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Apparently continuous isosymmetric transition in ammonium hexafluorophosphate NH4PF6
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NH4PF6 undergoes two transitions at ambient pressure on cooling:Fm3̄m-C2/c and an isosymmetric
C2/c-C2/c transition. Isosymmetric transitions must be discontinuous. However, while this transition displays
a latent heat, there is little sign of a discontinuity in neutron powder diffraction or nuclear magnetic resonance,
consistent with being close to a Landau critical point. The practical implications of slightly discontinuous
isosymmetric transitions are discussed.
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NH4PF6 exists in three phases, I–III, from room temper
ture down to 5 K. The structure at room temperature
been known for some time,1 and is of NaCl-type, witha
57.92 Å where both NH4

1 and PF6
2 groups are disordered

Ammonium compounds in which polyatomic anions a
present frequently possess disordered NH4

1 orientations, as
the anionic charge is distributed over several atoms, wh
weakens the attraction between any of the anionic atoms
the H of NH4

1 , resulting in low barriers to rotation. NH4PF6

has one of the lowest known barriers of 0.8 kJ mol21; c.f.
NH4ClO4 and ND4ClO4 with ,4 and 4 kJ mol21,
respectively.2

A calorimetric study of ND4PF6 put the transition tem-
peratures at (194.460.05) K and (137.561.0) K, with tran-
sition entropies of (1.01360.016)R, and (0.56260.011)R,
respectively. This thermodynamic study showed that the
III transition has a latent heat, but that it is more gradual th
the I-II transition.3

The existing spectroscopic evidence has suggested t
is very little structural change on cooling. One nuclear m
netic resonance~NMR! study suggested that the II-III tran
sition was an order-disorder transition similar to that
NH4Cl.4 A more detailed study showed evidence of chan
in the activation energy for reorientation of PF6 and ND4
groups through the I-II transition and suggested there ma
‘‘little structural change’’ associated with the II-III transitio
but no discontinuity.5 Analysis of infrared~IR! and Raman
spectra showed that rotational disorder exists in all phas6

A later study reaffirmed that the I-II and II-III transitions ‘‘d
not involve perceptible structural alterations.’’7

Samples of powdered NH4PF6 purchased from Aldrich
Chemical Company were deuterated via exchange with D2O
and recrystallized. The samples were loaded into a clos
cycle refrigerator and cycled through the two phase tra
tions in the refrigerator three times prior to diffraction me
surements. The measurements were performed using th
neutron powder diffractometer at Chalk River, Ontario.

The diffraction patterns at low temperature were fitt
usingXFIT.8 When fitting more than one peak in a clump
overlapping peaks, all peaks were constrained to have
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same full width at half maximum. The resulting list of 2u
was fed into theCRYSFIRE suite of indexing programs,9 the
most successful of which wereLZON andITO.

This suggested a monoclinic cell of around 9.8 Å, 5.2
9.5 Å, and 106°, agreeing with the inelastic neutron sp
troscopy study10 that suggested the symmetry of phase III
monoclinic. Profile refinements were performed using b
rigid body and free-atom refinements in a general strtuct
analysis system.11 Lower-symmetry refinements of the stru
ture were also performed to check for extra degrees of fr
dom, and the resulting refinements analyzed for miss
symmetry using theADDSYM ~Ref. 12! routine inPLATON,13

which consistently suggestedC2/c as the space group o
phase III. This agrees with the first structural studies
this phase.14 The structure in phase III at 20 K is given i
Table I.

The matrix relating the axes of theF cell of phase I to the
C cell of phase III is

S a

b

c
D

C2/c

5S 1

2

1

2
1̄

1

2

1

2
0

1

2

1

2
1

D •S a

b

c
D

F

. ~1!

