large spheres. The

Curie temperature TC may be derived from the maximum Y+3

cation displacement by

TC ¼ ð�=2kÞð�ziÞ
2 K; ð1Þ

in which the force constant � = 5.52 (25) � 104 kPa and the

Boltzmann constant k = 1.380658 (12) � 10�23 J K�1; thus
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Table 2
Atomic coordinates of YMnO3 in phase IV (Aken et al., 2001), transformed to the orientation of phase II.

Hypothetical coordinates for phase II in supergroup P63/mmc and corresponding �x, �y, �z differences between structures of phases IV and II together with
original thermal/static u33 displacements in Å. Lattice constants for aIII transformed as below. The unit-cell volume in phase II is one-third that of phase IV
(Łukaszewicz & Karut-Kalicińska, 1974). Ambient temperature aII axis equivalent at is aIV/(3)1/2

’ 3.54 Å with cII’ cIV’ 11.40 Å; z0II = zII + 1
4; z�IV = z0IV + 0.00246.

Wyckoff position �xIV–II �yIV–II �zIV–II ��IV–II

P63cm† P63/mmc‡ xIV yIV zIV z0IV xII yII zII (Å) (Å) (Å) (Å)

Phase IV! II
Y1 1a 0.0 0.0 0.52122 (12) 0.52368 0 0 1

2 0 0 0.270 0.270
2a

Y2 1a 0.0 0.0 0.98041 (3) 0.98287 0 0 0 0 0 �0.195 0.195
Mn 2b 2d 0.6704 0.3352 (4) 0.24688 (1) 0.24934 2

3
1
3

1
4 0.013 0.007 �0.008 0.019

O1 2b 0.6166 0.3083 (12) 0.4096 (7) 0.4121 2
3

1
3 0.412 �0.177 �0.089 �0.008 0.235

4f
O2 2b 0.7174 0.3587 (10) 0.0841 (6) 0.0866 2

3
1
3 0.087 0.179 0.090 �0.007 0.237

O3 1c 0.0 0.0 0.2251 (12) 0.2276 0 0 1
4 0 0 �0.256 0.256

2b
O4 1c 0.0 0.0 0.7655 (11) 0.7680 0 0 3

4 0 0 0.205 0.205

† Atomic coordinates and Wyckoff positions in Table 2 were modified for unit-cell volume reduction by a factor of 3 and reorientated to match the phase I structure. The insignificant
difference between experimental Mn(x) and Mn(y) magnitudes, and at the special position 2

3,
1
3, is noted. ‡ Wyckoff positions in P63/mmc: 2a 0,0,0, 0,0,12; 2b 0,0,14, 0,0,34; 2c 1

3,
2
3,

1
4,

2
3,

1
3,

3
4; 2d 2

3,
1
3,

1
4,

1
3,

2
3,

3
4; 4f 1

3,
2
3,z, 1

3,
2
3,

1
2 � z; 2

3,
1
3,z + 1

2,
2
3,

1
3,�zz.

2 Or P63cm10, P63
0cm0 or P63c0m0, unless the antiferromagnetic unit cell

undergoes an integral length or further symmetry change at TN; experimental
measurement is required for magnetic space-group determination, see Litvin
(2008b), pp. 3656–3666.
3 A FOPT is characterized by exhibiting a finite latent heat or entropy
discontinuity. 4 Except in the structurally undetermined phase V.



�/2k = 2.00 (9)� 104 K Å�2, where �zi is the largest i-cationic

displacement at TC between its measured location and that

along the polar axis at which the spontaneous polarization PS

would be zero (Abrahams et al., 1968).

3.1. Transition between phases IV and III in YMnO3

The maximum displacements in YMnO3 at the transition

from ferroelectric phase IV to nonpolar phase III are

�zIV–III(Y1) = 0.270 and �zIV–III(Y2) = 0.195 Å, see Table 1.

