Uof C-AUA-USERDA

THE: P
RESSURE INDUCED STRAIN TRANSITION IN NiF
2

J- D- JOI' . .

NOTICE
This report was prepased as an account of work
spnnsored by the United States Government. Neither
the United States nor the United States Energy
Research and Development Administration, nor any of

their employees, nor any of their contractors,
subcontractors, Orf their employees, makes any
warranty, express Of implied, or assumes any legal
liability or respunsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not
infringe privately owned rights.

Preparcd for
6th I i i
nternational High Pressure Conference

Boulder, Colorado
5 ad
July .25-29, 1977U

DISTRIBUTION OF THIS DOCUMENT 18 UNUIMITED ¥

ARGO
NNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

operated under contract W-31-109-Eng-38 for th
- &

U. S. ENER
GY RESEARCH AND DEVELOPMENT ADMINISTRATION



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The facilities of Argonne National Laboratory are owned by the United States Govern-
ment. Under the terms of a contract (W-31-109-Eng-38)between the U. S. Energy Research and
Development Administration, Argonne Universities Association and The University of Chicago,
the University employs the staff and operates the Laboratory in accordance with policies and
programs formulated, approved and reviewed by the Association.

MEMBERS O ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State University Sainl Twonis TTniversity

lllino1s Institute of Technology The University of Michigan Southern Illinois University
University of Illinois University of Minnesota The University of Texas at Austin
Indiana University University of Missouri Washington University

Iowa State University Northwestern University Wayne State University

‘I'he University of Iowa University of Notre Dame The University of Wisconsin

NOTICE

This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United States Energy Research and Development Ad-
ministration, nor any of their employees, nor any of their
conlractors, subcontractors, or their employees, makes any
warranty, express or implied, or assuines any legal liahil-
ity or responsibilily for the accuracy, completeness or use-
fulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe
privately-owned rights. Mention of commercial products,
their manufacturers, or their suppliers in this publication
dues not imply or connote approval or disapproval of the
product by Argonne National Labaratary anr the 1T S. Energy
Research and Development Administration.




. : ' O A-13
*

THE -PRESSURE INDUCED. STRAIN TRANSiTIONKIN'Nin

| J. D. Jorgensen and T. G.-Worlton
Argonne Nafiéngl Laboratory?'Argoﬁne,vIliiﬁois 60439
J. Ca Jamieson
Department of‘Geophysical Sciences

The University of Chicago, Chicago, Illinois 60637

ABSTRACT

~

We report time-of-flight neutron powdér diffraction measurements which give

the first direct evidence that NiF, undergoes a pressure induced, continuous

2

" strain transition from a tetragonal P42/mnm (rutile) to an orthorhombic Pnnm
structﬁre at 1.83 + 0.1 GPa. Lattice, structural and thermal parameters have
" been determined at pressures to 3.24 GPa. Even thougﬁ the orthorhombic strain

is sufficiently small that doublets are not resolved, the. use of profile refine-

"“ment of the diffraction spectra allows us to accurately determine the lattice
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parameters near the transition and to show that (b - a)” versus’ pressure is

° : L .
2 . T . .
3 A" /GPa going to zero at the transition

‘a straight line with slope 2.27 x 10~
pf,essure° The measured atomic positions and anisotropic thermal displacements
'show that motion of the f atoms is responsible for the transition; - All of our
4findings are consistent with a second ordef transition involving the>softening

_of a transverse acoustic phonon mode propagating along <110> an& polafized

along <110>’-xf
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INTRODUCTION

has the well known rutile (Tioz) structure which

At zero pressure, NiF

2

belongs to the tetragonal P42/mnm space group (No. 136). This structure may be
viewed as consisting of sheets of linear F-Ni-F molecules oriented along <110>

in the sheet at z = 0 and along <110> in the sneet at z = 1/2 (Fig.7). Compounds
with this rutile structure have "received considerable attention as candidates

for pressure induced phase transitions resulting from a softening of the acoustic
Lo _c .y 11,231

However,

2

, mode corresponding to the effective elastic consant 11

_betore the present structural measurements on NiF,, the second order strain transi-

2,
“tion in Te02, which has a slightly distorted rutile structure; was the only such

_transition where the relevant structural parameters, elastic constants, and

’acoustlc phonon modes had been studied in detail at high pressure and compared

1th Landau s theory.[é 81

“’Eié']

Recent high pressure e1ast1c constant measurements on Nin by Wu have

RPN
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the possibility of a phase transition at some higher pressure. Subsequent x-ray

shown that 12) decreases with increasing pressure to 1.0 GPa, suggesting’

measurements by Jamieson and Wu[lol confirmed that a tetragonal to orthorhombic.
transition does occur at elevated pressures.. However, they found the orthorhombic
strain to be sufficiently small that ‘doublets were resolved only above 4.0 GPa.
It was impossible for them to unambiguously determine the space group of the high
4pressure'phase, to neasure the true transition pressure, or to conclude whether‘
the transition was continuous. ..

