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ABSTRACT
A low temperature single crystal X-ray diffracto—
meter has been designed and constructed. This has been used
to determine the crystal structure of dysprosium arsenate and
terbium arsenate at 6°K. These structures are compared with
those found at room temperature. This comparison is used to
gain information about the ionic coupling mechanism which drives
a cooperative Jahn-Teller transition in these compounds at
temperatures below 30°K. Further informqﬁion is obtained from
a study of the temperature dependence ofkfhe lattice strain,
which is proportional to the order parameter for the transition.
For TbAsQ4 it is found that the coupljng is long range, and
%

that the dominant mechanism is via the lattice strain. The

ionic interaction in DyAsO, is found to be short range:

4

coupling to both lattice strain and phonons are important in

this case. &
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CHAPTER 1

INTRODUCTION

Recently great progress has been made in the under-
stand;ng of the cooperative Jahn-Teller effect. This is
partly.due to the discovery of the effect in a number of
rare earth compounds with the zircon structure. In‘these
compounds there is a phase transition which is driven_ by the
interaction of the electronic states of certain of the ions
with the lattice phonons. For the gare earth compounds this
transition is of second order ar invoives a crystallographic
phase change. The family of ra earth compounds in which
the effect was recently discovered are the arsenates and
vanadates of terbium, thulium and dysprosium. Prior to this
discovery, most of the work on the cooperativé Jahn-Teller
effect involved spinels containing transition metal ions.

The studies. made on these compounds are reviewed by Engleman
(197é). The spinels are not as.suitable for extehsive study"
for two major reasons; first the crystals are not transparent’
and second the cubic'symmetry of the crfstals introduces
certain theoretical difficulties.ﬂ The opaqueness of the
crystals pre;ents é direct study of the electronic energy
levels using optical technigques. The cubic sfmmetry requires

that the ionic coupling be through degenerate phonon states.

1



In the case of the rare earth salts, their tetraéonal sym-
metry allows coupling via non-degenerate lattice modes. This
makes a theoretical treatment of the traﬁs;tion much more
simple. Two further advantages of the rare earth compounds,
that make them ideal for study, are their transparency and
their low transition temperatures (3°K to 30°K). The latter
property allows studies of the specific heat anomalies, associa-
ted with the transitions, to be madé without interference
from thermal phonon effécts. A recent review by Gehring and
Gehring, (1975) gives a summary of the work to date on these,
and other, compounds that exhibit the cooperative Jahn-Teller
effect.

The amount of work that has been done on the rare
earth compounds is quite extensive, however, details of the
atomic arrangements in the low temperature structures are
not available. It is the primary-purpose of this work to
fill this gap. A single crystal low temperature X—ray
diffractometer has been designed and constructed. This was
used to determine the structures of DyAsO4 and TbAsO4 at 6°K.
These structures are expected to be the same for the respec-
tive vanadates, due to the great similarity in physical
broperties between the arsenates and vanadates. The saltg
of thulium were not studied because their transition tempera-
tures are much lower. Such a study would require a more

expensive and more complicated cryogenic system.



The low temperature structure allows an eétihgfe of
quantities associated with the phase trans%tiqn to be made.
By comparing the pigh and low temperature structures the
symmetry and magnitude of the coupling to %he phonon modes
responsible for the trénsition can be determined. A measure-
ment of the temperature dependence of the lattice strain,
which is the order parameter for the transitions, gives in-
formation about the range of the ionic coupling.

A theofetical treatment of these transitions has been
‘given by Eliiot et al. (1972) using a mean field approach.
This is found to give a good description of the transition
in the te;bium and thulium compounds, but meets only limited
success in the dysprosium case. The failure is due to the
short range nature of the interaction between the dysprosium

ions. To further test the theory as applied to TbAsO a

4’
study was made of the o.dcr parameter in various mixed systems,
where some of the terbium ions are replaced with non Jahn-
Teller ions (Gd; V and La). All of the above measurements of
strain were made using the low temperature diffractometer.

The remainder of Chapter 1 is devoted to a description
of the method of sample preparation. Chapter 2 contains a
review of the theory of X-ray diffraction by crystals. Chapter
3 describes the deﬁermination of the room temperature crystal
structure of some rare earth drsenates and vanadates: A

description of the low temperature diffractometer is given in

Chapter 4, together with a procedure for its use., The

g o s 4 e -
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determination of the low temperature structure is given “in
Chapter 5. Chapter 6 contains an outline of the mean field
theory developed by Ellioé et al. (1972) to describe the Jahn-
Teller transitions in the rare earth compounds. Chapter 7
contains the results of the strain measurements on TbAsO4

and DyAsO4 together with the analysis of the structural
results in terms of the mean field theory. Chapter 8 des-

cribes the results obtained for the mixed terbium salts and

Chapter 9 summarizes the ma§$ results of this work.

Sample Preparation

The £lux method (Fiegelsoﬁx 1964) was used tg grow
the RXO, (R=rare earth, X=V,As) crystals.

A platinum crucible was almost completely filled with
either lead pyrovénadate (Pb2V207) or lead pyroarsenate

(Pb2A5207). The rare earth oxide (Tb20 or Dy203) was

3
added and the crucible tightly covered. The ratio of the‘
lead compound to the oxide was 30:1 by weighé.

The crucible was heated to 1300°C at a rate of 200°C/hour
and allowed to soak for 10 hours to assure complete disso-
lution of the oxide. It was then cooled to 900°C at a rate
of 2°C/hour, then guenched to room temperature by turning off

the furnace. fhe solidified flux (Pb2V 0., or Pb.As_0_), in

277 27271
which the crystals were imbedded, was removed by leaching with

hot dilute nitric acid.



The crystals grow as rods, almost square in cross-
section. Investigation of the crystals by x-ray diffraction,
using a precession camera, revealed that the rod axis was
[001] and that the long faces weré the (100) :and (010)
planes.

For the mixed <rystals the terbium oxide was replaced
by a suitable mixture of terbium oxide and either gadolinium
oxide, yttrium oxide or lanthanum oxide. The composition
of the mixed crystals was determined by electron microprobe

analysis of a number of crystals of each composition.



"CHAPTER 2

X-RAY SCATTERING BY CRYSTALS

In this chapter the theory of diffraction of X-rays ié:)
by crystals will be reviewed. The material given here is only
intended as an outline, more details may be found in the many

texts on the subject (e.g. Stout and Jensen, 1968).

The Crystal Lattice

A crystal may be regarded as a three dimensional perio-
dic array of lattice points, with the same arrangement of atoms
around each point. A grid of lines may be used to connect the
lattice points. This grid can be described by the direction
and magnitude of three grid lines a, p and c. These are three
non-coplanar vectors which, by repeated action are sufficient
to construct the lattice. There are many different choices
for the .unit vectors. Each choice defines a different parallel-
piped, the unit cell. The unit cell with the minimum volume is
termed primitive. The cell selected for’actual use is usuaily
primitive, however sometime§ a larger cell with higher symmetry
is chosen.

If there is an atom at a position r relative to some

origin, then there will be an equivalent atom at

- .

r' = r + ua + vb + wc , (2.1)

-



where u, v and w are integers.. Successive atoms generated using
the above formula are in different unit cells, however other
similar atoms in any given unit-cell can be generated by applying
the crystal symmetry elements. Combining the translations

given by equation (2.1) with the symmetry operations will give
all the atomic poéitions. The resulting atomic arrangement then
conforms to the space group symmetry of the crystal. The im-
portance of symmetry on the X-ray diffraction pattern will be

evident later.

X-ray Scattering by Atoms

Atoms scatter X-rays because they are made up of chrarged
particles. If such a particle happens to be in the path of
an X-ray wave, it is set into forced osciilﬁtions byﬂthe chan-
ging electric field of the wave. This accelerating charge then
emits radiation of the same wavelength as the original wave ac-
cording to the Thomson formula. For anqunpolérized incident

wave the intensity 1s given by

Ha 2 2
_ 0 e l+cos26
e=Tolmw = ) . (2.2)

-

I

where 20 is the angle between the incident and scattered waves. 4
The. final term ari;;s beéause the scattering efficiency of the
charge depends on the angle between the polarization of the
incident beam and the direction of scattering. The'l/m2 de-
pendence shows that the nuclear scattering may be ignored. Each
electron in an _atom will scatter X-rays according to eqguation

(2.2), however, begéuse the spatial separation of thé electrons

d’j

. Be

Fossl it e
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is of the same magnitude as the wavelength (A) of the radia-

tiog}Nphe individual waves will interfere. This has the
vﬁ~gi§ﬁect of reducing the radiation scattered by an atom below
8

ZIe’ where Z is the atomic number. Instead the scattered

intensity will be given by

2
) I, = I £°(28). (2.3)

f(26) is called the atomic scattering factor and is the ratio of
-the amplitude scattered by the atom to that scattered by an
electron at the atomic centre. If the distribution of electrons
around the nucieus is spherically symmetric and is given by
o(r), then
o

£(6) = p(r)e'ig'fdg ) (2.4)

&

G is the scattering vector and is given by

2sinb
A

G =k - kgi (]G] = ) (2.5)

where E and EO are vectors along the scattered and incident
waves with magnitude 1/)X. The.distribution function p(r)
can be calculated from the electronic wavefunctions wi.
p(r) = L v, - g (2.6)
;g 1

X-ray Scattering by a Crystal.

! Since the atomic separations in a crystal are of the
same magnitude as A, waves scattered by the individual. atoms

will interfere. If we consider an atom at the same site in
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two different unit cells, then from (2.1) the vector joining

the atoms can be written as

r = ua ; vb + wc . (2.7)
For the waves scattered from the two atoms to be i; phase we
require that

9'5 = 1,2,3 ete. . (2.8)

If the waves scattered by atoms at the same site in all unit cells
are to be in phase, then equation (2.8) must hold for all va-

lues of u, v and w, i.e;
Gea ="h; G*b = k; Gc =1, (2.9)

where h, k and 1 are integers. These conditions on G require

that
G = ha* + kb* + 1lc¥*, (2.10)
where L}
bXc aXxe axb
*x = Z_T « pb* = I~ . % = =~ .
2 v ¢ b v c Y < (2.11)

V is the volume of the unit cell. Thus the scattering vectors
fall on the lattice points of a new lattice, the reciprocal
lattice, defined by g*, p* and g*. To obtain any significant
scattered intensity,atoms at the same site in all unit cells
must scatter in phase, so the scattered intensity is propor-
tional to the square of the amplitude scattered by a single
unit cell. The condition for significant scattering given by

(2.10) can be regarded as reflections from families of lattice
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planes, whose interplanar spacing is 1/|/G|. The lattice planes
are characterized by their Miller indices, h, k and 1. For this
reason the diffraction peaks are commonly referred to as reflec-

tions.

The Ewald Sphers®® a4

It is convenient, 1n describlng‘aiffraction in dirfferent
experimental geometries, to use the Ewald construction. This
is shown in Fig. 2.1. A sphere of radius.1l/) is constructed in
the reciprocal space of the crystal, such that the origin of
the space is on the surface of the sphere in its equatorial
plane. The incident beam is defined by the vector k,. The
reciprocai lattice can be manipulated, by moving the crystal,
so that‘a given reciprocal lattice point (relp) lies on the
sphere. The diffracted beam corresponding to this relp is then
given by the vector 5.

In the Eulerian cradle geometry of most modern diffrac-
tometers the crystal is manipulated so that the required relp is
in the equatorial plane of the sphere. Then the crystal is ro-
tated about the w axis, which is normal to this plane, to bring
the relp into a position fo£ diffraction.

For the normal beam Weissenberg geometry the reciprocal
lattice is fixed, apart from rotations about the w axis. If a
real lattice vector is parallel «o this axis the relps will fall

on planes parallel to the eguatorial plane. The diffracted

beam is then restricted to a few circles (layer lines) on the

v



Fig. 2.1

The Ewald Construction
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sphere. The angle between k and the w axis is defined to be

(n/2~%x), and the angle between ko and the projection of k

~ a

onto the equatorial plane to be y. These angles are shown

1n Fig. 2.1. , g

The Structure Factor *

If there 1s more than one atom in a unit cell t%e
waves scattered by each atom will have a different phase. Hence
the total amplitude scattered by a unit cell will be reduced
from the sum of the individual scattering faegtors. The position

of the jth atom in the unmit cell can be written as

r., = u.a+ vb+wc. (2.12)
~] ]~ 3~ 3~

If we consider the phase of waves scattered from the origin to

be zero, then the total amplitude scattered by a unit cell 1s

F(G) « L £.(c)c 2% .
- j 1" (2.13)

. ~1i{(hu_+kv_.+iw_)
= L fJ(G)c ] J

5 ‘
F (G} is known as the structure factor and in general 1s a complex
quantity. It can be shown quite generally that the Fourier
transform of the structure factors equals the electron density
in the unit cell. Hence, if these quantities can be measured;
for an unknown structure, the atomic positions can be deter-

mined. If the unit cell chosen is non—primytlve; some '0of the

structure factors will be zero. There will be similar systematic
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absences if the lattice contains translational symmetry
elements, i.e. screw axes or glide planes. These missing reflec-
tions help to determine the space group of the crystal.