Such large differences between the displacement of cations

predicted to become equivalent in phase III, with unit-cell

volume 1/3 that at ambient temperature, are assumed to result

from the wide spread between the experimental temperature

and that predicted for the transition to phase III (TIV–III). The

resulting inequality between �zIV–III(Y1) and �zIV–III(Y2) is

expected to decrease with rising temperature, i.e. as (TIV–III

�Texp) approaches zero, zIII is expected to approach

z0 ¼ ðz0IV þ z0IIIÞ=2. The resulting h�z(Y)i = 0.232 Å corre-

sponds to TIV–III = 1076 K, notably close to the experimental

TC = 1105 K.

3.2. Transition between phases III and II in YMnO3

The possibility that the transition from phase IV to phase

III in YMnO3 is followed by a further transition from phase III

to phase II versus the alternative of a transition directly from

phase IV to phase II at higher temperature is readily eval-

uated by coordinate analysis, see Tables 1 and 2. Identical

displacements by Y1 and Y2 at either transition, with both Y

atoms occupying comparable special positions in P63/mcm and

in P63/mmc, favor neither space group. The Mn atom, within
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Table 3
Aken et al.’s (2001) transformed atomic coordinates for YMnO3 in phases III and II, oriented to match the phase II orientation at 1275 K [Łukaszewicz
& Karut-Kalicińska, 1974, estimate aI = aIII/(3)1/2

’ 3.61 Å ‘above 1273 K’], see values in Tables 1 and 2.

Ambient temperature lattice constants for phases II and I taken as aI = aIII/(3)1/2
’ 3.5442, c ’ 11.40 Å; z* = z + 0.03817.

Wyckoff position �xIII–II �yIII–II �zIII–II ��III–II

P63/mcm P63/mmc† xIII yIII zIII xII yII zII (Å) (Å) (Å) (Å)

Phase III! II‡
Y1,Y2 2b 2a 0 0 1

2 0 0 1
2 0 0 0.0 0.0

Mn 4c 2d 2
3

1
3

1
4

2
3

1
3

1
4 0 0 0.0 0.0

O1,O2 4d 4f 1
3

2
3 0 1

3
2
3 0.087 0 0 0.99 0.99

O3,O4 2a 2b 0 0 1
4 0 0 1

4 0 0 0 0

† Wyckoff positions in P63/mcm: see Table 1; in P63/mmc: see Table 2. ‡ With only one variable coordinate in phase II, Łukaszewicz & Karut-Kalicińska’s (1974) estimated value
zI(O2) = 0.085 is notably within � 0.025 Å of that derived by coordinate analysis for zI(O1,O2).

Table 4
Aken et al.’s (2001) transformed atomic coordinates for YMnO3 in phases II and I, oriented to match those at 1275 K used by Łukaszewicz & Karut-
Kalicińska (1974), see values in Table 3.

Ambient temperature lattice constants for phases II and I taken as aI ’ 3.5442, cI = cII/2 ’ 5.70 Å; z* = z + 0.03817.

Wyckoff position �xII–I �yII–I �zII–I ��II–I

P63/mmc P6/mmm† xII yII zII‡ xI yI zI (Å) (Å) (Å) (Å)

Phase II! I
Y1,Y2 2a 1a 0 0 0 0 0 0 0 0 0.0 0.0
Mn 2d 2d 2

3
1
3

1
4

2
3

1
3

1
2 0 0 0.0 0.0

O1,O2 4f 2c 1
3

2
3 0.087 1

3
2
3 0 0 0 0.99 0.99

O3,O4 2b 1b 0 0 1
4 0 0 1

2 0 0 0 0

† Wyckoff positions in P6/mmm: 1a 0,0,0; 1b 0,0,12; 2c 1
3,

2
3,0; 2

3,
1
3,0; 2d 1

3,
2
3,

1
2;

2
3,

1
3,

1
2; 2e 0,0,z; 0,0,z; 3f 1

2,0,0; 1
2,

1
2,0; 3g 1

2,0,12; 0,12,
1
2;

1
2,

1
2,

1
2; 4h 1

3,
2
3,z; 2

3,
1
3,z; 1

3,
2
3,�zz; 2

3,
1
3,�zz. ‡ It is noted that cI = cII/2.