The C2/c structure refinements were extended into t
phase II and phase I data sets. Figure 1~a! shows the varia-
tion in the refined value ofDy of the N atom as a function o
temperature. The quantityDy is defined as the displaceme
in y relative to the position mapped from phase I, and cor
sponds to a displacement along@11̄0#F . The undistorted cu-
bic phase would map the ND4

1 ion to y50.25. The lattice of
phase II shows a pseudorhombohedral character, but the
zero Dy coordinate of the ammonium ion breaks the hyp
thetical three-fold axis. A similar value ofy was reported at
160 K in phase II,14 on the basis of a symmetry-adapte
spherical harmonic fit to this phase. Upon extending the fi
this subgroup into phase I,Dy jumps immediately to zero, a
©2002 The American Physical Society09-1
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TABLE I. The structure of ND4PF6 at 20 K from a free-atom refinement with atomic temperature fact
The space group isC2/c ~number 15!, the unique axis isb, and the origin choice is 1.

Atom x y z U(Å2)

N 0.0000 0.1542~17! 0.2500 0.003~4!

D 20.0597(14) 0.0498~19! 0.3000~14! 0.016~3!

D 20.0606(13) 0.2704~21! 0.17802~14! 0.016~3!

P 0.2500 0.2500 0.0000 0.003~4!

F 0.4003~10! 0.1388~19! 0.0921~12! 0.001~2!

F 0.1688~11! 20.0090(18) 0.0441~12! 0.001~2!

F 0.2797~11! 0.0983~20! 20.1401(12) 0.001~2!

a b c b Volume (Å3)
9.656~1! 5.0386~7! 9.681~1! 103.134~7! 458.7~1!

Rwp Rp RE

0.0351 0.025 0.015
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FIG. 1. ~a! Dy, defined as they displacement of NH4
1 in the

monoclinic cell, from the position mapped from the cubic pha
Roman numerals indicate the phase. The curve is an extrapol
of h for the I-II phase transition.Dyexcess, h, for the II-III transition
is shown byl. ~b! The components of spontaneous strain,ei , as a
function of temperature. Reference lines are forTtr of transitions
defined from calorimetric data~Ref. 3!.
17410
expected. Symmetry analysis in phase II shows that it is
in C2/c; i.e., II-III is an isosymmetric transition. Hence, th
I-II transition is fromFm3̄m to C2/c, and the pseudorhom
bohedral nature comes from a softL-point Brillouin-zone
boundary optic mode.15 This limits the active representatio
for the I-II transition to eitherL3

1 or L3
2 .16

Here we demonstrate that~i! large distortions are involved
in both these transitions, in strong contrast to the interpre
tions from spectroscopy,~ii ! the II-III transition is apparently
continuous by diffraction@and NMR ~Ref, 5!#, and~iii ! iso-
symmetric transitions may be more common than thou
and that phase-sensitive techniques may have particular
ficulty in revealing the discontinuous nature of weakly firs
order isosymmetric transitions.

The spontaneous strains coupled to both transitions m
be calculated by projecting the thermal contraction of
cubic phase into phases II and III. The strains are define
an orthogonal frameXYZ, whereXia, Yib, Zi1Õc* , and
abc are the monoclinic axes.17 The allowed strains,ei , are
shown below:

e15
a sing

a0sing0
21,

e25
b

b0
21,

e35
csina sinb*

c0sina0sinb0*
21,

e55
1

2 S a sing cosb0*

a0sing0sinb0*
2

c sina cosb*

c0sina0sinb0*
D . ~2!

The spontaneous strains are shown in Fig. 1~b!. The first-
order nature of the I-II transition, and the more gradu
nature of the II-III transitions, are quite apparent from t
strains. The strains generated on entering phase III are la
and are unexpected on the basis of NMR, and Raman an
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spectroscopy, all of which have been interpreted to im
small structural distortions.5,6 In phase II, near the I-II, tran
sition the value of e5 is small ~approximately 22e23

66.5e25) but not zero.
The nature of these strains is revealed by diagonaliz

the strain tensor,18 ei , to determine the magnitude~eigenval-
ue! @Fig. 2~a!#, e1 ,e2, ande3, and orientation~eigenvector!
@Fig. 2~b!# of its principal axes,e1, e2, ande3.