The intensity of radiation scattered by a crystal cén be

written

C(GT(S) = KI_|F(G)|° T (2.14)

where C(G) represents various corrections that must be applied

to the measured intensities I(G) before comparisdh with the

~
[}
i

calculated intensities and K is a.scale constant. Measuring
these intensities permits the detérmination of the magnitude of
the structure factors. However, the phase of these quantities
cannot be measured. This is the so called phase problem in
crystallography. The phase pr&blem prevents a straightforward
determination<3fatomic'positions. There)are many methods to
overcome this problem, these may be found in texts on X-ray
crystallography. For the structures considered in this work,
Eﬂe atomic posit;ons were either known or were determined by
other means, so further consideration of the phase problem will
not be given here.

Once a sui table model for the structure has been decided
upon, the model may be refined by the method of least squares.
In £his method- the magnitude of the observed and célculated
structure factors (Fcnand FO{ are compared, aﬂd adju;tments are

made to the mpdel to minimise

S -
+



14

I B
J ° c (2.15)
R = v . B
ZlFllz
O

Before one can obtain the observed structure factors

. . “ A AY .
from the square roots of the measured intensities, the intensi-

ties must be corrected for certain geometrical and physical effects.

Polarization Correction ' . 5
A

&

This effect has been considered in connection with the

-t

Thomson formﬁla (2.2). To correct for this the measured inten-

sity must be multiplied by p-l, where

~3

- l+cosz26

5 . (2.16)

Lorentz Effect

This effect is dependent on the geometry of. the instfu;
ment used for the intensity measurement. It arises because dif-
ferent relps take Sifferent times to pass through the Ewald
sphere. To correct for this the intensity is multiplied by Lnl,

~

where, for Eulerian cradle geometry

_ 1
L = -S-E—z—e ’ (2.17)

and for the normal beam Weissenberg method

L = (sinzze-sin?‘x)'l/2 . (2.18)

Absorption Correction

To correct for the attenuation of the X-ray beam as it

passes through the crystal, the intensity must be multiplied by

-—

A l, where
. ~
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e W (P*a) g0 (2.19)

crystal

V is the volume of the crystal and p and q are the path lengths
for the incident and diffracted beams. u is the linear absorp-
tion coefficient which can be calculated from tabulated values

of the mass absorptibn coefficients (um). If the density of the

compound is p and the fraction by weight of element i is fi then

(2.20)

i
°
[ 0]
a1}
=

u

where the summation runs over all the elements in the compound.
For simple crystal shapes (sphere or cylinder) the integral may
be evaluated analytically. Arbitrary crystaloshapes require a
numerical integration. There are two further corrections that

are made to the calculated structure factors during refinement.

Secondary Extinction

-

{ . . ' "
A real crystal is considered to be a collection of perfect

crystallites, whose orientations vary over a small angular range

*
(mosaid spread). The inc®dent intensity seen by one of these
crystallites deep inside the crystal is reduced due to diffraction
by similarly aligned crystallites that encounter the beam first.

The correction for this effect has been calculated by Zacharisen

(1963) and may be applied, according to Larson (1967), using

x 2,-1/2
F, = F_(1+gB(20)F>) /2 (2.21)

B(26) is a factor that represents the variation of secondary ex-
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tinction with scattering angle and can be calculated according
to Zacharisen. The parameter g is a measure of the extent of
the extinction and is a variable in the least squares refinement.

&

Thermal Motion

The noxrmal atomic scattering factors are calculated on
the basis of stationary atoms, but the atoms in crystals are
always vibrating about their mean positions, the magnitude of
vibration being dependent on temperature. The effect of this
thermal motion is to spread the electron clouds over 'a larger
volume and thus to cause the scattering power of an atom to
be reduced. In calculating the structure factors the normal
atomic scgttering factors are replaced by

2.2
fr = fo B(SINTE)/A (2.22)

B is known as the temperature factor and is proportional to the

mean squared amplitude of motion (ﬁz) p

B = 81°G2 . (2.23)

The above equations assume that the atomic motion is spherically
symmetric (isotropic), but in most cases the anisotropy of the
arrangement of the surrounding atoms means that Gz varies with
direcﬁion. Only those displacements perpendicular to thé plane
of reflection will affect the intensity, so an anisotropic
temperature factor ﬁust be a function of the Miller indices of

this plane. For anisotropic atomic motion equation (2.22) will

have the form



2 2
2k + B .17 + Blzhk 4+ B

2
exp—(Bllh + B 33

2 3h2 + B 3ki).

1 2

The B's are treated as adjustable parameters in the least

squares refinement.

17
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CHAPTER 3

. . &
REFINEMENT OF THE éﬁﬂSTAL STRUCTURE OF THE COMPOUNDS ,
RXO4 (R = Tb,Dy; X = As,V) at 300°K

Introduction

These rare earth vanadates and arsenates crystallize
with a zircon-type structure gonforming to the space group
k-]
14,/amd ( Wyckoff, 1965). With the origin chosen at 4m2 the

atoms oeccupy the following positions: :

R: 4(a) 4m2 0,0,0

X: 4(b) 4m2 o,o,%

O0: 16(h) m O,u,v .

Recently these structures have been refined using neutron pow-

-

der diffraction data (Schafer and Will 1971, Fuesz/gad—xsllel
1972). While neutron diffraction is more sensitive tvo the

atomic coordinates of the oxygen atoms, it has not been success-
fully employed to detect the loWw temperature crystallographic
phase transitions in these compounds (Will and Schafer 1971).
This is due to the limited angular resolution available with
neutron, diffractometers. Since a study of these lod tempera-
ture phases requires the use of X-ray diffraction techniques,
it was decided to undertake a refinement of the room tempera-

3

ture structures using the same technique.

18
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Refinement of Structures

Details of the crystals used in the room temperature
structure determination are given in Tables 3.1a-3.1d. In
each case the crystal was mounted onto a syntex Pl diffrac-
tometer using a Mo Ka X-ray source and a graphite crystal mono-
chromator (26 = 12°). The diffraction angles for 15 reflections
with 26 less than 25 degrees were refined to give the cell
dimensions (Tables 3.la—3.lé3.

The.intensities were measuring using a 6-20 scan with
variable scan rate. The rate depended upon the maximum coun-
ting rate in the intensity profile. The scan rate, in degrees
26 per minute, varied from 4°/min to 24°/min. The background
counting rate was measured on both sides of the reflection
so that an interpolated background correction could be made.
Those reflections whosg integrated intensity.,after correction
for background, was negativevwere deleted. The range of 26
over which data was collected may be found in Tables 3.la-3.1d.
Using the computer programmes in the X-ray 71 programme series
the intensities were corrected for polarisation and the Lorentz
effect. An absorptign® correction was calculated with the pro-
gramme Absorp written by -R. F. Stewart. ' After the absorption
corrections had béér appliéd symme%ry relat;d reflections were
averaged. ’

Refinements of the structures were carried out using a
full matrix least squares programme {(Cudls) written by J. S.

‘Stevens. The atomic scattering factors for Tb, Tb3+, Dy, Dy3+,
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v>* and As were those tabulated by Cromer and Waber (1964).

Atomic scattering factors, for 0 were those evaluated by
Tokonami (1965). The initial oxygen parameters were set at

u = 0.18 and v = 0.32, the values obtained from the neutron pow-
der diffraction studies. When the oxygen positional parameters
and the isotrogic température factors had stabilised, the tem-
perature factors were allowed to become anisotropic. Through-
out, an adjustable parameter was refined to correck for the
effects of secondary extinction (Larson 1967). In the final

few .cycles of refinement a weighting function of the following
yform was used

12)

1/w = (A + BIF, | + ClF, 7). (3-1)

The weighting scheme was chosen to make the variation in

wA2(A = til - IFoi) independent of F_. This method (Cruick-

shank et al. 1961, assumes that the A's are due to random errors

of measurement. A fourth term
o(FC)

IEAN

o

2
D

-

was added to the weighting schemg\so that the very weak reflec-
tions were not over weighted. D was chosen such that for

I = 30(I) this last term equalled the sum of the other terms.
.The inclusion of weights in tﬁé least squares algorithm means

that the quantity to be minimised is

o 2 2
R = zl: wiAi/i wiIFO] . ‘(3.2)

»
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The refinement was terminated when the parameter shifts
' were all less than one tenth of their standard deviations. The
final r;siduals are given in Tables 3.la-3.1d. The final
atonic coordinates are presented in Tables 3.2a-3.2d, the in-

teratomic distances and angles in Tables 3.3a-3.3d and the ob-

served and calculated structure factors in Tables 3.4a-3.44.

Discussion

[

<

The crystal stfucture, shown in Fig. 3.1, of the rare
earth arsenates and vanadates consist of slightly distorted
VO43- or Aso43— tetrahedra with rare earth ions between the
tetrahedra. ,

The V-0 distances, within the tetrahedra of the vana-
dates, agrees, within experimental error, with the mean value
of 1.721(12) R determined from 22 accurately refined vanadate
struétures (Shannon and Calvo 1973). The As-0 distances

o
in the arsenates agrees well with the value of 1.681(2) A

obtained in a recent determination of the structure of LuAsO4

-

(Lohmiiller et al. 1973). LuAsO, also crystallizes in the zircon

4

’

structure/
The oxygen positional parameters, (uIUB for thé vana-
dates, agree well with those calculated by Bagliofand Sovers
(1971). Their calculation consisted of minimising the lattice
energy, of rare earth vanadates with the zircon structure,'as
a function of the oxygen parameters. They found the values of‘

u and v obtained from the minimisation consistent with the

assumption that the V043- tetrahedron is identical in all the



-

Fig. 3.1

Schematic representation of the tegragonal

zircon structure.
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rare earth vanadates. Using this assumption they obtain the

following expressions for the variation of u and v with atomic.

number (2).
-3 -6 2
u = 0.09841 + 1.905 x 10 Z - 9.066 x 10 z° .,
(3.3)
_ -3 -6 2
v = 0,42278 - 2.421 x 10 Z + 14.491 x 10 27 .
For DyVO4 and TbVO4 these equations give
Dyvo, : u = 001846 ; v = 0.326l
» (0.184 ) ; (0.326 )
TbVO, "u= 0.1839 ; v = 0.3266
(0.183 ) (0.327 ) .

The values in parentheses, 'under the caloulated values, are the
experimental results obtained in this work. The assumption of

unchanging VO43- geometry is supported by this determination of

this geometry in DyVO4 and TbVO4. The geometry is identical,

within experimental error, to that found in NdVO4 by Baglio
and Sovers (1971).
2
In the case of the arsenates, the Aso43—

and is very close to that

tetrahedron

is the same for DyAsO4 and TbAsO4,

found in LuAsO, (Lohmuller et al. 1973). ‘A similar set of equa-

4
tions to (3.3) should also be a valid source of oxygen para-
meters in the case of the rare earth arsenates. Following Baglio

and Sovers, and using the data from DyAsO,, TbAsO4 and LuAsO,,

we obtain



0.151 + 4.6x10" % 3

0.367 - 6.2x10" % 2 .

v (3.4)

v

The temperature'factors for.the heavy atoms are ex-
pected to be unreliable. This is a result of the large linear
absorption coefficients and the experimental error in measuring
the size of theycrystal. The uncertainty is expectgd to be
largest fér;U33 as the largest dimension of the crystal is

along the ¢ axis.