Figure 1
Unit-cell contents of YMnO3 phase IV along the a1 axis, see Table 1,
based on the atomic coordinates of Aken et al. (2001).



� 0.01 Å of either the special 6g position in phase III or the 2d

position in the smaller unit cell of phase II, requires a negli-

gibly small displacement for such a transition to either alter-

native phase. The principal difference between Tables 1 and 2

is thus associated with the magnitude of corresponding �y(O)

atomic displacements; the significantly smaller ��(O1/O2)

values in Table 1 favor the observed transition from space

group P63cm to intermediate P63/mcm thermodynamically

over that required in Table 2 to the higher-temperature

P63/mmc phase. The consequent atomic arrangement in

phases III and II is thus very similar, see Figs. 2 and 3, with the

O—Mn—O bipyramidal ion axis parallel to the polar axis in

both, in contrast to the arrangement in phase IV. The primary

change in the latter on heating through TC is loss of the

bipyramidal axis tilt in phase III. The structural similarities

noted may be seen in Figs. 3 and 4, the views in the latter

complementing those in Figs. 1 and 2 by provision of the third

dimension.

3.3. Transition between phases II and I in YMnO3

If the � 0.08 Å difference between �(Y1)zIV–III and

�(Y2)zIV–III in Table 1 is an indicator of a previously unsus-

pected higher-temperature phase transition in YMnO3, cf. x4,

then the latter may be predicted as from space group P63/mmc

in phase II to aristotype phase I with space group P6/mmm,

the latter supergroup to P63/mmc. The unit-cell c-axis length

in phase I is necessarily reduced by a factor of 2 from that in

phase II, see International Tables for Crystallography (1987,

Vol. A), with the a and b axes in phase I reduced by the same

31/2 factor as in phase II from that in phases III or polar IV, see

Fig. 4. Landau theory allows the proposed phase II $ I

transition at T >� 1600 K to be continuous; a displacement of

� 0.99 Å by the O1/O2 atom in a fourfold Wyckoff location is

hence the only requirement for such a transition, see Table 4,

assuming the crystal is thermally stable at TII–I. Although an O

atom displacement of 0.99 Å magnitude might be question-

able at a transition temperature closer to ambience, this value

is identical to that determined structurally by Łukaszewicz &

Karut-Kalicińska (1974) in the III$ II phase transition. The

resulting dY—O = 2.046 Å bond lengths in phase I, uncorrected

either for axial or bond-length thermal expansion, are

comparable to those in phase IV; the calculated dMn—O

lengths, however, are identical to those of dY—O although

expected to be � 0.4–0.5 Å shorter. Experimental determi-
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Figure 2
Unit-cell contents of YMnO3 in phase III along the a1 axis, see Table 2.

Figure 3
Four unit cells of YMnO3 in phase II along the c axis, see Table 3.

Figure 4
Four unit cells of YMnO3 in phase I along the c axis, see Table 4.



nation of the postulated structure in phase I, in addition to

redetermination of the structure in phase II, is necessary for

confirmation of the predictions above.

The possibility that hexagonal YMnO3 might also be subject

to structural disorder comparable to that in BaTiO3 or to

impurities or defects, see x5, does not yet appear to have been

investigated. If such effects are detected in YMnO3, consid-

eration of their possible interactions with the ionic displace-

ments at each transition would become necessary.

4. Multiferroic multiphase tetragonal BaTiO3
5

More than 80% of all crystals investigated are reported to

undergo a single phase transition (cf. Tomaszewski, 1992),

with relatively few exhibiting three or more phase transitions

as in YMnO3 and even fewer that are ferroelectric with all

phases fully investigated structurally. A prominent multiphase

ferroelectric material meeting the latter conditions is BaTiO3,

the third ferroelectric discovered [by von Hippel et al. (1946)

and, independently, Wul & Vereschagen (1946)].6 The prop-

erties of multiferroic BaTiO3 have been the subject of

numerous investigations,7 several of which provide informa-

tion pertinent to the properties of YMnO3, see e.g. x4.2; a

summary of the more relevant results follows.