Using time—of;flight neutron diffraction, we have-now shown that the transi-
tion is continuous and occurs at 1.83 + 0.1 GPa and that the hign pressure phase
is orthorhombic énnm, which is a subgroup of P42/mnm and consistent with a second
order strain transition involving a soft transverse acoustic phonon mode propagating

along <110> and polarized along <1Io>,£11f12]
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EXPERIMENTAL ‘
. The neutron measurements were pgrformed on the time-of-flight powder dif—

. fractometer located at beam hole H-8 of Argonné's CP-5 research reactor. The
configuration of this instrument is shown in Fig. 1. A polychromatic beam of.A
neutrons from the reactor is chopped into short pulses, scattered from ﬁhe
sample, and detected at a scattering angle of 20 = 90° in a time focussed array”~
of BF éountérs. Time foéussing allows the use of a coﬁparatively large detector

3
. ‘ . [13]
array with no loss of resolutionm.

The fixed 90° scattering angle makes it
possible to completely eliminate reflections fromvthe pressure éeil using simple
collimators in the incident and scattered:beams. The diffractometer has a total
flight path of 3.7 m. At the chopper speed used for this experiment, the

‘Lyxésolution Ad/d (FWEM) varies from 1.37% for d—Spaciﬁgs of 0.9 Z to 0.9%.at

U
.0 A. Data were collected for about 48 hours at each pressure.

‘! CtEL R .

The pressure cell is a piston-cylinder device consisting of a sintered Al.0

273
‘Eylinder supported radially in a steel binding ring.llA]

The Nin powder was

: ioaded along with deuterated methanol into a 0.69 cm 0.d. x 5.1 cm long teflon

';fhbe sealed wifh an unsﬁpported area type cap. The incident an&.scattered neﬁtrdns
ﬁass through 0.32 cm wide x 3.18 cm long slits iﬁ the steel binding ring. Although
we typically use an internal CsCl pressure calibrant in our high pressure diffractioﬁ
runs, the pressure calibration for this experiment‘is'based on a separate set of -

. CsCl measurements using identical sample geometries. This abproach was taken

.Secause some CsCl reflections happened to fall at spaéings'of special ihtereét

in the NiF patterp. Thué, the overall pressure uncertainties are estimated to -

2
(15]

be + 0.1 GPa. Decker's equation of state was used to determine pressures from
x q .

the measured CsCl lattice parameters. Data were taken at nine different ptessurés

from 0.12 to 3.24 GPa.
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Lattice and structural parameters were obtained from the time-of-flight

16}

diffraction data using a profile refinement technique. In this method, a
calculated profile is compared to the raw data and the difference is minimized
by varying the lattice, atomic position, and thermal vibration parameters. If
the resolution function of‘the instrument is well characterized, line positions .
can be determined far more accurately than might beAexpected based on their widths,
and line broadening resulting from a small strain can easily be detected and
analyzed. -

. The small strain associated with the transition in NiF2 offers an excellent
example of the power of the profile refinement technique. Profile refinement
fits at three different pressures are shown in Figs. 2, 3, and 4. .Figure 2 shows
the fit obtained for data at 1.37 GPa u31ng the correct tetragonal P4 /mnm space
-group. Flgure 3 illustrates the problems encountered if the same. tetragonal

ﬁrspace group 1s used to fit data above the tran51t10n at 2. 87 GPa. Most notably,

u the (211) reflect1on is broadened the (301) (112) comb1nat10n appears broadened

--‘~‘-.“’u\3‘uu._u‘.4 RERIERIRRI TS [RES TR TR ,4 s et Ber e e S VTS LTINS v L

~and displaced ‘toward longer d—spac1ngs, and the inten51ty of (002) 'is larger than -

e e A rrw-a_:

calculated. (The (210) is also significantly broadened, but is hard to distinguish‘
‘ in this figure.) A perhaps more subtle, but equally,important, problem is that
rseveral peaks appear displaced slightly either above or below their expected
: positions based onAtetragonal symmetry. Figure 4 shows the much~improved fit
~ obtained when‘the same 2.87 GPa data are refined nsing the orthorhombic Pngm-
space group. The (211) (121) doublet matches the observed width, as does the‘
(301) (031) (112) combination. . Numerous other improvements are clearly visible
in the remainder of the pattern.
| The profile refinements in the tetragonaliphase were based on 35 allowed
reflections with d-spacings between 0.88 Z and 2.34 Z; in the orthorhombic phase
59 reflections were included.” For both structures the inclusion of anisotropic
thermal parameters gave a small but noticeable improvement in the fits.d The