3

The Crystal Field at the Rare Earth Site

The rare earth site, in these compounds, is surrounded"
by a dodecahedron of oxygen atoms, as shown in Fig. 3.2. This
arrangement is very important in determining why there is a
low temperature phase transition in these materials. It is
the cage of oxygen atoms that determines the crystal field

at the site. The rare -eartnu s.ite has point symmetry D SO we

24

may write the crystal field Hamiltonian, in operator equiva-

. lent form, as (Brecher et al 1964)

- 0.2 o] 4 o0 .4 4
Ho = Ao<r ><Jl[ul[J>02 + <J||8]]I><x > (B 0,+A,0,)
(3.5)
6 o o,.4 4
o+ Iy [I><x > (AgOc+A O,)

where Ag is a crystal field parameter, <r> is a radial ex-

pectation value for the 4f electrons in the rare earth ion

v

(Freeman and*Watson 1962), O: is an operator equivalent
i ~

(Hutchings 1964) and the <J||al||J> etc. are reduced matrix

elements characteristic of the particular ion under considera-
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Fig. 3.2

Environment of the rare earth

zircon structure.

ion in the

-
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tiop (Hutchings 1964). The crystal field parameters -are de-
termined by fitting equation (3.5) to energy levels of the
ions. These enefgies are usually obtained by opfical specgro—
sScopy.

For the rare earth phosphates, arsenates and vanadates

the most important features of the crystal field are, that Az
is very large and Ag is positive for the phosphates but nega-

tive fof the arsenates and vanadates. It is this second fea-

ture that providgs the reason why the phosphates do not undergo
a Jahn—Tellér transition.'A positive value of Ag
lowest level Sf the ion be;ng an approximate eigenstate of

results in the
the operator J, with J, taking on its maximum value J. A nega-
tive value favours the lowest level being an eigenstate of JX

with J_ = J, i.e. |JX = J> . Because of the four fold symmetry

the states |Jx

"

-Js |Jy = J» and |Jy==~J> must also be of low
energy, this results in the ground state being an approximately
degenerate quartet. This degeneracy is required if there is

to be a Jahn-Teller coupling to lattice distortions. The term

3

involving A4 determines the direction in the basal plane along

4
which the moment, associated with the abové states, will lie.
For Dy3+ % and y correspond to the cell aies a and b, whereas
for T3 <J||B8]]J> is of opposite sign.u This results in x ‘and‘y~
lying 45° to a and b. ' |

‘We can describe the &érystal field in purely electrqstétic

2-

terms by placing point charges, corresponding to thg 0 ions

around the metal ion in a dodecahedral arrangement. This ar-

rangement can be characterised by two angles el and 62 These
N , .

A

s .
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are shown in Fig. 3.2. Brecher et al. (1968) have obtained

.expressions relating the parameters Ag to 64 and 6 using the

21
assumption that the 02- changes are all at the same distance R

from the rare earth ion. They take this distance to be the radius

of the rare earth ion. The expressions they obtain are
r .
2. 4 4 0 2 2
R [§§ V70 A4 + 8A4]==5(cos (81)+cos (62)~8 —
1 2A0 6(c0326 +c0526 y-4 ) !
2 1 2
and (3.6)
4 8 4 0 4 4 2 2
:R [EI V14 A6+48A6] } 63 (cos 61+cos 62) 63 (cos 61+cos 62+12)
0 : 2 2 _
2A2 24 (cos 61+cos 82) 16

where R is the radius of the rare earth ion. From these we:

-

see that the condition for AO

5 to change sign is

2

(cos26. +cos 6,) < % ) (3.7)

1

For a pure dodecahedron 61 = 36.9° and 62 = 110.60. If small

distortions from this are going to satisfy (3.7) then 6, must

increase and 62 must decrease, i.e. the dodecahedron must become

* oblate. For the phosphates the dodecahedron is almost pure

(Brecher et al. 1968) whereas for the vanadates and the arse-

~ nates it is slightly oblate. Becaus of tHe assumption- that
éhe 02_ charges are equidistant fybm the rare earth ion, the
values oflel and 6, obtained frpm x;ray data will not equaln
those oﬁta;ngq from Brecher's pgint change '‘calculation. How-

ever, Brecher finds that.there is a direct correlation between

the two. .The dodecahedron of the 02- ions in the vanadates,
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as determined from X-ray data is more oblate than in‘the phos-
phates. For yttrium vanadate, Brecher's crystal field analysis
gives the values 61 = 38.3°and 62 = 94.7°, The corresponding
values obtained from X-ray data are Bl = 32.5°and 82 = 102.2°,.

Tables 3.3a-3.3d permit the calculation of the X-ray values of

these angles. For the compounds studied here, these are

0,

DyVO4 ¢ 32.6 101.9
DyAsO, : 31.7 102.2
TbVO4 s 32.4 102.1

TbAsO 31.8 102.2

4 H
The values are almost identical, indicating that the crystal
field at the rare earth site is almost the same in each com-
pound. We also notice the values compare favourably with those
in yttrium vanadate, where the point charge distribution is
known to correspond to an oblate dodecahearon.

The X-ray data is consistent with the idea £hat-én

oblate dodecahedron leads to a negative AO and this is res-

2
ponsible for the phase transition.
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Table 3.la
Crystal data for DyVO, at 300°K

4

=]
Lattice parameters: a = b = 7.151(2)*A ;

i = 6,293(3)A ; a =B =y = 90°

Faces bounding the crystal Crystal face d mm.

and the distance (d) along . (1,0,0) 0.015(8)

the face normal to a point (1,0,4) 0.020(8)

inside the crystal. ' (0,1,0) 0.020(8)
(0,1,0) 0.020(8) .
“{050,1) - 0.090(8)

Linear absorption coefficient: u = 245.9 cn 1

Range of data collection: 28 < 65°

Total number of reflections measured: 165

Number of unique reflections: 93
2
. . 1 2 o (Fy)
Weighting function: = = 14.25-0.391|F.|+0.035|F_ |~ + 425.0
w 0 0 FO
Secondary extinction parameter: g = 2.55x1076
Final residuals: R = 0.041 ; R = 0.040

-

*
Throughout this work standard deviations are given in

parentheses.
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Table 3.1lb

Crystal data for DyAsO4 at 300°K

1l

b = 7.063(4)*A ;

Lattice parameters: a
. L]
6.304(3)A 1 a = B =y = 90°

Faces bounding the crystal Crystal face ‘d mm.

and the distance (d) along (1,0,0) 0.034(8)

the face normal to a point (1,0,0) 0.034(8)

inside the crystal. (0,1,0) 0.034(8)
(0,1,0) 0.034(8)
(0,0,1) . 0.187(8)
(0,0,1) 0.187(8)

Linear absorption coefficient: u = 352,9 cm“1

Range of data collection: 286 < 70°

Total number of reflections measured: 434

Number of unique reflections : 185

o : 1 2 "(Fo)2
Weighting function: = = S.4S—0.206|F0]+0.OOSOIFOI +100.0 —TFET_
Secondary extinction parameter: g = 2.29><10-'6 '
Final residuals: R = 0.059 ; R = 0.051*

w

”

.
r————— .
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Table 3.1lc

Crystal data for TbhVvO, at 300°K

» [+3
b= 7.176(3)*a ;
6.323(3)A ; a = 8 =y = 90°

Lattice parameters: a

)

El

Faces bounding the crystal Crystal face d mm.

and the distance (d) along  (1,0,0) 0.085(8)

the face normal to a point (1,0,0) 0.085(8)

inside the crystal. (0,1,0) 0.050(8)

' ’ (0,1,0) 0.050(8)
(0,0,1) 0.125(8)
(0,0,1) 0.125(8)
= ~
Linear absorption coefficient:  u = 238.7.cm~l
Range of data collection: 28 < 65°

Total number of reflections measured: 884
Number of unigue reflections: -158

o . 1 2 O(FO)Z
Weighting function: == 3.92fo.0314|FO]+0.0031|F0| +36.0 _TFET—

Secondary extinction parameter: g = 5.45x10*6

Final residuals: Rw = 0.067 ;- R = 0,055
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Table 3.1d

4

Crystal data for TbAsO, at 300°K

o .
Lattice parameters: a = b = 7.075(3)*A ; <
[+]
¢ : . c = 6.316(2)A ; a = B8 =y = 90°
Faces bounding the crystal Crystal face d mm.
and the distance (d} along (1,0,0) . 0.050(8)
the face normal to a point’ (1,0,0) 0.050(8)
inside the crystal (0,1,0) 0.050(8)
"(0,1,0) 0.050(8)
(0,0,1) 0.285(8)
(0,0,1) 0.285(8)
Linear absorptiop coefficient: u = 304.8 cm"%
Range of data collection: 26 < 65°

»

Total number of reflections measured: 526
Number of unigque reflections: 142

o(F )2

. . S - _ ‘ 2 0
Weighting function: 10.20 o.299|90|+o.0051lp0| +160.0 ‘T?ET—

£l

Secondary extinction parameter: g = 3:OSXIO-6
‘ °, » §

Final residuals: Rw = 0.061 R = 0.054

-~
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Table 3.2a
Final atomic parameters for DyVO4 at 300°K
—~
Atom X A% p A Ull U22 U33 023
py3* 0.0 0.0 0.0 24(10) 24(10) 31(11) o0
* 5.0 0.0 0.5 10(37) 10(37) 109(34) 0
2= 0.0 0.184(1) 0.326(1) 88(48) 72(46) 40(56) -9(23)
Table 3.2b
Final Atomic parameters for DyAsO, at 300°K
.
-
Atom X Yy z Ull U22 U33 ' 023
.
Dy ' 0.0 V.U 0.0 94 (9) 94 (9) N 28(6) 0
As 0.0 0.0 _0.5 100(13) 100(13) 29(11) 0
0 0.0 0.181(1) 0.327(1) 193(23) 101(19) 57(18) 14(15)

*

2
¢4

exp(-2n2[a*zullh

-

+ 2b*c*U, . k2 + ...

" The expression used to calculate the thermal effect was

23 1.
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Table 3.2c
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Final atomic parameters for ThVvO, at 300°K

Atom b4 Yy z Ull U22 U33 U23
™3 0.0 0.0 0.0 66(14) 66(14) 111(8) 0
v 0.0 0.0 0.5 44 (28) 44(28) 114(21) 0
027 0.0 0.183(1) 0.327(Ll) 126(36) 77(30) 126(30) -3(23)

/ )

Table 3.24
. Final atomic parameters for TbAsO, at 300°K

Atom X Yy z Ull U22 033 U23
Tb 0.0 - 0.0 0.0 42(13) 42(13) 58(7) 0
As 0.0 0.0 0.5 47(21) 47(21) 76(14) 0
0 0.0 0.181(1) '0.327(1)-121(28) 68(28) 73(24) 18(20)
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Bond lengths and angles for DyVO, at 300°K

[=]
Distances (A)

Atoms Atoms Angles (°)
V-0 1.710(9) 0(1) *~Dy-0(2) 156.1(3)
Dy-0 (1) 2.313(10) 0(1)=-Dy~0(3) 92.5(2)
Dy-0(5) 2.435(9) 0(5)-Dy-0(56) 65.2(3)
0(5)-0(6) 2.625(14) 0(5)~Dy-0(7) 135.2(2)
0(3)~0(5) 2.702(12) 0(5)-V-0(6) 100. 3 (4)
0(5)-0(9) 2.871(11) 0(5)-v-0(9) 114.2(3)
0(1)-0(5) 3.053(12)
0(1)-0¢(3) 3.340(10)

Table 3.3b

Bond lengths and angles for DyAsO, at 300°K

[+]
Distances (A)

Atoms Atoms Angles (°)
As-0 1.676(5) 0(1)-Dy-0(2) 155.6(2)
Dy-0 (1) 2.309(5) 0(1)-Dy-0(3) 92.6 (1)
Dy-0(5) 2.426(5) 0(5)-Dy-0(6) 63.4(2)
0(5)-0(6) 2.549(8) 0(5)-Dy-0(7) 136.4 (1)
0(3)-0(5) 2.735(8) 0(3)~As-0(6) 99.0(3)
0(5)-0(9) 2.825(7) 0(5)-As-0(9) 114.9(2)
0(1)-0(5) 3.033(5)
0(1)-0(3) 3.338(6)

*The label on the oxygen atoms in Table 3.3a-d refer to that

used in Fig. 3.2.
’
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Table 3.3c
Bond lengths and angles for TbVO, at 300°K
Atoms Distances (ﬁ) Atoms Angles (°)
V-0 1.707(7) 0(1)-Tb-0(2) 155.9(2)
Tb~0(1) 2.330(6) 0(1)~Tb-0(3) 92.5(2)
Th-0(5) 2.449(6) 0(5)-Tb~0(6) 64.6(2)
0(5)-0(6) 2.622(10) 0(5)~Tb~0(7) 135.5(2)
0(3)-0(5) 2.733(10) 0(5)-v-01(6) 100.3(3)
0(5)~0(9) 2.867(7) 0(5)-v-0(9) 114.2(3)
0(l)-0(5) 3.068(9)
0(1L)-0(3) 3.367(7)
Table 3.3d )
Bond lengths and angles for TbAsO4 at 300°K
Atoms Distances (R) Atoms Angles (°)
As-0 1.681(4) 0(1)-Tb-0(2) 155.6(2)
Th-0(1) 2.311(7) 0(1)-Tb-0¢(3) 92.6(2)
Tb~0 (5) 2.431(6) 0(5)-Tb-0(6) 63.5(2)
0(5)-0(6) 2.558(10) 0(5)-Tb-0(7) 136.3(2)
- 0(3)-0(5) 2.738(9) 0(5)~As-0(6) 99.1(3)
0(5)-0(9) 2.833(8) 0(5)~-As-0(9) 114.9(2)
0(1)-0(5) 3.038(9)
0(1)-0(3) 3.340(7)
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CHAPTER 4

THE LOW TEMPERATURE DIFFRACTOMETER

A manually operated diffractometer was designed and
constructed to determine the low temperature crystal structures.
The geometry of the instrument is that of a normal beam
Weissenberg camera, with provision for film or scintillation
counter direction. The crystal is mounted inside a cryostat.
By using different cryogenic liquids and a temperature con-
trol unit, the diffractometer may be used to determine crys-
tal structures from room temperature down to 6°K. In the
fol}owing sections the design of the various components of
the instrument and the alignment prbcedure are described in
considerable detail. It is hoped that this section might be

of use to future users of the instrument.

