PHYSICAL REVIEW B 66, 174109 (2002

Apparently continuous isosymmetric transition in ammonium hexafluorophosphate NHPFg
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NH,PF; undergoes two transitions at ambient pressure on cool-TﬂlgB_m-CZ/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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NH,PF; exists in three phases, I-Ill, from room tempera-same ful! width at half max_imum.. The_resulting list oh2
ture down to 5 K. The structure at room temperature hagvas fed into thecRYsFIRE suite of indexing prograntthe
been known for some timeand is of NaCl-type, witha ~ Most successful of which wergoN andiTo.

—7.92 A where both N§i and P groups are disordered. This suggested a monoclln_lc cell qf arou_nd 9.8 A 52A,
Ammonium compounds in which polyatomic anions areg'5 A, and 106°, agreeing with the inelastic neutron spec-
. s . troscopy stud} that suggested the symmetry of phase Ill is
present frequently possess disordered,Néfientations, as . ' . .
— S ._monoclinic. Profile refinements were performed using both
the anionic charge is distributed over several atoms, whic

K h ion b fth o igid body and free-atom refinements in a general strtucture
weakens the attraction between any of the anionic atoms a alysis systert Lower-symmetry refinements of the struc-

the H of NH; , resulting in low barriers to rotation. Ni®Fs e were also performed to check for extra degrees of free-
has one of the lowest known barriers of 0.8 kJfolc.f.  gom, and the resulting refinements analyzed for missing
NH,CIO, and NDCIO, with <4 and 4 kJmol',  symmetry using theppsym (Ref. 12 routine inPLATON,!3
respectively: which consistently suggested2/c as the space group of
A calorimetric study of NQQPF; put the transition tem- phase Ill. This agrees with the first structural studies of
peratures at (19440.05) K and (137.51.0) K, with tran-  this phasé? The structure in phase Il at 20 K is given in
sition entropies of (1.0180.016)R, and (0.5620.011)R, Table I.
respectively. This thermodynamic study showed that the II- The matrix relating the axes of thkecell of phase I to the
[l transition has a latent heat, but that it is more gradual tharC cell of phase Il is
the I-1 transition®
The existing spectroscopic evidence has suggested there
is very little structural change on cooling. One nuclear mag-
netic resonancé€NMR) study suggested that the II-lll tran-
sition was an order-disorder transition similar to that of b
NH,CI.* A more detailed study showed evidence of changes
in the activation energy for reorientation of PEnd ND, C/ o
groups through the I-1l transition and suggested there may be
“little structural change” associated with the II-1ll transition

but no discontinuity. Analysis of infrared(IR) and Raman i ,
spectra showed that rotational disorder exists in all phases. 1he C2/c structure refinements were extended into the

A later study reaffirmed that the I-Il and II-Ill transitions “do Phase Il and phase | data sets. Figut@ shows the varia-
not involve perceptible structural alterations.” tion in the refined value gﬁy .of thg N atom as a.functlon of
Samples of powdered NJRF; purchased from Aldrich temperature. The quar)t.né{y is defined as the displacement
Chemical Company were deuterated via exchange wjta D Y relative to the position mapped from phase |, and corre-
and recrystallized. The samples were loaded into a closedponds to a displacement alojiylO]r . The undistorted cu-
cycle refrigerator and cycled through the two phase transibic phase would map the NDion toy=0.25. The lattice of
tions in the refrigerator three times prior to diffraction mea-phase Il shows a pseudorhombohedral character, but the non-
surements. The measurements were performed using the @@ro Ay coordinate of the ammonium ion breaks the hypo-
neutron powder diffractometer at Chalk River, Ontario. thetical three-fold axis. A similar value gfwas reported at
The diffraction patterns at low temperature were fitted160 K in phase I* on the basis of a symmetry-adapted
using xFIT.2 When fitting more than one peak in a clump of spherical harmonic fit to this phase. Upon extending the fit of
overlapping peaks, all peaks were constrained to have ththis subgroup into phaseAy jumps immediately to zero, as
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TABLE I. The structure of NQPF; at 20 K from a free-atom refinement with atomic temperature factors.
The space group i€2/c (number 1%, the unique axis i®, and the origin choice is 1.

Atom X y z UA?)
N 0.0000 0.154Q.7) 0.2500 0.008)
D —0.0597(14) 0.04989 0.300G14) 0.0163)
D —0.0606(13) 0.27021) 0.1780214) 0.0163)
P 0.2500 0.2500 0.0000 0.0@3
F 0.400310) 0.138819) 0.092112) 0.0012)
F 0.168811) —0.0090(18) 0.0441.2) 0.0012)
F 0.279711) 0.098320) —0.1401(12) 0.00()
a b c B Volume (&)
9.6541) 5.03847) 9.681(1) 103.1347) 458.11)
Rup R Re
0.0351 0.025 0.015
expected. Symmetry analysis in phase Il shows that it is still
in C2/c; i.e., lI-lll is an isosymmetric transition. Hence, the
I-1l transition is fromFm3m to C2/c, and the pseudorhom-
010 bohedral nature comes from a saftpoint Brillouin-zone
“ . a) boundary optic modé& This limits the active representation
*e, for the I-l transition to eithel; or L5 .*°
008 1 ., Here we demonstrate th@j large distortions are involved
11 . II I in both these transitions, in strong contrast to the interpreta-
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FIG. 1. (a) Ay, defined as the displacement of NE in the

tions from spectroscopyii) the II-11l transition is apparently
continuous by diffractionand NMR (Ref, 5], and (iii) iso-
symmetric transitions may be more common than thought
and that phase-sensitive techniques may have particular dif-
ficulty in revealing the discontinuous nature of weakly first-
order isosymmetric transitions.