One of the principal axes,e2, is constrained by symmetr
to lie along the two-fold monoclinic axis$0,1,0% in phases II
and III, corresponding to to$11̄0%F of phase I, via the in-

FIG. 2. ~a! Eigenvectors of the spontaneous strain tensor a
function of temperature. The orthogonal basis vectors areXia,
Yib, and Zi1/c* of the monoclinic axes. One principal axis
constrained to lie alongb. In phase II the other two principal axe
lie subparallel to the face normals 001, 010 and thea axis of the
monoclinic cell at all temperatures. On cooling to 20 K in phase

the eigenvectors continuously rotate to6101 and61̄01. ~b! Eigen-
values of the spontaneous strain tensor. Superimposed on the
are the directions of the eigenvectors~expressed as plane normals
phase I! of phase III at 20 K, and for phase II in which they a
nearly temperature independent.
17410
y

g

verse matrix of Eq.~1!. In phase II, the two ‘‘free’’ eigen-
vectors,e1 and e3, cluster to within62° of X and Z, re-
spectively for all temperatures. AsZi1/c* i001, this implies
e3i111̄F . The other ‘‘free’’ eigenvectore1iXia. Since e1

5e2^ e3, e15111F ^ 11̄0F5112F . The eigenvectors may
be summarized as

S e1

e2

e3

D
II

iS 112F

11̄0F

111̄F
D , ~3!

and, together with the eigenvaluese3.0 and e1'e2,0,
confirm the pseudorhombohedral nature of phase II.

On cooling towards base temperature@Fig. 2~a!# in phase
III, the e1 ande3 eigenvectors continuously rotate until the
lie very close to 101 and101, corresponding to 001F and
110F , i.e.,

S e1

e2

e3
D

III,20 K

iS 001F

11̄0F

110F
D . ~4!

Without any change in symmetry, the mode of distorti
of the lattice changes radically between phases II and III o
by activating existing degrees of freedom. The rotation of
spotaneous strain ellipsoid is achieved by the activation
thee5 shear component, of small magnitude and nearly te
perature independent in phase II.

The total spontaneous strain can be represented by
scalares5A( ie i

2. At 20 K, ND4PF6 has a value of 12.3%
making this a system with one of the largest spontane
strains reported.19

In the I-II transition, the order parameters~OP’s! are easy
to identify: the primary OP,h, being the~optic! translation
of the ND4 group along they axis, and the coupled second
ary OP, the spontaneous strain.

The II-III, C2/c2C2/c, transition is governed by the
identity, i.e.,G1, or Ag . Isosymmetric transitions are nece
sarily discontinuous: The simplest proof is that in a mea
field description the Landau condition is always violate
sinceG1,@G1#.3 As the active representation isG1, all pow-
ers ofh are allowed in the ‘‘Landau expansion.’’20 The hy-
pothetical phase diagram for such transitions consists o
line of first-order transitions terminating at the singular La
dau critical point, where second-order behavior is found.21

The corresponding supercritical phenomenon is known
a crossover and is commonly associated with maxima
thermal expansion or compressibility, which do not separ
thermodynamically distinct phases.20 Associated with these
are broad anomalies inCp , e.g., NH4ReO4 where theCp
anomaly extends over 150 K.22

The II-III transition is more gradual in nature than I-I
but there is a distinct latent heat, giving the appearance
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slightly broadenedl anomaly.3 This implies that this transi-
tion is first order, as demanded by the Landau conditi
Since no symmetry is broken,h for such transitions trans
forms as a modification of the behavior of an existing deg
of freedom, in this caseDy inherited from phase II@Fig.
1~a!#. A break in slope is evident at the II-III transition.
curve has been fitted through the values ofDy in phase II, on
the basis of a standard first-order 2-4-6 Landau poten
representing the I-II transition. The II-III OP is the exce
quantity Dyexcess, the difference between the observed a
extrapolated values ofDy. Figure 3~a! shows a plot of
Dyexcess

2 vs temperature. It is clearly linear forT.60 K,
showing that the transition is close to being second order.
T,60 K, the points curve away from the relationship. Th
departure is due to ‘‘order-parameter saturation:’’ the th
law of thermodynamics requires that]h/]T50 at 0 K.
Hence such Landau relationships must be violated at
temperatures.23 Figure 3~b! shows a plot ofe5 and Dyexcess
showing a strong proportionality, over the entire range
phase III,including the region of OP saturation. This show
that it is not an artifact of the extrapolation. The relationsh
e5}h is that expected of aG-point transition.