The Cryostat

The dewar used is of conventional design. A schema-
tic diagram of its construction is shown in Fig. 4.1. With
the exception of the outer shell and the beryllium tail
sections, the construction was éarried out in the McMaster
University Instrument Machine Shop under the supervision of
Mr. S; Kocsis. The aluminium shell for the dewar is from an
Oxford Instruments powder diffraction dewar and the tail sec-

tion was fabricated by Grant & Kemper Ltd., San Diego, Cal.
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Fig. 4.1

Sectional drawing of the cryostat used

with the low temperature diffractometer.
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To allow the passage of X-rays to and from the sample,
without severe attenuation, it is necessary that the tail sec-
tions of the dewar be thin-walled and made of a material with
a low electron density. Beryllium being rigid and having a
low atomic number is an ideal material. However, the fabri-
catﬁin of beryllium prddﬁcts is costly due to its high toxi-
city. Beryllium is also quite brittle, so it is unadvisable
to have the flanges of the tail sections made of beryllium.
These are made from stainless steel and brazed to the beryl-
lium. The brazes are necessary because the joints must re-
main vacuum tight through the many thermal shocks involved
in cycling it between 4.2°K and room temperature.

Apart from where it is otherwise indicated the material
used in the construction of the inner parts of the déwar is
stainless steel. Wherever possible thin-wall (.010") tubing
or sheet was used, to minimize thermal conduction.

One of the three-ports to the liquid nitrogen chamber
houses a probe connected to a liguid level controller. This
unit is used to keep the ﬁitrogen vessel full during lgngthy
experiments. A helium liquid level indicato; probe is lo-
caEgd in one of the helium chamber ports. This was used as
an aid during transfer and for monitoring the liquid level.
"In normal operation with the sémple held at 6°K,

liquid helium need only be transferred every 14 hours.

R R A I S}

et o



44

Sample Holder

The sample holder construction is shown in Fig. 4.2.
It was designed so that.small*changes in sample orientation
could be made quickly and easily. This is a necessary feature
because, on cooling from room temperature, differential ther-
mal contractions can cause quite large shifts in sample posi-
tion. With the design used the crystallographic axis aligned
along the sample holder can be rotated abqut two perpendicu-
lar axes, referred to as the goniometer axes. Tﬁe mechanism

~is rather iike'a ball and socket joint. The ball is rigidly
attached to the sample holder pogt and sits in a truncated
conical cavity in a teflon cylinder. This can be made to
rotate about the ball using the adjusting screws, which work
against the spring loaded pins.

A heater is wound on the copper section of the post
to allow the sample temperature to be raised. .The tempera-
ture is measured by a carbon resistance thermometer, located
as close to the sample as possible. Both the heater and the
thermometer are connected to a proportional temperature con-
trol unit. Dug}ng an experiment the sample chamber of the
dewar is filled with helium exchange gas. This aids thermal
conduction between Hhe sample and the liquid helium bath
and decreases the thermal time constant of the system.

The crystal under study is mounted in a fine silica
glass capillary. A-fine copper wire (44 awg.) is also placed

in the capillary so that its end is about 1/16" from the



Fig. 4.2

Sectional drawing of the sample holder

used at low temperatures.
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crystal. The purpose of the wire is to help position the
crystal in the X-ray beam (see crystal alignment section).
The capillary is then glued into a brass plug using G.E. 7031

varnish, and the plug is screwed into the samplé plate.

Mounting Table

During an experiment the dewar is held on a table that
sits on the X-ray generator. The essential details of the
table are shown in Figqg. 4:3.

The function of thé assembly on top of the main
table is two fold. First it enables the sample and dewar to
be rotated about an axis perpendicular to the incident X-ray
beam, second it allows the ceﬁtering of the sample on this

rotation axis.

The sample and dewar are rotated by means of the

-

turntable which is supported on the main table by six bearings.

The turntable can be turned either by a synchronous motor

or manually, by disengaging the worm assembly. The motor

can drive the turntable both clockwise and counterclockwise
at a rate of 1 revolution per 50 minutes. The direction

of the travel can be reversed automatically by the two micro-
switches. These engage pins which.can be placed every 5°
around the turntable circumference. The position of the
turntable, with respect to some arbitrary 6rigin, can be
monitored by a mechanism attached to the worm assembly. This
consists of an indexing wheel that is connected to the worm

via a gear box. The angular velocity of the index wheel is

-
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Table 4.3

Construction of the mounting table

for the cryostat

Microswitches

Worm assembly

Clutch

Motor

Bearings

Dewar mounting plate
Height adjustment screw
X table

Y table

Key

o . sl S

z

o

Turntable

Main table

Base plates

Worm gear

Stainless steel slides
Delrin bearing
Locating pins

Teflon washer
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ten times that of the worm. The wheel has 36 equally

spaced holes around its circumference. As the wheel rotates
the holes make and break the circuit between a hatched light
emitting diode and photo-transistor, res?lting in a series

of pulses in the transistor circuit. The turntable is

geared down from the motor by a factor of 100, hence each
pulse corresponds to a turntable rotation of 0.01°. The °~
pulses are counted using a modified electronic cal¢ulator.

The add or subtract‘contact is made depending on the direction
of travel and the pulses make or break the numeral one con-
tact. The display shows the running total. The zero is re-
set by pressing the clear button. The rotation of the table
corresponds to the coordinate w of chapter 2.

Stacked on top of the turntable are the X and Y
translation tables which are used té position the sample on
the rotation axis. The height of the sample along this axis
can be‘adjusted by means of the threaded cylinder mounted on
the X table. When making height changes the dewar is
prevented‘frqm rotating by two locating pins.

The legs of the main table are threaded at the bottom
and screw into base plates which may be rotated to allow the
table to be leveled. The plates are held in position using
four bolts. The bolts are also used to translate the table

during alignment.

c®
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Detector and Camera

Either a scintillation counter or a film may be used
to detect X~-rays in this system. Both camera and counter
use a Philips horizontal goniometer as their base. The rota-
tion axis of the horizontal goniometer is aligned with that
of the mounting table. The camera, when in use, sits on a
table that takes the place of the sample holder in the usual
use of the instrument. This is held at the correct height
by a removable spacer. The design of the camera is basically
that of a Weissenberg camera except that it has .an exit hole
for the X-ray beam.

) The counter is mounted on the 26 table of the horizon-
tal goniometer in a housing (Fig. 4.4) that allows it to be
rotated about a horizontal axis., This enables the counter
to be set at different values of the coordinate x of Chapter
2. The 26 coordinate of the ho.izontal goniometer corresponds
to y. A collimator or slit can be mounted at the front of
the detector housing, and an incidént beam collimator is
mouﬁted on the horizontal goniometer.

The detection electronics used in conjunction with the
scintillation counter is that conventionally used with the
horizontal goniometer;

Fig, 4.5 is a photograph of the diffractometer with

'all of the components present.
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The detector housing mounted on the hori-

zontal goniometer.
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Fig. 4.5

The low temperature diffractometer in use.
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Alignment of Diffractometer

| The detector assembly was caonstructed and mounted on
the 26 table so that the ¥ and y axes intersect at right
angles. With the horizontal goniometer leveled and,
following the instruction manual, the X-ray beam is aligned
to intersect the y axis at right angles at the height of the
X, axis. £
The cryostat table is then fixed on the generator so
that the w axis is roughly colinegar with the y axis. The

table is leveled and the dewar/mounted. The mounting ring

of the dewar is adjusted so that the top flange is level and

- its height such that the sample is rougﬁly at the level of the
X-ray beam. Also the goniometer axes are adjusted to coin-
cide with the axes of the X-Y tables.

In the final stage of alignment a dial indicator is
mounted on the detector housing. 'Thé “teeter" of the indica-
tor is piaced against the tail of the dewar above the beryllium
" piece. The turntable is rotated and the X~-Y tables adjusted
until the axis of the dewar coincides with the w axis. The
dewar is then held in position and the deteétor housing rdﬁated
about the y axis. The base plates of the table ére trans-
lated until the vy axis is colineér with‘the w axis.

The instELment is then ready for use.

Alignment of Sample

With a sample preparged as described” in a previous sgg> -

tion the sample holder is placed inside

-

he dewar and the flange



Fig. 4.6

Appearance of zero-layer lines on oscil-

lation photographs of a misaligned crysfal.
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53



54

bolted down. A coarse collimator is used in the incident beam,
one that will give a 5 mm. diameter beam at the sample. This
beam is observed upon exit from the dewar using a Fluorescent
screen. By rotating the dewar the shadow of the copper wire
is located. Failure to locate the shadow means that the dewar
needs to be lowered. Once the shadow is located the height

of the dewar is changed until the end of the wire is at the

centre of the beam. Next the X-Y tables are adjusted until the

end of the wire doe; not move upon rotation of the dewar.
Finally the dewar is raised the distance between the end of
the wire and the c'antre of the crystal.

With the crystal centered in the X-ray beam, the next
step is the alignm?nt of the correct crystallographic axis
along the ;otation axis. The initial alignment is done photo-
graphically using an oscillation photograph. The dewar is
oscillated 15° with one of the goniometer axes along the X-ray
beam at the cenére of the oscillation period. Unfiltered
radiation is used ané d fine collimator replaces the one used
previously. Typical exposure times are from 5 to 10 minutes.
If the correct axis ig tippéd away from the rotation axis
in a plane containing the X-ray beam, the zero layer in the i
bhotograph will look like that in the.top illustration of
Fig. 4.7. The situation shown in the bottom illustration of
Fig. 4.7 will occur if the crystal is misaligned in a plane
perpendicular to the X-ray beém. The angle of misalignmen£

(B) in each case is:

3 —y
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side to side : tan B = %

back to front: tan 28 =

Rt

where r is the radius of the camera. The misalignment can
be corrected using screws on-the sample holder. :Each time
the crystal is adjusted it gets translated out of the X-ray
beam, so it is necessary to go through the centering proce-
dure after each adjustment. N
Usually the misalignment is a combination of the two
cases shown in Fig. 4.7. This results in a photograph that
is hard to interpret, however an estimate of the back to
front misalignment can still be made. Once this is co d
a second photograph will enable the side to.side correzzjj:%
to be measured. The orientation of the crystal can be changed
by 15°. Before mounting the c;ystal in the dewar it should
be checked that the angle between the required rotaticn
axis and the sample holde£ axis is within this range.
The alignment can be improved by using the counter.
From the final alignment photograph one can obtain the y co-
ordinates of several zero layer reflections. The counter is
set at the y values and with a coarse collimator at the detec-~
tor the dewar is rotated until a reflection is located. :The
spot is centered in the collimator by adjusting y on either
side of the spotyuntil half the peak intensity is ﬁeasured.