refined parameters at the nine different pressures studied are listed in Table I.
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RESULTS
From the observed diffraction spectra in the high pressure phase, it wa§ :
obvious that the structure ié orthorhombic with n§ change in unit cell size
- because all lines could be indexed with a slightly distorted tetragonal céli.
Since the orﬁhorhomﬁic lattice parametefs indicate ; continuous transition,'tﬁe
orthorhombic space group must be a subgroup of P42/mnﬁ.: The only orthorhombic
.subgroups obeying the observed selection rules aﬁd‘having the same.unit.cell
'size are ngg and PQQZ, When refinements using Pnn2 were éttempted, the.atomic
positions always coﬁverged to values consistent with Pnnm symmetry, thus indi-.
i cafing that Pnnimn is the correct space group. |
The measured lattice parameters and unit cell volume versus pressure are
" shown in Figs. 5 and 6. The primary_feature is the.splitting of the tetragonal

‘fﬁé lattice parameter into the unequal a and b orthorhombic lattice parameters

t;eginning at ‘about 1.83 GPa gnd incréasing smoothly to the highest pressure

B

'3pisfudied, It ‘is also evident that within the limits of our accuracy (a + b)/2,
C» and the unit cell volume are all continuous through the transition, while the

pressure derivatives of these quantities all change at the transitic'm.t

As diséussed bleye[l7J an expansion of the elastic eﬁergy{density'in'térms

of the appropriate order pérameters and elastic constants would proceed the

Qféame as hastb}en previously ﬂone‘by several autﬁqpé.fof TeOZ;F4’677’;8] (TeO2

: S ] T
POTEV i PPN RS
"

. béiongs to space group P41212.) 'The primary order parameter for the NiF

2
*" transition is the strain”(b" - a). ~Figure 5 shows that (b - a)2 versus pressure

[-] . .
3 A”/GPa extrapolating to zero at

- is a straight line with a-slope of 2.27 x 10”
the transition pressure as predicted by theory. The previous treafments have
also shown that when ﬁerms of sufficiently high‘order ére retained in the -

_expansion, the observed anomalies inAthe pressure derivétives'of-(a + b)/2,

.c, and V are also predicted.
The atomic motions associated with the transition can be easily understood

by referring to Fig. 7. In a given x-y plane the Ni and F atoms lie élong the

<110> direction in (x,x,0) positions in the low pressure (rutile) phase. Upoﬁ
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going through the transition, the F atoms move in»the direetions’shown hy the
‘arrows to (x,y,0) positions and the .b axis becomes lonéer than a. From the
measured atomic position parameters (Table I) the displacement of the F atoms
is calculated to be about 0.06 Z. The data seem to indicate that the-f atoms
move this distance rather abruptly at the transition and then continue to mave
an additional small amount determined solely by the lattice strain as pressure

is increased above the transition. Atomic position data for TeO

[4]

2‘showed somewhat

- the same behavior. This abrupt displacement is, however, not surprising
.. when we consider the dimensions and orientation of the thermal ellipsoid for the

F atoms. Transforming the anisotropic thermal parameters for F (Table I) to the

correct principle axes, we find thatAthe average rms thermal vibration in the

.....

tetragonal phase is about 0 16 A 111ther<110> d1rect10n and roughly 0 07 A.Or less in’

R LTS
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””;the other two orthogonal dlrectlons.‘ Thus, the measured atomic dlsplacement of
. _ A I RN -
0.06 A at the transition is only about 1/3 as large as the rms thermal displace-
.ment in the same direction. It is also significant to note that the observed

ffdirection of largest thermal dlsplacement is con51stent with the transitlon

. .mechanlsm. Thls is the flrst case’ where hlgh pressure measurements of anlsotroplc

”thermal parameters have 1nd1cated the dlsplacement pattern 1nvolved in a contlnuous

it REA T o J e L U Y

phase transitlon.

DISCUSSION

undergoes a contlnuous pressure 1nduced tetragonal

o retlenad - e SRU P

We have shown that NiF

2

-to orthorhomblc phase transition at 1 83 + 0.1 GPa. The high pressure space

‘group has been shown to be Pnnm which is consistent with the tran31t10n belng :

: . . {11,12]
second order with the strain being the primary order parameter. It is.

relevant to note that Austin[lgl has demonstrated that an orthorhombic polymorph

of NiF2 can be produced by quenching from nonhydrostaticAhigh pressures, pre-

20) ‘ '
sumably being stabilized by residual stresses.l l
[20]

Our measurements confirm the
suggestion by Nagel and O'Keefe that this orthorhombic form of NiF2 has'thev
CaCl2 structure. However, diffraction spectra‘taken after our hydrostatic

‘pressure measurements confirmed that our sample had returned completely to the-

rutile structure.