Despite the absence of a symmetry change through
II-III transition, the strains in phase III have a very differe
character from that of phase II. The II-III transition may b
triggered byh exceeding a critical value which the structu
cannot accommodate without changing the ‘‘sense’’ of d
tortion. This is remiscent of a class of isosymmetric tran
tions that occur under pressure,20 whereby the dominan
compression mechanism changes discontinuously, beyo
critical pressure; e.g.,a-PbF2,24 Na3MnF6.25 This may be
accompanied by a change in coordination, and in this c
the coordination ammonium decreases from 14 to 12.14

Our data show the II-III transition to be close to seco
order. The detailed NMR measurements show a distinct
continuity in T1 of 19F at the I-II transition. At the II-III
transition the slope ofT1 of both 19F and D change, but an
discontinuity is within the resolution.5

FIG. 3. ~a! Dyexcess
2 versus temperature in phase III. The fit re

resents behavior characteristic of second order. The deviationT
,60 K ~shown ash) is due to ‘‘saturation.’’~b! e5 versusDyexcess.
Coupling is linear throughout phase III, including the ‘‘saturatio
range (h).
17410
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How is it that a transition can be shown that it must
discontinuous~Landau condition!, is discontinuous~latent
heat!, yet appears continuous by, e.g., both NMR and diffra
tion? There appears to be a contradiction. A similar appa
contradiction was found in V3Si, with its gradual transition
from cubic to tetragonal. While not isosymmetric, a thir
order invariant is allowed in the Landau expansion and fo
long time was used as an appparent exception to the Lan
condition, since, e.g., X-ray measurements appeared to s
it to be continuous.21,26 However, it was eventually shown
that this too was first order using a dilatometer.26

It may be that many slightly discontinuous isosymmet
transitions appear more continuous than they really are.
Landau condition does not place a minimum size on
discontinuity. While there are many examples of weakly d
continuous transitions, isosymmetric ones may be part
larly prone to misidentification. Many phase-sensitive me
ods will not be capable of distinguishing between the t
‘‘identical’’ structures, in the limit of small discontinuities.

In the case of diffraction, there are no new peaks, but
may expect to see a discontinuity in the diffraction patte
i.e., an offset in 2u due to the coupled strains. However, f
small Dh, and, therefore,Dei this may be within the reso
lution limit. The small discontinuity inh and ei may be
further smoothed by coexistence nearTtr , where the propor-
tions of domains of ‘‘identical’’ phase II and phase III chang
gradually. The values extracted ofh andei may therefore be
weighted by the presence of both phases through the c
istence range. One may therefore only have to be in
vicinity of the Landau critical point to see apparently co
tinuous behavior from diffraction. A hypothetical phase d
gram is shown in Fig. 4, with the temperature path mark

In the case of NMR, for smallDh, the local environment
will be essentially the ‘‘same,’’ and, in this case also, t
discontinuity may also be smeared by coexistence. W
such phase-sensitive techniques may be ‘‘fooled’’ in t
limit, calorimetry, a bulk technique, will directly display th
discontinuity inh via the latent heat generated through t
transition region.

In this case the spontaneous strains are large. Had
coupling between the optic distortion and strain been sm
it is easy to envisage missing the transition entirely. T

FIG. 4. Hypothetical phase diagram. The II-III transition is
the vicinity of the Landau critical point.
9-4
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brings us to the more general point that isosymmetric tra
tions are probably more common than realized. Structu
examination at a few isolated points in (T,p) may miss such
transitions entirely. This may explain the comparatively ra
reporting of such transitions, especially in insulators.
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