Y is then set at the mean of these two values. The procedure

is then repeated adjusting x.. The X-ray shutter is then
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closed and the collimator replaced by a fine horizontal
slit. The spot centering is repeated adjusting only x and
the mean value noted. Any variation in x with y is correc-
ted for using the adjusting screws. ‘
If lattice parameter measurements are to be made it
is necessary that the centering of the crystal in the X-ray

beam be accurate. This is best checked by measuring y for

several symmetry related zero layer reflections. A fine

~vertical slit should be used on the detector for this purpose,

and the spots centered as before. Any variation in y within

a set can be corrected for by slight adjustments of the X

and Y tables.
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CHAPTER 5

REFINEMENT OF THE LOW TEMPERATURE CRYSTAL

STRUCTURES OF DyAsO4 AND TbAsO4

Introduction

The low temperature structures of DyAsO4 and TbAsO4
have been refined in the orthorhombic space groups Imma and
Fddd respectively. The choice of these space groups is based
on evidence from powder X-ray studies (Gobel and Will 1972;
Gobel 1972), and optical absorption experiments (Wappler et
al 1974; Wichner et al 1972). In the case of DyAsO, early

powder X-ray work indicated that the low temperature cell

axes, a, b and ¢, are related to the high temperature tetra-

gonal axes a and ¢ by

i
+
=2

a =

[OR]
¥
>
¢

b =

ol

Cc =

Also it was~found that the systematic absences in the low
temperature bhase were tﬂe same as for the high température
- phase. This fact was confirmed in the present work, using
single crystals. Theaoptical absorption spécérum of Dy3+ in
the low temperature phase indicgted that all the Tare-earth

ions in a unit cell are equivalent, and that their sites have

point symmetry C2v' These criteria leave only one choice for
} ——
57
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the space group i.e. Imma. The atoms occupy the following

positions.
Dy 4(e) mm 0?%:2 ‘

As 4 (e) mm 0,%,2’

01 8(h) m O,u,v

02 8(i) m u',%,v' . ’ g

The powder X-ray data for TbAsO, is consistent with

4
the low temperature cell being orthorhombic with twice the
volume of the tetragonal cell, or monoclinic with the same
volume as the high temperature cell. Again the systematic
absences are the same in boﬁh phases. The optical absorption
"egberiments require that the rare earth ions be equivalent and

have a site symmetry of D The only space group that satis-

x
fies all the above requirements is Fddd. \%hs\few cell axes

axe given hy

a=+v2a+4
b=vZa-Aa
c=c .

.

The atoms occupy the folloying positions:

Tb: 8(a) 222 0,0,0

. As: 8(b) 222 o,o,%

O : 32ih) 1 u,v,w.

&
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Domains
The orthorhombic distortions referred to the tetra-
gonal cell, take place along the [1,0,0] directions in DyAsO4V

and along the [110] directions in TbAsO Above the transi-

4°
tion temperature, there are two equivalent, mutually perpen-
dicular, choices for these directions. On passing through the
transition temperature different parts of the crystal have
different distortion directions. This results in the cfystals
forming crystallogréphic domains. In both cases the domain
boundaries are (110) planes of the orthorhombic cell (Leask \\
et al. 1973). 1If all the domain boundaries are parallel the
reciprocal space of the crystals will take tﬁe form shown in

P
Fig. 5.1. Each relp, with the exception of (h,h,2) relps
corresponding to the domain boundary, will have two components.
Usually the domain pattern consists of domains with bouhdafies
along both the {110] and [110] directions, resulting in a more
complicated distribution of relps. However by applying a
small magnetic field (¥ 0.8 kOe) along one of the distortion
directions all the domains walls can be made parallel (Leask
et al. 1973). The crystal can be made a single domain by
the application of a large magnetic field (¥ 3 kOe). However,
strains also affect the domain pattern and the method of
mounting the crystals, emg&pyed in these experiments, produced
strains that prevented the crystals remaining a single domain,

once the field was removed. It was found that by choosing

crystals with a small cross sectional area, in the basal plane,

¥



\'LI;i‘g. 5.1 ¢

A’ reciprocal lattice plane (¢ = constant)

+

for a crystal consisting of two domains

whose common boundary is a (110) plane.
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samples consisting mainly (95%) of a single domain could be
obtained. ‘
The two components of each relp correspond to the two
reflections (h,k,%2) and (k,h,%). Since the structures ate
orthohormbic it is important that the intensity measurements
do not mix the two components. Care was taken during inten-
sity measurements to only measure the intensity due to the
largest domain. Reflections, for which the two components of
the relp overlap;'were not measured. " In the case of TbAsO4
the orthorhombic distortion is quite large and so the two '
components are well separated in reciprocal space. However

for DyAsO the separation is smaller. The intensity measure-

{

4’
ments in Fhis case possibly contain a residual intensity

due to the‘smaller domain. The measurements of background
intensity were made on either side‘éf both components of each
relp so they would not be a&}ected by intensity due to the

K

small domain.

Refinement . .

Dgtailswof the crystals used in the structure deter-
minaﬁionssmay be found in tables 5.la and 5.1b. 1In each
case the crystal was mounted and aligned on the low'tempgfature
diffractometer in‘the manner descriﬁed iq Chapter 4. MoKa\
‘radiation was used, with a zirconium B filter in thé incident
beam, Both‘crystals wefe gligned with their ¢ axis along

the dewar rotationlaxié. The 'lattice parqmeterskf%om the

- powder X-iay stu&%es were used to index reflections on the

-

I .
- &

e e ooty o St <
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alignment photographs. Values of ¥y and x for 25 reflections
with 20 less than 40 degrees weré accurately measured using
the counter. These angles were then used in a 1eéét squares
programme to determine a new set of cell dimensions. Uéing
these dimensions as input a Fortran programme ROT was used
to calculate the values of vy, x and w for reflections with
26 less than 60 degrees.

The intensities were measured using an w scan. With
the counter set at the correct values of y and X the crystal
was rotated to bring the reflection through the Ewald sphere.
The scan rate was fixed at 7.2° per minute and the scan length
was varied so that intensity due to the small domain would
not be measured. The background was measured on both sides
&of the reflection for half the period of the scan. In terms

of the scan count Iw and the background counts IB and I

1 B2’
the measured intensity is given by
I=1I,~-1Ig5 ~-1Ig - (5.1)
The standard deviation in the measured intensity is
o(I) = /Iw+IBl+IBZ . (5.2)

Data was collected for wvalues of % from 0 to 5 inclusive and

for both negative and positive values of h and k such that 26
was 1ess"phan 60 degrees.
%

The measured intensities were converted to structure

- factoss using the programme RED. This programme applied the

A
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Lorentz polarization corrections and corrected for the absorp-
tion by the dewar. It also calculated the secdondary extinction
parameter 8(26) and applied an absorption correction. The ab-
sorption correction Qas calculated using a numerical integration
technique. Structure factors‘for symmetry related reflections
were averaged.

Refinement of the structures was carried out using
the least équares programme Cudls. The atomic scattering
factors used were the same as those used in the room temperature
studies. The initial positional parameters were set at values

obtained from the room temperature structures

i.e. DyAsO4 :z = 0.875 , z' = 0.375
u = 0.43 , Vv = 0.195
u' = 0.82 ¢ V' = 0.555
TbAsO4 :u = 0.09 v = 0.09
w = 0.32 .
The values of z and z', in the case of DyAsO4, could not be .

varied simulténeously since there were large correlations be-
tween these parameters. Upon varying them separately their
vélues'did not change from\thése given above, so they were
fixed at these fglues for the remainder of the refinement. In
the initial stages of refinement the oxygen position para-
meters and isotropic temperaéure factors for all atoms were
varied, together with an overall scale constant. Once the

variation of these parameters became small the temperature
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factors were alloWed:to becoﬁe anisotropic. Several cycles of
refinement using anisotropic temperature factors for the oxygen
atoms had no effect on the residuals and these temperature
factors became non-positive definite, The remainder of the
refinement was carried out using isotropic temperature factors
for the oxygen atoms. In the final stages of refinement a
Cruickshank weighting scheme was used, and the secondary
extinctjion parameter was varied.

Refinement was terminated when tﬂe parameters varied
by less than one-tenth of their standard deviations. The final
values of the residuals are given in tables 5.1la and 5.1b.
The'final values of the atomic parametersﬁgre given in tables
5.2a and 5.2b and the pertinent bond distances and angles are
given in tables 5,3a and 5.3b. Tables 5.4a and 5.4b list the

observed and calculated structure factors.

Discussion’

Since the phase transitions ocecur at very low tempera-
tures, there is very little energy available, in the form of
occupied phonon states, to drive the transition. Hence the
difference betweeh the two phases is slight. A discuésion of .

the low temperature structures can conveniently’be made

3 -

~using Fig. 3.1 and Fig. 3.2, which describe the high tempera-

ture phase.

(TN S dFid

T A
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DyAsO4

The difference between the high and low temperature
phases of DyAsO4 can‘be considéred as the combination of two
effects. First a shift in the relative positions of the
chains of molecules due to change in lattice parameters, and

secondly a distortion of the AsO43- tetrahedra.

Referring to Fig. 3.1, below Tc the chains of molecules
move apart along the x direction and move together along the
y direction. This corresponds to a lattice strdin of N

e = (Kittel, 1966) with respect to the tetragonal cell.

®117%22

This strain has symmetry B, and corresponds to a k=0 acoustic

: 1g
phonon of symmetry Azu;

A discussion of the distortion of the Aé043—

hedra is somewhat unreliable, based on the present data, because

tetra-

the errors in the bond distances and angles (Table 5.3a) are
guite large. \ However the distortioh observed does correspond
to one of those expected on the basis of the theory of the
phase transitions given in Chapter 6, and so a description of
the distortion will be pursued. \

Below the trahsition temperature the oxygen atoms are
no longer equivalent, they are split into two groups. In terms
,0f the Aso43' tetrahedra the two groups corféspond to the two
.pairs_of oxygen atoms séparatéd along the z axis. With reference
to Fig. 3.2 one pair consists of those atoms labelled 5 and 6
and the other pair to those labelled 9 and 10. The distortion

consists of one pair moving togethér along the line joining

-
.

T e e
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Fig. 5.2 s%,
The mode of distortion of the AsO, 3-
tetrahedra in DyAsO, .
- A
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them in the undistorted tetrahedra, and the other pair moving
apart in a similar manner. The primitive unit cell contains
two AsO43_ tetrahedra, related by a rotary inversion operation.
The tetrahedra are labelled 1 and 2 in Fig. 3.1. The distor-
tions of these two tetrahedra are shown in Fig. 5.2, Such a
distortion corresponds to a k=0 optic phonon of symmetry B1g
(Dawson et al 1971) in the high temperature structure. This
distortion can be considered as arising from the displacement
of each of the four oxygen atoms in a tetrahedra by a distance
Q. From Table 5.3a the value of Q is 1.7x10"2 A.

The average value of the As-0 distance is 1.704 A.
This is greater than the value of 1.676 R obtained at room
temperature. This seems to indicate a further distortion of
the tetrahedra consisting of an expansiéh along the As-0
bonds. The expansion corresponds to a k=0 optic phonon
cf symmetry Alg (Dawson et ;l 19713. The value of Q in this

..20
case 1s 2.8x10 A,

TbhAsO 1

In the case of TlgAsO4 the main feature of the change
in structure is the shift in the rélative‘positions of the
chains of moleculeéﬁdue to a change in 1a£tice pargmeteré,
With reference to Fig. 3.1 these chains move apart along the
x' direction and together along Ehe y' direction. This corres-

ponds to a lattice strain of e = exy’ with respect to the high

temperature structure. This strain has symmetry ng<and corres-

. _—

L
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- Fig. 5.3
. The mode of distortion of the ASO43_

tetrahedra in TbAsO4.
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LH

ponds to the k=0 acoustic phonon Alu'

There a)lso appears to be evidence of a distortion

3~ . . . . .
of the AsO, tetrahedra as shown in Fig. 5.3. This distortion

corresponds to & k=0 optical phonon of symmetry Alg (Dawson

. G
et al 1971) in the space group I4l/amd. The value of  for
2

this phonon mode is 5.3x10 “ A.
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Table 5.1la

Crystal data for DyAsQ, at 6°K

.

