-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Kyutacar : Kyushu Institute of Technology Academic Repository

°e NMNIEXRFFHEEURI LY

+ Kyutacar

ite of Technology Academic Repository

Temperature-dependent studies of the
geometrically frustrated pyrochlores Ho2Ti1207
and Dy2T1207

0ad Maczka M., Sanjuan M. L., Fuentes A. F.,
Macalik L., Hanuza J., Matsuhira K., Hiroi
Z.

journal or Physical Review B

publication title

volume 79

number 21

page range 214437-1-214437-13

year 2009-06-30

URL http://hdl _handle.net/10228/00006145

doi: info:doi/10.1103/PhysRevB.79.214437


https://core.ac.uk/display/147427078?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW B 79, 214437 (2009)

Temperature-dependent studies of the geometrically frustrated pyrochlores
HOzTi207 and DY2Ti207

M. Maczka,! M. L. Sanjudn,?> A. F. Fuentes,> L. Macalik,' J. Hanuza,* K. Matsuhira,’ and Z. Hiroi®
Unstitute of Low Temperature and Structure Research, Polish Academy of Sciences, P.O. Box 1410, 50-950 Wroctaw 2, Poland
2Instituto de Ciencia de Materiales de Aragon (Universidad de Zaragoza—CSIC), Facultad de Ciencias, 50009 Zaragoza, Spain

3Cinvestav-Saltillo, Apdo. Postal 663, 25000 Saltillo, Coahuila, Mexico
4Department of Bioorganic Chemistry, University of Economics, 53-345 Wroctaw, Poland
SFaculty of Engineering, Kyushu Institute of Technology, Kitakyushu 804-8550, Japan
®Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan
(Received 29 January 2009; revised manuscript received 4 May 2009; published 30 June 2009)

A temperature-dependent Raman study of Ho,Ti,O; and Dy,Ti,O; single crystals was performed in the
5-873 K temperature range. Polarized spectra allowed us to establish the symmetries of the observed bands
and revise the mode assignment made in previous works. Our studies revealed also two additional bands near
287 and 300 cm™' for Dy, Ti,0;, which can be assigned to crystal field transitions in Dy** ions. Temperature
dependent Raman studies showed large increase of linewidths. These changes have been analyzed in terms of
strong third-order phonon-phonon anharmonic interactions. The Raman spectra also showed anomalous soft-
ening of the majority of phonon modes upon cooling in the whole temperature range studied. In contrast to this
behavior, the F,, ~310 cm™! and E, ~330 cm™' phonon modes showed hardening upon cooling down to
about (100-120 K) and then anomalous softening below this temperature. This anomalous behavior of phonon

wave numbers has been attributed to the increase in octahedral distortion upon cooling.

DOI: 10.1103/PhysRevB.79.214437

I. INTRODUCTION

Rare-earth metal titanates, with formula A,Ti,O5, belong
to a family of geometrically frustrated magnetic insulators,
crystallizing in the pyrochlore structure.! While the exchange
between the rare-earth spins is antiferromagnetic for almost
all the titanate pyrochlores,” the difference in the on site
anisotropy and presence of dipolar interactions or spin fluc-
tuations leads to significant differences in the magnetic prop-
erties of these materials. For instance, Dy,Ti,O,; and
Ho,Ti,O; have weak ferromagnetic coupling, which may be
largely dipolar in origin, and they show spin ice behavior.>~¢
Gd,Ti,0; and Er,Ti,O; have predominantly antiferromag-
netic coupling and they exhibit antiferromagnetic ordering at
very low temperatures.” In contrast to other rare-earth ti-
tanates, Tb,Ti,0, does not order magnetically, and remains
the only true cooperative paramagnet down to at least 70-20
mK, despite an antiferromagnetic Curie-Weiss temperature
~-18 K.l(LIZ