Landau theory allows the phase I$ II transition between

the space groups Pm3m and P4mm in BaTiO3 to be contin-

uous, since phase II is a subgroup of phase I; experimentally,

this transition strongly exhibits first-order characteristics, see

x4.2. Neither the phase II $ III transition between space

groups P4mm and Amm2, nor the phase III $ IV transition

between space groups Amm2 and R3m, are supergroup–

subgroup related hence, as Howard & Stokes (2005) observe

on the basis of Landau theory: ‘a transition that does not

correspond to a group–subgroup pair cannot be continuous

and, should such a phase transition occur, must be of first

order’.8 This aspect of the phase transitions in BaTiO3 is

comparable to that in YMnO3, albeit at much lower

temperatures, see also x2.2 and Satoh et al. (1998).

The unit cells both of cubic aristotype phase I and tetra-

gonal phase II in BaTiO3 have a ’ c ’ 4 Å,9 but the orthor-

hombic phase III unit-cell volume is close to double that in

phases I and II due to a 45
 rotation about the a axis resulting

in b ’ c ’ 4(2)1/2 Å. The rhombohedral phase IV unit-cell

volume, with a’ 4 Å and �’ 89.4
, approaches that of phases

I and II. All calculations in Tables S1–S29,10 presenting the

magnitudes of �z and �� as defined in Table 1 and derived at

each temperature measured, make due allowance for the

phase transformations at T
exp
II�I ’ 393, T

exp
III�II ’ 278 and T

exp
IV�III

’ 183 K, see also x4.2.

Numerous structural studies of the BaTiO3 phase sequence

have been reported as a function of increasing temperature.

Among them, the results of Kwei et al. (1993), based on

structural refinement using powder diffraction data measured

at five or more temperatures within each phase,11 are note-

worthy in showing that all relative atomic positions remain

nearly constant throughout each phase, a conclusion

supported by the thermally independent �zi value implicit in

(1) and taken as applicable to YMnO3. Darlington et al.’s

(1994) thermally dependent structural measurements on

BaTiO3 are similarly suggestive of general �zi magnitude

constancy throughout each phase,12 but the graphical

presentation hinders quantitative use in the present study.

BaTiO3 in the space group Pm3m exhibits six structurally

identical Ti—O bond lengths of 2.0029 (8) Å, changing

abruptly at the phase transition to P4mm with one dTi—O of

1.87 (2) Å, another of 1.877 (9) Å and four of 2.004 (1) Å

(Buttner & Maslen, 1992), consistent with a FOPT. Kwei et al.

(1993) report dTi—O = 1.838 (9), 2.198 (9) and four of

2.002 (9) Å. At the transition to Amm2, the latter give two

dTi—O each of 1.875 (1), 1.996 (2) and 2.146 (2) Å and,

following the transition to space group R3m, three of 1.878 (2)

and three of 2.134 (2) Å.

4.1. Predicted versus measured atomic displacements at the
BaTiO3 phase transitions

The BaTiO3 atomic displacement �TiðzÞII�I corresponding

to the experimental Curie temperature T
exp
II�I = 393 K for the

phase II$ I transition is 0.140 Å, based on (1). Kwei et al.’s

(1993) mean value over the 350–280 K range is �Ti(hzi)II–I =

0.099 (3) Å,13 that over the 270–190 K range is �Ti(hzi)III–II =

0.102 (12) Å and over the 180–15 K range is �Ti(hzi)IV–III =

0.120 (12) Å, see Tables S1–S19. Five additional studies of

phase II by Kim et al. (2000), Aoyagi et al. (2002), Buttner &

Maslen (1992), Jiang et al. (1988) and Harada et al. (1970), see

Tables S20–S24, average to �TiðzÞII�I = 0.097 (20) Å, in fair

agreement with Kwei et al. (1993).