. optic mode at zero wave vector,

. - !‘k

It is suspected that the transition is dpiven by a soft transﬁerse.acods;icA
phonon mode.propagating along <110~ and polarized élong <110>; however, this has
not yet been confirmed experiméntally. The'effective elastic constant corresponding

to this mode, %{ - C12) has been shown to soften upon increasing pressure to

€11
l.O.GPa, but has not been measured up to the transition pressure. The observed

. : . +
atomic motions associated with the transition are identical to those of the Blg (P3)

[21]

leading us to speculate that this:

" 6ptic modes,ma§‘also play a role in the transition.

Lediia s L Sl sdannl

NOTATION

:g,p,c = lattice parameters
; Cij = elastic constants

d = planglspacing
hak,r = Miller indices

P = pressufe

Uij = elemgn;é of the thermal displacement tensor

V = unit cell volume
X, ¥,2. = atomic positions
| 6 = Braég éngie
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Table I. Structural and thermal parameters of NiF

9

2

versus pressure.

(Numbers

in parenthesis are statistical uncertainties of last significant

figures.)

(a) Lattice parameters and atomic positions’

P(GPa) 2(A) b(a) ¢ (A) x y

0.12 46499 (3) 3.0836(3) 0.3040(4)

0.65 4.6406(3) 3.0801(3)  0.3031(4)

' 1.00 4.6348(3) ' 3.0783(3) 0.3037(4)
1.37 4.6293(3) 3.0760(3)  0.3031(4) .

1.75 4.6264(3) 3.0735(3) 0.3029(4)

2.12 4.6063(8) 4.6331(8) 3.0717(3) 0.294(2) 0.312(2)
2.49 4.5967(8) 4.6358(6) 3.0716(3) 0.296(1) 0.310(1)
©2.87 4.5884(7) 4.6376(6) 3.0708(4) - 0.293(1) - 0.311(1)

. 3.24 4.5808(8) - 3.0698(4) 0.293(1) 0.312(1)

4.6386(7)

(b) Thermal parameters (x 10

takes the formﬁ

3

-]
, A2) defined such that the

temperature factor

; PR LT U 2 120 5))
i a® b c il
1 Ni‘ F .
'J?kcpa)' Yp U U3 U1z Y Uy Y33 Y12
0.12 :3(1) 1(1) -5(1) 11(1) 6(2)‘ -15(2)
0.65 4(1) 1(1) -4 12Q1) | M2 -13(2)
1.00 S(U) 01 -3 12(D) 5@ -12QD)
1.37 5(1) -1(1) -2Q1) 13  4(2) -12(1)
1.75  6() A -1 14 2(2) . -12(2)
2.12  8(3) 4(2) 2(1) 1) 1208 17() - 2 -10(2)
2469 18(3) 4@ 2()  -1() 26 303) 1) -12(2)
287 18(3) -6 1) -1@2) 29 1@ -1@) -1
3 20 -6 1) -3 0G) 03 202 -12()




Fig. 1

Fig. 2

Fig. 3
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FIGﬁRE CAPTIONS
Schematic drawing of high pressure time—of;flight powder diffractometer
located at the H-8 beam hole of Argonne's CP-5 research reactor.
Refinement profile of Nin diffraction data at 1.37 GPa. Plus marks
are thg raw data points. The solid line is tﬁe caléulaﬁed profile.
Backgrdund has been removed before plotting. Tick marks,below'y o
the pr@file indicate positions of allowed reflectioﬁs. A few refléétions
are ihdexed in parentheses above ;he profile.

Refinement profile of NiF, diffraction data at 2.87 GPa using the incorrect

2

: ‘P42/mhm space group. (Format is the same as Fig. 2.) Note especially

Fig. &4

Fig. 5

‘Fig. 6

‘Fig. 7

‘Projection of the NiF

the poor fitting of the (211), (002), (112); and (301) reflections. .

Refineggnt profiie of NiF2 diffractibn data at 2.87 GPa using the.correct
Phﬂ9 é£§ée groﬁp;‘ (Edrmat is ﬁhe same as Fig. 2.)

Latticé Parageters‘a ?nd'b of NiF2 versus-pressure showing the splitting

of théﬁtetfagonai a into the orthorhombic:a and b. The lower curve

shows thé shuar; qf fhe strain, (b - a),Avefsus pressure. Sfaﬂdara
defiafioﬂs aréAgméllgr than the points. |

Lattice ﬁarametgric and unit cell volume of NiF2 versus pressurg; ‘étandard
deviations are:sméiler than the points.

2 st?ucture onto the x-y plane..Opeﬁ ciréles iédicaFe

atoms at z = 0; shaded circlesiindicate z = 1/2. Arrows on the F étoms“

“indicate the atomic motions associated with the transition. In the

tetragonal phase a = b and the F atoms lie at (x,x%,0); in the orthorhombic

phase’d > a and the F atoms lie at (x,y,0) with y > x.
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