]
"

[} [~}
Lattice parameters: a 7.056(5)A ; b 7.026(5)A ;

c=6.297(6)A ; a =8 =7y = 90°
Faces bounding the crystal Crysfal face d mm.
and the distance (d) along (1,1,0) .050(8)
the face normal to a point (T,0,0) .050(8)
inside the crystal (0,1,0) .050(8)
(0,1,0) .050(8)
(0,0,1) .247(8)
(0,0,1) .247(8)
Linear absorption coefficient: p = 352.9 cm_l

Total number of reflections measured: 415

Number of unigue reflections: 105 )

<

g(F )2

. . 2 0
Weighting function: = 195,1-0.388]|F, |+0.0012|F_|“+1665
0 0 !FOI

)

Secondary extinction parameter: g = 5.51x10

Final residuals: Rw = 0.058 h : R = 0.055

-
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A

Table 5.1b

Crystal data for TbAsO, at 6°K

10.120(5)A ; b = 9.945(5)A;
[+]
6.310(6)A ; a = B =y = 90°

i

Lattice parameters: a

i

Faces bounding the crystal Crystal face d mm.
and the distance {(d) along (1,1,0) .067 (8)
the face normal to a point (1,1,0) .067(8)
inside the crystal (I,1,0) .083(8) _
(1,1,00 .083(8)
(0,0,1) .283(8)
(0,0,1) - .283(8)

<
Linear absorption coefficient: u = 304.8 cm L.

Total number of refleétions measured: 243

Number of unique reflections: 83

' ' _ 1 2 - 0(F0)2
Weighting function: = = 20.77-0.088|F0]+o.0001lpol +100.0 *TFET—
Secondary extinction parameter: g = 1.09%10—6
Final residuals: R = 0.019 ;i R = 0.019 -

g (e w8

L s iy, .

»

[ s e LY



. + Table 5.2a

Final atomic parameters for DyAsO4 at 6°K
- . j_. 8 '
Atom = X Y z, Yiso Y11 Y22 Ui
Dy 0.0 0.25 G.875 - 77(17) 69(18) 59(25)
As 0.0 0.25 0. 375 - 76(23) 65(26) 9(40) -+
\ 01l 0.0 0.434(4) 0.201(4) 154 (64)
02 0.812(5) 0.25  0.547(5) 285(78)
- 'l
i
- ,/
7 # - "
Table 5.2b «
‘Final atomic parameters for TbAsO4 at 6°K
Atom X Yy z Uiso Ull U22 'U33
T 0.0 0.0 0.0 T 9(9)  7(9)  1(l2)
As 0.0 0.0 0.5 - 28(12) 11(l2) 2(18)

0 . 0.090(1) 0.092(1) 0.331(2) 78(21)
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Table 5. 3a
Bond lengths ané anglés for_DyAsO4 at 6°K

Atoms Distance R Afomsr Angles (°)
As-01 1.692(28) 02 (1) *~Dy-02 (2) 155.0(1.2)

As-02 1.715(33) 01 (3) -Dy-01 (4) 155.6 (9)

Dy-02 (1) 2.255(32) . 02(1)=-Dy-01(3) ' 92.6(2)

Dy-01 (3) 2.273(28) 01 (5) -Dy-01 (6) 64.3(9)
Dy~-01 (5) 2.428 (27) 02 (9) -Dy-02 (10) 65.5(1.1)

py-02 (8 2.452(34) 01 (5) -Dy-02 (7) 135.4(7)
01(5)-01(6)  2.584 (40) 01(5)-As-01 (6) 99.5(1.3)
02(7)-02(8)  2.653(46) 02 (9)-As-02 (10) 101.4(1.6)

01(3)-01(5)  2.702(38) 01(5)1£s~02(9) 114.2(8)
01(5)-02(9)  2.860(39) J \
02(1)-01(5)  2.995(35) )
02(1)-01(3)  3.274(32) \ /
//

* N
The label on the oxyge

atoms

refers tS’fig‘

3.2.
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Table 5.3b

-

.Bond lengths and angles for TbAsO4 at 6°K

— -
Atoms DisW Atoms

¢

. Angles (°)
As-0 1.677(11) 0 (1) =Th=0(2) 154.5(4)
Thb-0 (1) 2.311(10) 0(2)~Tb=0(3) 91.2(3)
Th-0(5) 2.456(11) 0(5)=Th-0 (6) 63.6(3)
0(5)-0(6) 2.587(13) 0(5)-Th-0(7) 136.2(3)
0(3)=0(5) 2.770(17) 0(5)-As-0(6) 100.9(5)
0(5)-0(9) 2.813(16) 0 (5) ~As—0(9) 114.0(5)
0(1)=0 (5) 3.027(15) 4
0(1)-0(3) 3.302(15) ,
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CHAPTER 6

THEORY OF THE PHASE TRANSITION IN THE RARE EARTH
: ARSENATES AND VANADATES

Introductaion

The key to understanding the second order crystallo-
graphic phase transitions in these compounds is the fact that

the crystal field favours a large quadrupole moment in the

"basal plane. This!fact coupled with the four fold symmetry

{
about fhe c axis (above Tc) results in near degeneracies of

the four lowest lying electronic states. Below T, these
degeneracies are lifted, as shown in Fig. 6.1. In the low tem-
perature phase the guadrupoles lie along a particular direc-
tion, above TC half lie along this direction and half along
an axis orthogonal to the first.  Hnence the transition may be
regarded as 'ferroquadrupolar'. The effective quadrupole
coupling has been thevsubject of much study. A recent review
article by Gehring and Gehring (1575) provides an excellent
set of raferences for earlier works. The greatest success
has been obtained with a theory invoking a cooperative Jahn-
Teller cdupling between the rare earth ions. The coupling
mechanism involves lattice distortion (Elliot et al 1972).
The rest of this chapter will be concerned wiph an outline of

this theory:'
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The Jahn-Teller Theorem

This theorem states that any complex, other than a
linear molecule, occupying a state with electronic orbital
degeneracy, when the nuclel are in a symmetric configuration,

f
is unstable with respect to at least one asymmetric distor-
tion that removes the degeneracy in f;rst.order. The in-
stability arises because the centre of gravity of the degenerate
level remains unchanged (Sturge, 1967), so a lﬁnear splitting
necessarily leads to a'level of iower energy than the unsplit
level. Jahn and Teller (1937) proved that such a distortion
is available from an examination of the point symmetry group
in all possible cases.

The Jahn-Teller theorem is a special case of a much
broader clags of effects due to the breakdown of the Born-
Oppenheimer approximation (Stukge, 1967). 1In this approxima-

tion the motion of thé electrons in the unfilYXed shells of ions

is independent of the nuclear motion. This assumes that the

N

electronic motion is so rapid compared with that of the nuclei,

thaf the electrons see a potential which only depends para-
metrically on the nuclear coordinates. This may be restated
as, the energies of‘the laftice excitations (phonons) must be
lower than the energies of electronic exciéations.i Clearly
thié is not the case when there are electronic orbital degene-
racies, resulting in a large coupling between electronic states

and lattice distortions. There will also be this type of

coupling for non-degenerate electronic states as long as their

v
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separation is small compared with the energies of phonons.

The latter is the case for the rare earth compounds considered
here. Their almost degenerate ground state quartet is well
separated, approximately 100 cm_l, from other levels, so only
these four levels will be of importance in the coupling to
lattice distortions.

If the point group of the complex is G the displace-
ments of the nuclel can be written in terms of Qrai These
are linear combinations of the displacement of individual
nuclei that transform according tw@ the o component of the T
irreducible representation of G. If the deé;nerate enerqgy
levels transform as the T irreducible representation of G,
then the only distortions that cag remove the degeneracy must
transform according to one of the irreducible representations
of G contained in the direct product TXF: For the rare earth
arsenates and vanadaies ithe point group symgetry at the-rare
earth site is D,4q- The representations that the lowest four
levels belong to are given in Fig. 6.1. By examining the
relevant direct products one finds that the only distortions,
that can remove the near degeneracies, belong to the represen-
Fations Al’ Bl’ B, and E. The mode chosen will be the one

1 2 \
with the largest coupling.

Electron States . "

+ :
In the case of Dy3 , below T, the lowest electronic

doublet has the spectroscopic splitting factors 9, = 9+

-



Vs
* Fig..§.1
/

-

’
. i - +
The lowest electronic states of Dy3+ and Tb3 above

and below the Jahn-Teller transition ‘temperature.
The upper case letters are the grou» theory desic-

nations and the lower case c¢'s are the energies.

.
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N

9, = 0 and g, = 0 (Elli1s et al 1971; Wright and Moos 1971).

-

-~

The excited doublet has 9, = 0, = g and g, = 0. For both

~ gy‘
DyvO, and DyAsO4 g has a value close to 20, the maximum

3+ (6

4
allowable g value for the J = 15/2 ground term of Dy ”15/2)‘
Thus the two doublets correspond to the states 1Jx = *J> and

]JY = +J> (Klein et al 1971).

A similar situation occurs for Tb3+ except that the
maximuam g value occurs in the directions x' and y' which are
at 45° to x and y in the basal plane. The low temperature
déublets correspond to the states {Jx, = +J> and ’Jy' = tJ>, .
The ground terms of the terbium ion is 7F6.

The pairs of states forming the low temperature doub-
lets have charge clouds in the shape of flat pancakes that
intersect along the z axis. These correspond approximately
to electric (magnetic) quadrupéles. As statea before, the
phio. C.ansition can be regarded as the leowering of the energy
of one possible quadrupocle orientation relative to the other
(Gehring and Gehring 1975).

The high temperature states are the appropriate linear
comblnations of lhe low temperature states that transform ac-
cording to thé correct 1rreducible representation of D2d
(Elliot et al 1972).

Single Ion-lattice Coupling '

The interaction between the electronic states and dis-
tortions of the ions surrounding the rare earth site may be

written as <
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Hy = ;: BrQr,Orq (6.1)
o3

where the summation runs over all those irreducible represen-

tations of D that can cause a lifting of the degeneracies.

2d

F|S are coupling coefficients and OI.Ol is an electronic

operator of the same family of operators used in writing the

The B

crystal field Hamiltonian.

Elliot et al (1972) have evaluated the interaction
matrix for both Dy3+ and Tb3+. It is found that in each case
there is only one dominant mode of distortion. For Dy3+ this
is the B, mode and for Tb3+ it is the B, mode. These corres-

2 1

pond to the even.parity k=0 lattice modes Blg and B respec-

29
tively. Throughout the remainder of this chapter only coupling
to these modes will be considered. Elliot et al (1972)
represent the 0peratofs Ord by si1x 4~4 unitary matrices ci and
Ii. This has the advantage thgt the terms in o2 produce the
distortaion. The 0 matrices produce splittings between the low
temperature doublets and the T matrices distinguish between the
levels of the doublets. I1f terms in which 1 appears are negle;ﬂ
ted, 1.e. the doublets are treated as singlets, then the a
matrices become the Pauli spin matrices. In terms of these

new matrices and new coupling coefficients (S.) the 1interaction

T
Hamiltjnian becomes

Dy3+ z
' HS = SBQQBZC ’ (6-2)
3+ Z

S.



Crystal field

-

The crystal field splitting of the four lowest levels'
'
of the rare earth ions, has so far been ignored. These split-
tings have important effects on the phase transitions, SO they
must be included in the final Hamiltonian. The inclusion of

the crystal field effects is easily done in terms of the

o and T matrices. Elliot et al (1972) have shown that

D 3+ X

HCY = ~cg” (6.4)
3+

Tb _ 1 2, X ! )

HC = 3 e(l+17) o (6.5)

-

N
o

where € refers to the splittings indicated in Fig, 6.1. 1In

+ -
the case of Tb3 ¢'"has been set to zero but will be included

later.

Electron—phonoq{Coupling
/
The dféplacements of the ions surrounding eaqp' rare
earth site are coupled to those around neighbouring sites by

the lattice phondns. The vibrational part of the Hamiltonian

may be written

1. (6.6)

+ .
Ho = E e (R)(C (RIC (k) + 5

Pk
+ v . v
Cn (k), Cn(k) are the usual phonon creation and annihilation

/ -

operators,/n is the branch index and k 1s the wave vector.
i )
If we use p to label the two rare earth sites in the

t C e . N ,
2 h primitive cell centred at R(%) we may define new electronic

operators



£ oot(s, e tKROA) (6.7)
0

]

2) |-

o0,k

The lattice displacement of symmetry T produced by

-~

4

the phonon (n,k) 1s gidQQ by

_ ¥ et 1/2
Qp = Tp(n/K) [C (k) + C (k)] BT/ 20w, (X)) (6.8)

here Tr(n,ﬁ) 1s the projection of the phonon Q. and y 1is

r
the effective mass of the cage of surrounding ions. Similarly
tRe coupling to the phonon (n,k) can be described by Rg(p,k)
i - =

where
r
R_(r.,Kk) .
_ .n ~ -1/2
. SF = Tr(nlﬁ) (ﬁ72pwn(5)) . (6.9)
N _ , . , , e
We may now write the interaction Hamiltonian as e
Ko = 5 R (p,k) 1T (=x)+C (X)J0Z (0, k), (¢.10) -
s n ~ n- - n -~ N
n,k,o '
. . . 3+ . 3+
wiiwaw ' refers to 32 in the Dy case and B1 in the Tb case.