The phase III $ II transition temperature T
exp
III�II = 278 K

corresponds to �Ti(z)III–II = 0.118 Å by (1), with Kwei et al.’s

(1993) coordinates in Tables S6–S10 averaging to 0.102 (12) Å.
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5 A second polymorphic form of BaTiO3 with hexagonal symmetry and space
group P6/mmc at ambience, with a transition at � 70 K to the space group
C2221, forms another phase below � 7 K that probably has the space group
P21 (Yamamoto et al., 1988), but is not considered further here.
6 The property of ferroelectricity, first discovered in Rochelle salt by Valasek
(1921), then in KH2PO4 by Busch & Scherrer (1935), remained an interesting
curiousity until BaTiO3 was found during WWII to be ferroelectric, with useful
physical properties. Early reports on BaTiO3 were classified, hence publication
was deferred.
7 Including the ferroelastic properties of ferroelectric phase II, see e.g. Hlinka
(2007).
8 Emphasis added.
9 Recent claims by Yoshimura et al. (2007) that monoclinic and tetragonal
phases of BaTiO3 coexist below T

exp
II�I have been shown by Keeble & Thomas

(2009) to be nonconfirmable.

10 Supplementary data for this paper, including Tables S1–S29 of the thermally
dependent BaTiO3 atomic coordinates in space groups P4mm, Amm2 and
R3m, their derivative symmetry and resulting atomic displacements over the
range 350 to 15 K and to 3.2 GPa, are available from the IUCr electronic
archives (Reference: BK5086). Services for accessing these data are described
at the back of the journal.
11 Kwei et al. (1993) consistently refer to the space group of ferroelectric
tetragonal BaTiO3 as (nonpolar) P4/mmm but present results in a form
consistent with Ti and both O atoms occupying locations corresponding to 1b
and 2c in polar P4mm, the well substantiated polar space group.
12 The authors note both O(z) magnitudes ‘are almost exactly the same over
the whole temperature range studied’.
13 The uncertainty stated is the standard deviation of the average displace-
ment.



The remaining study of phase III at ambient pressure, see

Shirane et al. (1957) in Table S25, gives �Ti(z)III–II = 0.12 Å.

The phase IV$ III transition temperature T
exp
IV�III = 183 K

corresponds to �Ti(z)IV–III = 0.096 Å by (1), while averaging

Kwei et al.’s (1993) values in Tables S11–S19 gives

0.120 (16) Å. Hewat’s (1974) and Schildkamp & Fischer’s

(1981) coordinates in Tables S26–S27 result in 0.134 and

0.116 Å, respectively.

The average experimental magnitude of �Ti(z) in BaTiO3

at each of the successive transitions from the lowest-

temperature ferroelectric to the aristotype phase is hence

either (a) close to a constant 0.107 Å at each of the three

phase transitions or (b) increases � 0.020 Å between the

lowest and highest phase transitions. The experimental �Ti(z)

uncertainty of � 0.02 Å in the studies available is insufficient

to resolve the choice; notably, however, the change in |�Ti(z)|

over the phase succession is clearly close to negligible.

This result suggests the possibility that if a material

undergoes more than a single phase transition, of which one is

ferroelectric, then all other ferrroelectric phases present will

exhibit a �(z) value identical to that at the phase transition

with the highest TC value. If only one ferroelectric phase is

formed, as in YMnO3, then its major �(z) value determines

the highest phase-transition temperature, as assumed in x3.3.

4.2. Thermal dependence of physical properties and phase
transition order in BaTiO3

Many properties of tetragonal BaTiO3 such as the lattice

constants (Clarke, 1976), the dielectric constant, spontaneous

polarization, coercive field, birefringence, specific heat,

thermal expansion and others (see e.g. Hellwege, 1981) have

thermal dependences that exhibit sharp discontinuities, indi-

cative of first order, at each phase transition. The �-point heat

capacity anomaly at the 393 K phase I $ II transition with

entropy change 0.53 J mol�1 K�1, for example, is fully char-

acteristic of a FOPT between space groups Pm3m and P4mm,

although its supergroup–subgroup relation allows a contin-

uous transition, cf. x4, also Strukov et al. (2004).14

5. Influence of impurities, defects and structural
disorder on phase transitions

The influence of impurities and defects on ferroelectric and

other phase transitions is often consequential and their study

has led to a growing literature, e.g. Lebedev et al. (1997). The

wide variation reported in YMnO3 phase-transition

temperatures may be related to the presence of impurities or

defects, but such an origin has yet to be reported. The X-ray

diffuse scattering discernable in all four BaTiO3 phases was

proposed by Comès et al. (1970) as being due to the linearly

disordered central Ti atom and as phase-specific. Numerous

experimental investigations including Verble et al.’s (2005)