The spontaneous strains coupled to both transitions may
be calculated by projecting the thermal contraction of the
cubic phase into phases Il and Ill. The strains are defined in
an orthogonal frameXY z where X||a, Y||b, Z||1/c*, and
abc are the monoclinic axe€. The allowed strainsg;, are
shown below:
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monoclinic cell, from the position mapped from the cubic phase. ) o )
Roman numerals indicate the phase. The curve is an extrapolation 1N€ spontaneous strains are shown in Fig).IThe first-

of 7 for the I-1l phase transitioM Yeycess 7, for the lI-11l transition
is shown by]. (b) The components of spontaneous strajn, as a
function of temperature. Reference lines are Tgrof transitions
defined from calorimetric datéRef. 3.

order nature of the I-ll transition, and the more gradual
nature of the II-lll transitions, are quite apparent from the
strains. The strains generated on entering phase Il are large,
and are unexpected on the basis of NMR, and Raman and IR
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FIG. 2. (a) Eigenvectors of the spontaneous strain tensor as
function of temperature. The orthogonal basis vectors XJa,
Y||b, and Z||1/c* of the monoclinic axes. One principal axis is
constrained to lie along. In phase Il the other two principal axes
lie subparallel to the face normals 001, 010 and dahexis of the
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verse matrix of Eq(1). In phase Il, the two “free” eigen-
vectors,e_1 ande_3, cluster to within+2° of X and Z, re-
spectively for all temperatures. A& 1/c*||001, this implies
€3|111-. The other “free” eigenvectore,||X||a. Since e;
=e,®€3 €,=111;®110,=112-. The eigenvectors may
be summarized as

PR
- 11
e | Il 1% |, 3
o 111,

and, together with the eigenvaluegs>0 and e;~¢€,<0,
confirm the pseudorhombohedral nature of phase II.

On cooling towards base temperat(IFég. 2(a)] in phase
1, the €, ande; eigenvectors continuously rotate until they
lie very close to 101 and 01, corresponding to O@land
110, i.e.,

& 003
I i @
€ 110-

11,20 K

Without any change in symmetry, the mode of distortion
of the lattice changes radically between phases Il and Il only
by activating existing degrees of freedom. The rotation of the
spotaneous strain ellipsoid is achieved by the activation of
the eg shear component, of small magnitude and nearly tem-
perature independent in phase IlI.

The total spontaneous strain can be represented by the

scalareg= \/Eie?. At 20 K, ND,PF; has a value of 12.3%,

making this a system with one of the largest spontaneous
strains reported®

In the I-l transition, the order parametg/@P’s) are easy
to identify: the primary OPz, being the(optic) translation

monoaclinic cell at all temperatures. On cooling to 20 K in phase IIl, of the ND, group along they axis, and the coupled second-
the eigenvectors continuously rotatetd 01 and+101. (b) Eigen-  ary OP, the spontaneous strain.

values of the spontaneous strain tensor. Superimposed on the graph The 1I-lll, C2/c—C2/c, transition is governed by the
are the directions of the eigenvectéexpressed as plane normals of identity, i.e.,I'y, or Ay. Isosymmetric transitions are neces-
phase ) of phase Il at 20 K, and for phase Il in which they are sarily discontinuous: The simplest proof is that in a mean-

nearly temperature independent.

spectroscopy, all of which have been interpreted to imp
small structural distortions® In phase I, near the I-Il, tran-
sition the value ofes is small (approximately —2e3
+6.5%°) but not zero.

The nature of these strains is revealed by diagonalizin%

the strain tensof e;, to determine the magnitudeigenval-
ue) [Fig. 2@)], €;,€,, andes, and orientatior(eigenvector
[Fig. 2(b)] of its principal axesg;, €, andes.

One of the principal axes,, is constrained by symmetry
to lie along the two-fold monoclinic axig,1,0} in phases I

and lII, corresponding to t¢110}¢ of phase I, via the in-

field description the Landau condition is always violated,
sincel’;C[I';].2 As the active representationliy, all pow-

s of 7 are allowed in the “Landau expansioR”The hy-

pothetical phase diagram for such transitions consists of a
line of first-order transitions terminating at the singular Lan-
dau critical point, where second-order behavior is fotind.
The corresponding supercritical phenomenon is known as
crossover and is commonly associated with maxima in
thermal expansion or compressibility, which do not separate
thermodynamically distinct phas&sAssociated with these
are broad anomalies i€,, e.g., NHReQ, where theC,
anomaly extends over 150 &.