Ho,Ti,O; and Dy,Ti,O; have been the subject of many
studies.’>13-18 Extended x-ray absorption fine structure (EX-
AFS) and x-ray diffraction studies showed that Ho,Ti,05 is
well ordered and the cubic structure remains stable down to
liquid helium temperature.'>!* Recent powder x-ray diffrac-
tion studies of Dy, Ti,O; suggested this material undergoes a
subtle structural transformation, with no change of space
group, near 110 K.'® Muon-spin rotation data indicated lack
of magnetic ordering in Ho,Ti,0; down to about 50 mK and
neutron scattering as well as heat capacity results indicated
unambiguously that Ho,Ti,O; and Dy,Ti,O; exhibit spin
ice correlations at low temperature.>>'> It was also shown
that the short-range magnetic correlation becomes signi-
ficant in Ho,Ti,0, with decreasing temperature at around 30
K.16
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Raman spectroscopy has been widely used in studies of
pyrochlore-type materials since this method may provide
very useful information on disorder, spin-phonon and crystal
field (CF)—phonon interactions.!”>> In a previous paper we
reported the results of temperature-dependent Raman scatter-
ing studies of Gd,Ti,O; and Er,Ti,O,, which order magneti-
cally at very low temperature.”® These studies revealed
anomalous softening of some modes below 130-100 K.
Very recently, we reported detailed temperature dependence
of Raman modes for the spin liquid pyrochlore Tb,Ti,O,
which revealed presence of unusually strong CF-phonon
interactions.”’” The present paper reports temperature-
dependent Raman studies of Ho,Ti,O; and Dy,Ti,0O;, which
belong to the third subgroup of rare-earth titanates exhibiting
spin ice behavior. Nonpolarized Raman scattering studies of
Dy,Ti,O; in the 12-300 K range were reported recently.'®
However, we will show that our present results give signifi-
cant information due to the fact that we have studied polar-
ized spectra in a much broader temperature range (5-873 K).
We present also new polarized spectra for Gd,Ti,O single
crystal as well as optical absorption and luminescence spec-
tra of Dy,Ti,O;. The aim of these studies was to obtain
information on symmetries of modes, their nature (i.e.,
whether they correspond to fundamentals, overtones or CF
transitions), temperature dependence and energies of Stark
levels of the ground manifold. These results will be com-
pared to the literature data available for other rare-earth ti-
tanates in order to see if the significant change in magnetic
properties is reflected in the phonon properties of these ma-
terials.

The peculiarities of the pyrochlore lattice, in particular the
relevance of the oxygen free parameter, x, are also discussed
in connection with the thermal evolution of the linewidths
and shifts of the Raman bands.

©2009 The American Physical Society
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II. EXPERIMENTAL

Single crystals of Ho,Ti,0; and Dy, Ti,O; were prepared
by the floating-zone method using an infrared furnace
equipped with four halogen lamps and elliptical mirrors. The
crystals were grown under O, gas flow to avoid oxygen de-
ficiency (typical growth rate 4 mm/h).

Raman spectra were measured in the 5-873 K range using
a Dilor XY spectrometer with a charge coupled device
(CCD) detector and the 514.5 nm excitation line of an argon
laser. The spectral resolution was 2 cm~'. Backscattering
configuration was used in all measurements.

The optical absorption spectra of polished samples were
measured at 300 and 8 K using a Cary 5E Varian spectro-
photometer equipped with a continuous flow helium cryostat.
The spectral resolution was 0.1 nm in the visible and 0.8 nm
in the near-infrared (near-IR) region.

Near-IR luminescence was recorded with a FT-Raman
spectrometer Bruker RFS 100. A diode-pumped Nd: YAG la-
ser, emitting at 1064 nm, was used as an excitation source.
The signal was detected with a Germanium detector and the

spectral resolution was 2 cm™!.

III. RESULTS AND DISCUSSION
A. Selection rules and assignment of phonon modes

According to a group theoretical analysis, a pyrochlore
A,>B,0(1)s0(2) compound (space group 227, Fd3m) should
have six Raman-active fundamental modes distributed
among A,+E,+4F,, irreducible representations.”® Since A
and B cations occupy sites with inversion symmetry, only
O(1) and O(2) atoms participate in Raman-active modes.

The polarized Raman spectra of Ho,Ti,0; and Dy,Ti,O,
at a few temperatures are presented in Figs. 1 and 2, respec-
tively, and the observed wave numbers are listed in Table I
The polarized room temperature spectra of Gd,Ti,O, are
also presented in Fig. 2 for the comparison sake. These spec-
tra were corrected by the Bose-Einstein occupation factor for
Stokes processes [n(w)+1], where n(w)=1/[exp(hw/kgT)
—1]. The spectra of Ho,Ti,O; in the 5-300 K range were
measured in back-scattering geometry for the crystal with
face perpendicular to [1-10]. This direction will henceforth
be denoted x’. The incident light was polarized parallel to
[111], which will be denoted y’. Polarization of the scattered
light was either parallel to y’ or parallel to [-1-12], which
will be denoted z’. The spectra of Ho,Ti,O; above 300 K
were measured on the same plane but with the incident light
polarized parallel to [001] (z direction) and scattered light
polarized either parallel to z or parallel to [110], which will
be denoted y”. This is also the configuration used for RT
measurements of Gd,Ti,O;. Raman spectra of Dy,Ti,O,
were measured in back-scattering geometry onto the face
perpendicular to [100] (x direction). The incident light was
polarized parallel to [001] (z direction) and the scattered light
was polarized either parallel to z or parallel to [010] (y di-
rection).