Raman scattering measurements together with Zhong et al.’s

(1994) first-principles calculations and Pirc & Blinc’s (2004)

dynamic response derivation have amply confirmed the

presense of order–disorder scattering components in BaTiO3.

A detailed investigation of this contribution, including a

correction for any influence on the atomic coordinates and

phase transitions in addition to the complementary structural

and displacive aspects considered above, would be most

appropriate.

6. Structural pressure-dependence in ferroelectric
phases

Bos et al. (2001) report orthorhombic YMnO3 forms under

15 kbar hydrostatic pressure, the hexagonal phase at lower

pressures, while Jaouen et al. (2007) note that the application

of 13 GPa to PbTiO3 (space group P4mm) reduces the equi-

librium Ti-atom displacement to 0.090 (15) Å. The structural

pressure-dependence of BaTiO3 in phase II was determined

by Hayward et al. (2005) at 0.2 GPa and 298 K and at 3.2 GPa

and 213 K, also in phase III at 3.2 GPa and 165 K, see Tables

S28–S30; the former resulted in �TiðzÞI�II ’ 0.07 Å, corre-

sponding to Tcalc
I�II ’ 100 K by use of (1), hence indicative of a

strongly depressed Curie temperature. The structure in phase

III at 213 K returned to cubic symmetry under 3.2 GPa as

�Ti(z)III! 0.

The orthorhombic BaTiO3 phase at 165 K (18 K below the

phase III/IV boundary at ambient pressure) closely

approaches cubic symmetry under a pressure of 3.2 GPa. The

transition temperature between paraelectric and ferroelectric

phases is hence reduced strongly by the application of

hydrostatic pressure, with full suppression of TC at higher

pressures. An approximately linear relationship between

spontaneous strain es and the quantity �z2
Ti, a relationship

comparable with (1), was recognized by Hayward et al. (2005).

7. Summary

The four known phases of YMnO3, one antiferromagnetic,

one ferroelectric and two nonpolar, have been characterized

by cooordinate analysis. A new aristotype nonpolar phase I is

predicted to form at T >� 1600 K. Experimental and predicted

atomic displacement and TC values agree within their uncer-

tainties at each phase transition. Both the I$ II and III$ IV

phase transitions, each between a supergroup and its

subgroup, are allowed by Landau theory to be continuous.

Although phase II is a maximal nonisomorphic subgroup of

phase III, this transition fails to satisfy a supergroup–subgroup

relationship since the order–parameter expansion contains

odd-order terms,15 hence the II$ III phase transition must be

first order. Magnetic symmetry and structural information on

phase V has yet to be reported but, experimentally, the IV$

V phase transition exhibits first-order characteristics as do the

three other phase transitions in YMnO3. The same observa-

tion and conclusion apply to all three phase transitions in

BaTiO3, although the phase I $ II transition at 393 K is

allowed by Landau theory to be continuous. A generalization
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14 The authors note the latent heat is dependent both on particle size and
supporting film thickness. 15 Indebtness is acknowledged to an anonymous referee for this statement.



concerning multiphase transition materials, of which one at

least is ferroelectric, is proposed.

Professors Th. Hahn, J. Kobayashi, P. Photinos, H. Satoh

and H. T. Stokes are warmly thanked for most helpful

comments, as is a most perceptive anonymous referee for

clarifying observations, see footnote 15. Support of this

research by the National Science Foundation (DMR-0137323)

is gratefully acknowledged.
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