The 1I-Ill transition is more gradual in nature than I-II,
but there is a distinct latent heat, giving the appearance of a
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FIG. 3. (8 Ayéxcessversus temperature in phase lll. The fit rep- o o .
resents behavior characteristic of second order. The deviation at HOW is it that a transition can be shown that it must be

<60 K (shown ag]) is due to “saturation.(b) €5 VErsusA Ye,cess discontinuous(Landau conditiojy is discontinuous(latent
Coupling is linear throughout phase lIl, including the “saturation” heay, yet appears continuous by, e.g., both NMR and diffrac-
range (J). tion? There appears to be a contradiction. A similar apparent
contradiction was found in A8i, with its gradual transition
slightly broadened. anomaly? This implies that this transi- from cubic to tetragonal. While not isosymmetric, a third-
tion is first order, as demanded by the Landau conditionorder invariant is allowed in the Landau expansion and for a
Since no symmetry is brokem; for such transitions trans- long time was used as an appparent exception to the Landau
forms as a modification of the behavior of an existing degreeondition, since, e.g., X-ray measurements appeared to show
of freedom, in this casdy inherited from phase I[Fig. it to be continuou$?® However, it was eventually shown
1(a)]. A break in slope is evident at the Il-lll transition. A that this too was first order using a dilatométer.
curve has been fitted through the valuegfin phase II, on It may be that many slightly discontinuous isosymmetric
the basis of a standard first-order 2-4-6 Landau potentiakransitions appear more continuous than they really are. The
representing the I-Il transition. The lI-1ll OP is the excess| gndau condition does not place a minimum size on the
quantity Ayeycess the difference between the observed andyiscontinuity. While there are many examples of weakly dis-
extgapolated values ohy. Figure 3a shows a plot of  cqniinyous transitions, isosymmetric ones may be particu-
AYexcess VS temperature. It is clearly linear foF>60 K, |51y prone to misidentification. Many phase-sensitive meth-
showing that the_transmon is close to being sec_ond o_rder. '_:%ds will not be capable of distinguishing between the two
T<60 K, the points curve away from the relationship. This «jgeniical” structures, in the limit of small discontinuities.
departure is due to “order-parameter saturation:” the third In the case of diffraction, there are no new peaks, but one

law of thermodynamics requires thaty/oT=0 at 0 K. : PN, - -
. ; . may expect to see a discontinuity in the diffraction pattern,
Hence such Landau relationships must be violated at low y exp y P

3 I.e., an offset in 2 due to the coupled strains. However, for
temperature$® Figure 3b) shows a plot ofes and Ayeycess A d, thereforeAe, thi be within th )
showing a strong proportionality, over the entire range oftmalla 7, and, INEreloreA&; this may be within the reso
phase lll,including the region of OP saturation. This shows lution limit. The small d|§conth|ty iny and & may be
that it is not an artifact of the extrapolation. The relationship/Urther smoothed by coexistence négr, where the propor-

es 77 is that expected of &-point transition. tions of domains of “identical” phase Il and phase Ill change

Despite the absence of a symmetry change through thgra_dually. The values extracted gfande; may therefore be
II-11l transition, the strains in phase IIl have a very different Weighted by the presence of both phases through the coex-
character from that of phase Il. The II-lll transition may be istence range. One may therefore only have to be in the
triggered byz exceeding a critical value which the structure Vicinity of the Landau critical point to see apparently con-
cannot accommodate without changing the “sense” of distinuous behavior from diffraction. A hypothetical phase dia-
tortion. This is remiscent of a class of isosymmetric transi-gram is shown in Fig. 4, with the temperature path marked.
tions that occur under pressiffewhereby the dominant In the case of NMR, for smalA », the local environment
compression mechanism changes discontinuously, beyondvill be essentially the “same,” and, in this case also, the
critical pressure; e.g.q-PbR,?* NagMnF¢.2° This may be discontinuity may also be smeared by coexistence. While
accompanied by a change in coordination, and in this cassuch phase-sensitive techniques may be “fooled” in this
the coordination ammonium decreases from 14 td*12. limit, calorimetry, a bulk technique, will directly display the

Our data show the II-1lI transition to be close to seconddiscontinuity in » via the latent heat generated through the
order. The detailed NMR measurements show a distinct distransition region.
continuity in T, of % at the I-Il transition. At the II-lIl In this case the spontaneous strains are large. Had the
transition the slope of; of both *°F and D change, but any coupling between the optic distortion and strain been small,
discontinuity is within the resolution. it is easy to envisage missing the transition entirely. This

174109-4



APPARENTLY CONTINUOUS ISOSYMMETRC . . . PHYSICAL REVIEW B 66, 174109 (2002

brings us to the more general point that isosymmetric transi- We gratefully acknowledge discussions with A.G. Christy
tions are probably more common than realized. StructuralANU) on isosymmetric transitions, the UK EPSRC
examination at a few isolated points ifi,p) may miss such Collaborative Computational Project 1&rant No. CCP1%
transitions entirely. This may explain the comparatively rareand contributors for provision of software(http://
reporting of such transitions, especially in insulators. www.ccpl4d.ac.uk
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