The relative intensities of the modes can be calculated
from the Raman polarizability tensors appropriate for the Oy
symmetry of pyrochlores.?” Table II lists the intensities of the
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FIG. 1. Polarized Raman spectra of Ho,Ti,O single crystal at a
few temperatures.

Raman modes in each of the applied configurations. In the
x(zy)x and x'(zy")x" configurations only F,, modes and in
the x(zz)x and x'(zz)x" configurations both the A, and E,
modes should appear. In order to discriminate between the
A, and E, modes, the x'(y'y")x" and x'(y'z')x" configura-
tions can be used because in the former configuration the E,
and in the latter the A, mode should disappear.

According to literature data for rare-earth titanates, the
bands near 310, 330 and 520 cm™' can be assigned to the
Fy,, E,, and A, modes, respectively.>!719-20-28.30=32 The po-
larization behavior presented in Figs. 1 and 2 confirms this
assignment. However, the observed modes do not disappear
completely in the forbidden configurations possibly due to
the use of a microscope or slight misalignment of the
samples. It is worth adding that according to Lummen et al.!”
no Raman spectrum of any of the rare-earth titanates fulfill-
ing their selection rules has been published. Our present re-
sults show, however, that the selection rules are well ful-
filled, especially for Dy,Ti,O; and Gd,Ti,0O;.

The location of the remaining three F,, modes is not
straightforward since the literature data are not consistent
due to at least two reasons. First, the Fzg modes are weak and
Raman spectra of pyrochlores show presence of many weak
bands corresponding not only to fundamental transitions but
also to second-order scattering and CF transitions. Second,
nearly all available data were obtained for polycrystalline
samples and therefore symmetries of the observed modes

214437-2
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FIG. 2. Polarized Raman spectra of Dy,Ti,O5 single crystal at a
few temperatures and room temperature spectra of Gd,Ti,0O.
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TABLE II. Intensity of the Raman-active modes in different
backscattering configurations for the O, symmetry.

Compound Configuration Ay, E, Fae
Ho,Ti,0, x'(y'y")x! a? 0 4/3¢?
x'(y'z")x! 0 20° 1/3¢?
Ho,Ti,0; and x'(z2)x' a? 4p? 0
Gd,Ti20 x'(zy")x! 0 0 c?
Dy, Ti,0, x(zz)x a® 4p? 0
x(zy)x 0 0 c?

could not be established. Moreover, a few single crystal Ra-
man studies also did not show clear polarization behavior of
Raman bands, as emphasized by Lummen et al.'” Thus the
three weak F,, modes at room temperature were located at
203, 509, and 540 cm™! for Sm,Ti,0,> near 205214, 256—
297, and 550-562 cm™' for A,Ti,0; (A=Gd, Tb, Dy,
Ho),!” 220225, 517-531, and 580-590 cm™' for A,Ti,0;
(A=Y, Sm, Gd, Yb),?* and at 219, 455, and 549 cm™' for
Gd,Ti,0,." Recently, these three modes were located at 174,
453, and 563 cm™! for Dy,Ti,O; at 12 K.'® In our previous
Raman studies of polycrystalline A,Ti,O; pyrochlores (A
=Gd, Er, Dy, Tb) we assigned the room temperature bands
near 205-240 and 558-565 cm™' to the F,, modes and we
concluded that the third F,, mode can be located either near
450 or 580 cm™!.2%%7 In the present work, in order to better
observe polarization of the bands, the x(zy)x and x'(y'z")x’
spectra corresponding to the F,, and F,,+E, modes, respec-
tively, were corrected by subtracting from the measured
spectra the part corresponding to the polarization leakage.
We have assumed that all intensity of the band near

TABLE 1. A list of experimental wave numbers in cm™! at 5 and 300 K together with proposed assign-
ment. For the comparison sake, recent literature values and assignment for Dy, Ti,O at 12 K (Ref. 18) are

also presented. * Value at 120 K.