Since the main 1nteres§ﬂis in the k=0 modes the depen-

N -
L4

dence on » may be neglected (EYliot' et al 1972). The displaced

phonon operdtors are defined as

+ + Rn(}f) z ‘ ‘
Yn(E) = [Cn(g) + EB;TET On(E)]
: - {(6.11)
. + Rn(E) 2
Yn(§) = [Cn(E) EB;TET On(E)]

The physical meaniné’j; these operators is that they describe
lattice excitations relative to' the distortion, whereas the

Cn(b) describe excitations with respect to the undistorted

-
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phase. The total Hadﬁltonlan H = Hp + HC + HS ay then be
written.
3+
Dy~ _ + L
H = an'ﬁmn(E)(Yn(E)Yn(ﬁ) + 2)
. ~! (6.12)"
: -%— LJ(L, 0o (er) = 5 eo™(R),
e, L
gAL!
) ¢
YA + 1
H = L Ho (k) (y>K)y_ (k) + 3)
. n - n -~ 'n -~ 2
on
(6.13)
-1 z J(Q,Q')oz(ﬁ)oz(r‘)—l z e(l+r2)ox(2)
2 . 2
L8 ] -
LFER!
where -
r 2 '
1 Ry (k) | S
L J,L') = N z Fo (K) exp(lﬁ-[g(ﬁ)—g(ﬁ )1) . (6.14)
/f n,k n -
1 The terms with 2=2' have been-subtracted from equat:ions

~¢6.12) and (6.13) since they do not assist the ordering. They
represent the Jahn-Teller self energy of a single complex,

hence they only shift the zero of energy.

Molecular Field Theory

(
1f we ignore the residual crystal field splittings the

order predicted by quations (6.12) and (6.13) is that of the
Ising model of magnetism. It predicts a cooperative transition
for\ the maximum value of

o -

.

Jk) = % % K (q) - (6.15)
n
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where r
R’ (k)
K_ (k) LB

R N (6.16)

Later on we shall be assuming that this maximum value occurs
for k=0. Periodac boundaryvconditidns exclude bulk deforma-
tions of the lattice by k=0 acoustic phonons. Therefore
Ka(O) = 0 and all k=0 acoustic modes must be dealt with
separately. The contributions to J(k) can be split up into
an optic modg component Jo(k) and an aééustic contribution.

z Kn(g)—v where
=a

n
K (k) (6.17)

then . d

"
=~
It

I )+ E K (k) - ov . (6718)
n=4a

Elliot et al (1972) state that the optic mode coupling is ev-
pected to be short range. If we assume that there is only’
coupling to z nearest neichbours, then in the limit of small k
JO(E) tends to a constant (Gehriﬁg and Gehraing 1975)
lim J0 = (k) = 23 . (6.19)
k-0 v
In_the molecular field approximation the transition occurs,
w;;:\g(§) has its maximum value J(0), at TC given by

kT = J(0) = I J(Le,8") . (6.20)
g,e"

L

' o . z
The order parameter for the transition is <o (L)>, and the

"pseudo-spin" states'loz(£)> are split by tJ(O)<tol)>. The

7
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two spin states correspond to different orientations of the

quédrupole moments., IOZ(Q)=tl> represents the state with the

quadrupole aligned along the x(x') axis and !oz(i)=-1> is

the state with the gquadrupoles aligned along the y(y') axis.
The i1nclusion of the crystal field term makes the

Hamiltonian that of the Ising model i1n a transverse field.

The eigenvalues 1n this case are

3+ E2 1/2

Dy : YW o= ({J(O)soz>]2 + ) ' (6.21)
Tb3+ Do - ([3(0)<aZ-12 4+ 5172
(6.22)
L, = J(0) <o’ . ~

Strain Coupling

Again due to the periodic boundary conditions we must
consider coupling to strain separately. The itrain coupl;ng
parameter represents the acoustic mode coupling in the mode
in which the lattice distortion actually takes place.

The macroscopic strains associated with the transitions
have the same symmetry as the dominant phonon modes iTe.

Dy : e = ep =e_ - e , (6.23)
1g

(6.24)

e

Hence the rare earth i1ons couple to the strain through a term

Z
“Npepd - (6.25)
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The interaction Hamiltonians are then given by
E 3+ ' z z
HoY = -0 - (30 0T ene)a® (6.26)
3+
sz = - %(1+12)ox -(3(0)- cZsane)o” (6.27)
The eigenvalues become
byt i v W= (J(0)<0%sne)d & /2 (6.28)
b3t W= (3(0)<orine) 2ec?)yL/2
(6.29)
3 w2 = J(0)<oz>+ne .
The equilibrium value of the strain <e> n be found using

the condition of mechanical equilibrium 1i.e. zero stress.

This leads to

Z .
Dy : <e> = L S /\]0 (Cll—C ) ’

12

It

A
T toce> = 2ne0 >/ VCp o

VO is the volume of the primitive unit cell and C

(6.30)

(6.31)

11’ ©pp @nd

C66 are the usual elastic constants of the tetragonal phase

in the absence of a transition. The molecular field parameter

Y

then becomes X = J(0) + u, where u is-~given by

Dy3+ T M

]

4W2/VO(C11—C12) ’

Tb3+ T

[

2n2/VOC66 . -

]

Thé equilibrium value of the order parameter <o2>

(6.32)

(6.33)

can be

7

A



found by minimizing the Helmholtz free energy. This gives
{

pa
3+ 0z Aot W ™
Dy N = TV tanh(E;T) ' (6.34)
V4 W . W
Tb3+ : ol = [\‘('X 51nh(ﬁi;) + exp(:iu)51nh(~—;0]
wl kBT kBT kBT
{(6.35)
Wl W,2 -1 }
[COSh(E“?) + e\p(k T)COS E;T)i .

’ \
3+ .
In the expression for Tb \fhe terms i1ncluding the crystal
. field parameter ¢' have been reintroduced. The transition tem-

1

peratures cah be obtained from equations (6.34) and (6.35) in

the limit of <0”>»0 Q
e
byt . L = 1 tanh(—5—) (6.36)
k. T
B ¢
3+ b A -
Tb : cosh (pm—e )+exp( =)= = sinh(y—x-) + 7 exp (s ). (6.37)
RBTc Br € kBTc kpTe kT .

The mean field approximation 1s only valad 1f the in-
Eeraction 1s of long range, i.e, JO(O) muét be small. How
well thd/theory works 1in the various cases can be seen in Table
6.1. Hére the parameters A, ¢, v' and Tc, as measured by
optical spectroscopy, are given together with the value of T, -
calculated using equations (6.36) and (6.37). We note th%t
for the terbium compounds the me?h field theory works well.
However in the cade of the dysp?@sxum compounds the theory

predicts a value of TC that is too high. This suggests that }

for the terbium compounds the guadrupole coupling is long
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range and for the dysprosium compounds it is of short range.
This fact 1s confirmed by Harley and Macfarlane (1975) who

measured the c¢ritical exponent g for DyvO, and TbVO ob-

4 4

télnlng values of 0.34 and 0.50 respectively.

To account for the behaviour of the dysprosium com-
pounds 1t 1s necessary to make modification to the mean
field theory which take account of the short range nature of
the interactions. For short range interactions the mean field
at a pseudo-spin site will fluctuate due to the fluctuations |
of the surrounding ;pins. Gehring et al (1972) have attempted

to i1nclude the effects of short range order by accounting for

these fluctuations. They replace the mean field at a site ¢

-

by
. A
z <0, + 6}1 , . (6.38)
L#F L
where .
<6Q> =0 . (6.39)
and
2
i = 1 - <P (6.40)

In the absence of a crystal field splitting the mean field

Hamiltdbnian takes the form

+

- _ 1 \ z A )
, Hs = 5 222' J(L,2 )(<0Q>+62)02. . (6.41)
4
/w Lt
Gehring et al obtain an expression for <oz> and expand it

to second order in 61- Including the crystal field term in

the Hamiltonian they obtain
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( Table 6.1

Comparison of observed and calculated transition
temperatures for the rare earth arsenates and vanadates

Compound A - € " T_ (calcy- T, (measured)
1 -1 1 ated
‘cm cm cm K K

byvo,  13.8} 4.5t - . 18.5 14.0*
pyaso, 12.5° 3.05° - 17.8 11.2°
TbVO, 25.6° 9.di 0.03 36.0 3407
TbAso,  20.0% 7.65° ~1.85% 28.0 -~ 27.79

T I

lehring et al 1971

2wappler 1974

3Elliot et al 1972

4Klein et al 1971



, (1-L%) 2 (31202522262
<(7z}\_—.L _'_2%: 0 > 3 [l_ L \ £ \
¢ \0 1-Q A<yl 0 A \gz>3
(6.42)
L (1-L%)% 1%%~%-¢2 e
R e e K -
(1-Q) \ &72\ kgT
3
O
where
Foe oy oa(i,t0) 1% 8 (gee,en? (6.43)
'] 2
2
2 4
Q:%“Lo( Ay (—E—) (6.44)
A<g > A<ag <> N
and
)\(Qz> W
L, = tanh (%) C(6:45)

If it is assumed that the coupling J(¢,t').is isotropic with

magnitude jJ, and that 1t extends over z neighbours, then

2
F=—(-l—2-§)-——:z.\ (6?16)
z3

Thus ' ¢an be interpreted as the number of nearest neighbours,

which 1s 4 for the zircon structure.
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CHAPTER 7 .
THE JAHN-TELLER TRANSITION IN DyAsO, and, TbAsO,

In this chapter the details of the phase transitfens
1n these two compounds will be compared with the theory de- -

veloped in Chapter 6. This comparlson’w1th theofy will

involve the changsas in structure, discussed in Chapter 5,

20

and the temperature dependence of the order parameter. qué

last quantity is easily measured using the low temperature

di1ffractometer. The order parameter 1is dlregff§ pr0portional

-

to the latyice strain. 0

Measurement OX thé¢ Order Parameter

y The ex1§tence of two domains in a sample resukfs

. o
in a Yeciprocal space as shown i1n Fig. 5.1. For reflections

of the type (h,h,%) the angle between the two componcnts of

s

the relp is 2. where
tan € = a-b (7.1)
%0

_ a+tb
(ao = —’2-) .

Thus measuring the angle 2¢ gives the lattice strain. The
angle was measured using the (220) reflections. The detector
was set at the correct angle y and the dewar rotated through

both components of the relp. The output of the rate meter was

connected toa strip chart recorder. From the recorder trace ¢

93
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could be determined. This measurement was repeated at several
temperatures be%ow the transition temperature. Very close to
'I‘C the traces bebome hard to interpret because the two peaks
overlap. The S&allest strain that could be measured confi-

dently 1n thi1s manner was approximately 10—3.

Temperature Dependence of the Order Parameter for DyAsO

4

The measured temperature dependence of the lattice
strain, i.e. the order parameter, 1s shown in Fig. 7.1. It
was noted in Chapter 6 that molecular field theory does not
give an adequate description of the phase transition in

The result of a molecular flG{d calculation (Equa-

4"
tions (6.30) and (6.34)) 1s shown as the full curve i1n Fig.

DyAsO

7.1. The parameters used in this calculation are those given
in Table 6.1. The value of n was chosen to give a strain

of 4.7>~lO—3 at T = 0°K. Values of the elastic constants Cll

and C are not available for DyAsO The values for TbVO

22
and DyVO

4°

(Sandercock et al 1972) are almost the same and

4

4

so one might expect similar values for DyAsO The values used

4"
in the molecular field calculation were those for DyVO

11 2
Cll—C22 = 21.6x%x10 dyne/cm

40 -
Also shown in Fig. 7.1 (dotted curve) is the result

of a short range order calculation using.equation (6.42) and

equation (6.30). The value of the parameter A was adjusted

to give the observed value of the transition temperature, which

was 10°K. This yielded a value of 9.8 c:m_l for X. The value

of T was chosen as 4, and n was chosen to give a strain of



Fig. 7.1

Temperature dependence of the order parameter

(strain) for DyAsO, .
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Iy
w“

-3 _ /"*\ 1
4.7~10 ~ at T = 0° "Phe remainder of the parameters; have the

)

same value as for the molecular field calculation. t is

4

clear that a much beétter agreement is obtained iﬁ/}?e short
range nature of the interaction is taken into accourt. From

the valﬁg\pf n chosen, the value of the strain coupling para-
- > .
mater u can be observed from equation (6.32). This gaives *
&
1 s

.~ b= 10.37 cm © . (7.2)

This is close to the value of 9.7 cm"l obtained for DyVO,
(Sandercock et al 15%2). Because of the similarities ef these
two systems similar values are expected for the coupling
coefficients, Us}§§”eguat10n (6.18) an estlmate canxge made

3
of the values of Ehe optic¢ mode and aCOUSth mode coupling

coefficients, j and v. For coupling to k=0 phonon modes

>
]

B - Vv + zj . (7.3)

Figure 7.1 indicates that the interaction is predominantly

short range, hence u and,y/must almost cancel in equation

-
~

(7.3). 'rhis is the caSe for Dyvo, ‘(Sandercock et al X972).

Taking u = v and tvg number of nearest neighbours to be 4

N

- -1 .
3 = 2.45 cm : (7.4)

Whether this cancellation of the long range 1nteract10ns“1s

almost\complete can be determlned frbm a measurement of the
3
critical exponent 8. The value of B for DyVOQ’hnd TbVO4

<

have recently bgen determined by Harley and Macfarlane (1975).

For DyVO4 they obtain a value for 8 of 0.31 which is consistent

-
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with interacticons between nearest neighbours only.- It is
expected that a similar value would he obtained fer DyAsO4.
For the reason given earlier, data could not bé collected

-

arbitrarily close to Tc’ Howe&er, an attempt has been made

to obtain a value of B for DyAsO
1/8

. The value of T and
4 c

f were obtained by plotting e against T for various values
of B to get the best linear relationship. Extrapolation to

e=0 then gives T This procedure gave £ = 0.31(3) and

D'
TD = i0.0(l)°K. A plot of log e against log(l—T/Tc) is

shown in Fig. 7.2. Again this is in agreement with very

short range interactions. In addition to this dominant short
range interaction there are long range couplings to stra%ﬂSN
and k=0 acoustic phonons. The critical behaviour of an

Ising system, with a large nearest neighbour interaction and

a small long range interaction, has recently been investigated
vy Aharony (1974), He shows that as T is reduced a cross over
from 8 = 0.3 to B = 0.5 {(the mean field value) occurs at

(1 - T/Tc)—i/6 = g where g is the ratio of the long range to
short range interactions, Ih this work data was collected
down to (1 - T/TC) = 0.01 without any evidence of such a

cross over. SO an upper bound can be placed on this ratio,
that 1is

3 ' .

g < 4.6x10 (7.5)

This means that at least 99.5% of the cdéupling is short range.



el

Fig. 7.2

Asymptotic behaviour of the order parameter
&

yielding the critical exponent g for DyAsO, -

—
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Temperature Dependence of the Order Parameter for TbAsO4

A similar set of experiments was performed on TbAsO4,

These results are shown in Fig. 7.3. The fdll curve is the

result of a mean field calculating using equation (6.31) and\

equation (6.35). The value of the parameter A = 19.84 cm™ T N
was ghosen to give the experimental value of TC = 28.8°K. The
coupling parameter n was chosen to give a strain of l.SXIO-%

at T = 10°K. The value of the elastic constant C66 = l.35><10ll

dyneé/cm2 for 'I‘bVO4 was used in the absence of a value for

TbAsO4. All other parameters used are those given in Table

6..1. The agreement between experiment aﬁé the mean field theory
is good, indicating that for TbAéb4 the interaction is pre-
dominantly long range. Thus the value of the optic mode
coupling coefficient j must be almost zero. The value of the

strain coupling coefficient can be obtained in a manner similar

to that used for DyAsO4. This gives

: b= 19.3 em T . (7.6)

Comparing this value with A,'gt can be seen that the dominant
coupling 1is go the strain, both the optic mode coupling and
the acoustic mode coupling being zero.

A value of 8 = 0.51(5) has been obtained for TbAsO,

4
in the same manner as for DyAsO4. Fig. 7.4 shows a plot of

log(e) vs log(l—T/Tc). This value for B is consistent with

the interaction being predominantly long range.



Fig. 7.3

Temperature dependence of the order para-

meter for TbAsO4.
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L

Asymptotic behaviour of the order parameter

yielding the critical exponent B for TbAsO4.
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Optical Phonon Coupling

1g or Bzg

mode has been'neglected, because Elliot etSal. (1972) have

In chapter 6 coupling other than to the B

shown that the coupling coefficients for other modes are small
in comparison with those for the above modes. 1In particular

the coefficients for the Alg modes are smaller by factors of

64 and 32 for DyAsO, and TbAsO4 respectively. The results

4

presented in Chapter 5 indicate that the coupling to the Alg

modes is finite p since local atomic displacements correspon-
ding to these modes are observed. Their contribution to the
sﬁlitting of the electronic states is proportional to the product

of this atomic displacement and the A coupling coefficient.

lg

4 the displacements in the Blg and Alg modes

are of the same order of magnitude, hence the contribution to

In the case of DyAsO

the Alg is about 2% of that from the Blg mode. The observed

value of X can then be, considered as resulting from the B

lg
coupling only. X is then related to the phonon coupling coet-

ficient, Sp. ¢ by
lg

A =58 0 /<03> = 12.5 cm_l . (7.7)

Blg Blg

Using the value of QB obtained in Chapter 5 for SB can be
lg lg _; »
computed using equation (7.7). This gives s, = 706 cm l/A-
lg

.For TbAsO4 no evidence of a distortion corresponding to a k=0

BZg optic phonon is observed, however a distortion in an A mode

lg
does occur. The results obtained earlier in this chapter are
consistent with almost zero coupling to optic phonons in this
case, and so the coupling coefficient for the Alg mode must be
very small.



CHAPTER 8

THE COOPERATIVE JAHN-TELLER EFFECT IN THE MIXED
CRYSTALS Th R,  AsO, (R = Gd, Y or La)

A study of the phase transition in the above mixed
systems gives a further test of the applicability of a mean
field theory in describing the JahA—Teller transition in
TbAsO4. Within the framework of a molecular field theory
the effect of dilution is to replace the parameter )X by
Ax, where x is the concentration of Jahn-Teller ions. For

TbAsO, the expression for thé transition temperature is

then given by

) = 1 + cosh (=) . (8.1)
o]

B c € B ¢ B

A study of the system Tbdel_xVO4 has recently been conduc-
ted by Harley et al. (1974). They find their results are
consistent with equation (8.1).

In tbis work measurements oﬁ the temperature dependence
of the lattice 'strain in the mixed systems were made using
the technique described in Chapter 7.r The variation of the

3+ .
ions

+

transition,temperature with the concentration of Tb

is shown in Fig. 8.1. The solid curve is obtained from

’

equation (8.1) using values of X and ¢ given in Chapter 7.

In the case of the Gd and Y doped crystals there is not

rf\ ;

¥ 103
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-

expected to be any interaction which would interfere with
the Jahn-Teller coupling between the Tb3+ ions (Harley et
al. 1974). The results for these crjstals are then expected
.to follow eqguation (8.1). Clearly this is the case for the

Gd doped system but not for TbXY xAso It should be

1- 4
noted that Harley et al. also had difficulties when doping

TbVO4 with Y. A possible explanation for the departure from

theory in this case is the large difference in ionic radius

3+

3+ . L .
between Th™ |, and Y This must result in internal strains

in the crystals, which can modify the interaction between
the terbium ions. For the two systems considered so far
. . + . .
there is isomorphous replacement of the Tb3 ions, since both

GdAsO4 and YAsO4 crystallizé in the zircon structure. How-

ever, this is not the case for Tbea since LaAsO

1- 4’ 4
crystallizes in a monoclinic structure (Wyckoff 1965). The

AsO
X

departure from theory i.. Lhis case is possibly due to a combi-
nation of strains, resulting from the mismatch in ionic radii
and those due to these structurgl differences..

The temperature dependené; of the lattice strain is
- of the same form for all the mixed systems considered here.
This is indicated in Fig. 8.2, which shows Lhe dependence
of the reduced strain on the reduced temperature. The fact
that this dependence i§ the same in each c§se indicates that
the interaction is of long range in all the systems, even

for the Y and La-'doped crystals whose behaviour departs

from the mean field theory for one reason or another.
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1t will be noted from Fig. 8.1 that the mean field
theory predictsitwo phase transitions for a range of Jahn-
Teller 1on corfcentrations between 0.385 and 0.320. The
high temperature transition is from tetragonal to orthor -
hombic symmet¢ty and the low temperature transition 1s back
to tetragonal symmetry. These transitions occur in a tempera-
ture range below that which can be obtained with the low
temperature diffractometer, and so the range of concentra-
tion studied was not extended into this region. The
existence of thias interesting double phase transition has

been observed in the case of TbVO4 by Harley et al. (1974).

¥
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Fig. 8.1

The variation of the transition temperature with com-

position for the system Tbe AsO, (R = Gd,Y or La).
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Fig. 8.2

Temperature dependence of the strain for the mixed

3

crystals Tbel_xAsO

4 (R=0Gd, Y or La).
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CHAPTER %
| ]
. CONCLUSIONS -
”

g _ .
A single crystal diffractometer has been constructed

~$

to determine the crystal structure of DyAsO4 and TbAsO4 at

6°K. These compounds under second oxder crystallographic

phase transition, at 10°K and 28°K respectijvely, which is
driven by a cooperative Jahn-Teller interaction between the
rare earth ions. ‘The low temperature structure of these
materials provides infoémation about the nature of the in-
teraction in each case.

The low temperature space groups are both orthorhombic,
Imma and Fddd for DyAsO, and TbAsO‘4 respectively. A com-
parison of atomic positions in these space groups with those
in the high temperature phase, which were determined using a
conventional single crystal diffractometer, enables a deger—

mination of the symmetry of the %ﬂgggg\ﬁbdes respansible

for. the transitions. Furthermore the magnitudes of the

5

shifts in atomic positions between the two phases allows a /)
determination of the coupling strengths to the respective
modes.

For DyAsO it was found that coupling to both optic

4

and acoustic phonons is important. The acoustic mode coupling

consistSJWf"bqo parts, the strain coupling and coupling to

other acqustic phonons whose symmetry is not that of the

¥
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distortion of the unit cell. The temperature dependence of

the order parameter is consistent with a short range coupling
between the Jahn-Teller ions. This indicates that the transi-
tion is driven by optic phonons. As the strain coupling

is large this means that the two acoustic mode couplings

mu;t almost cancel. The optic mode distortions are found

to be of symmetry Blg and Alg' The mean field theory pre-
dictsstlat the coupling to the Alg is much smaller than that

to the Blg mode, and so on the assumption of only B coupling,

lg

the felevant coupling coefficient SB can be estimated.
lg
— ° ) s -
This is found to be 706 cm ;/A. A measurement of the strain

? A ' . . .
below the transition temperature gives the strain coupling

parameter u, the vdlue is u = 0.4 cmﬁl. Due to the domina-
- ~ . ‘ .
tion of the optic phonon coupling, the mean field theory

does not give an adeguate description of the transition in

DyAsO Modifications to this theory which take into account

4°

the short range nature of the interaction give a better

"description.

For TbAsO, only the coupling to the strain is impor-

tant. A distortion corresponding to an A optic phonon is

lg
obsérved, but as with DyASO4 this gives a minor contribution
to the Hamiltonian. This fact is borne out by the temperature
dependence of the ofder parameter, which indicates that the
Jahn-jeller poupling4is of lohg range. The strain cpuplihg

coefficient in this case is found to be 19.3 cm™ Y. Because

of the long range nature of the interaction the mean field
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theory gives a good description of the transition in'TbAsO4.
A further indication of the applicability of this

theory, as applied to the terbium salt, is the variation of

the transition temperature with concentration of terbium ions
-

in the system Tbdel_xAsO4. This variation follows the

prediction of the mean field theory.
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