Ho,Ti,0, Dy, Ti,0, Dy, Ti,0,
5 K 300 K sym. 5 K 300 K sym. Assignment  (Ref. 18)  Assignment (Ref. 18)
176 183 Ay 175 186 Ay Overtone 174 Phonon F,,
189 203 A+F,, 190 205 A,+F,,  Overtone+ 194 Phonon (IR)
Phonon F,,
210 216 Ay 211 217 Ay, Overtone
287 CF 287 Phonon
300% CF
311 310 Fae 311 307 Fae Phonon F,, 312 Phonon F,,
331 331 E, 329 327 E, Phonon E, 330 Phonon E,
450 451 Fse 450 452 Foo Phonon F,, 453 Phonon F,,
514 520 Ay, 513 519 Ay, Phonon A, 515 Phonon A,
558 Ay, 554 Ay, Overtone 563 Phonon F,,
583 581 Fae Phonon F,,
591 A, 585 588 Ay, Overtone
684 Ay, 678 690 Ay, Overtone 680 Phonon (second-order)
709 722 Ay, 707 710 Ay, Overtone 712 Phonon (second-order)
728 Ay, Overtone

214437-3
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FIG. 3. Enlarged parts of the
polarized room temperature Ra-
man spectra of Dy,Ti,O7,
Ho,Ti, 07, and Gd,Ti,0; showing
presence of weak bands. For the
comparison sake, the Raman spec-
trum of the polycrystalline
Tb,Ti,O; sample is also pre-
sented. All spectra in panel (b)
were multiplied by 4. The x(zy)x
spectrum of Dy,Ti,O; and the
x'(zy")x" spectrum of Gd,Ti,O4
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520 cm™ is a leakage. The resulting spectra are presented in
Figs. 3 and 4 for room and low temperature, respectively.
They clearly show that at room temperature only the bands at
about 205 (206), 452 (451) and 581 cm™' for Dy,Ti,O;
(Gd,Ti,07) have F,, symmetry and they should be assigned
to the three expected fundamental modes. These bands are
observed at 190, 450 and 583 cm™! for Dy,Ti,O at 5 K (see
Fig. 4 and Table I. Our results show therefore that the assign-
ment of the 450 cm™' band is in agreement with the recent
studies of Saha et al.'® but Saha’s assignment of the bands
near 554 and 175 cm™ (at 5 K) to the F,, modes is incor-
rect. It is worth noting that in the Raman spectra of polycrys-
talline samples the 450 ¢cm™! band can be obscured by very

T T T T
420 240 200 160

similar band of TiO, (rutile) impurity.>*> However, this impu-
rity should also give rise to a Raman band near 608 cm™!3
which is absent in the Raman spectra of single crystals. The
assignment of the band at about 450 cm™' is also supported
by the calculations of Hess et al.'” who predicted a band near
467 cm™! for Gd,Ti,0, and Raman studies of Y,Ru,0; and
Y,Mn,0; pyrochlores, which exhibited the strongest A, and
F,, modes at similar wave numbers as the rare-earth titanates
and a very clear F, mode near 410-456 cm™'3*3

Our polarized spectra show also the presence of a number
of extra bands at 205, 210, and 650-750 cm~! which have
A, symmetry at room temperature (see Table I). Extra A,
bands are also found at low temperature, as seen in Figure 4.

Tb - polycrystalline

Ho x'(y'y')x' - A

Raman Intensity

Ho x'(y'z')x' - X

Dy x(zz)x —A19+Eg

Dy x(zy)x - F,,

FIG. 4. Enlarged parts of the
polarized Raman spectra of
Dy,Ti,O7 and Ho,Ti,O7 at 5 K
showing presence of weak bands.
For the comparison sake, the Ra-
man spectrum of the polycrystal-
line Tb,Ti,O; sample at 45 K is
also presented. All spectra in
panel (b) were multiplied by 4.

LSS

T T T 7
550 480 450

Wavenumber (cm™)

T
800 750 700 650 600

T T T
420 240 200 160
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These bands cannot be assigned to CF transitions since they
are observed also for Gd,Ti,O; although there is no a level
splitting due to the local CF for this material. They can nei-
ther be assigned to any fundamental, since the unique A,
mode expected is detected at 520 cm™!. They are, therefore,
attributed to second-order excitations. Moreover, their A,
symmetry suggests that they arise mainly from phonon over-
tones. Unfortunately, phonon density of states is not known
for the rare-earth titanates and therefore we cannot propose
more detailed assignment of the observed overtones. We can
only suggest that the overtones below 220 cm™' range are
most likely due to Brillouin zone boundary acoustic modes.
Since the modes at 670—730 cm™' have purely A, charac-
ter, they are most likely overtones of the A,, modes. This
conclusion is consistent with our lattice dynamics calcula-
tions (not discussed in this paper) which predicted that one
of the A,, modes should be observed near 330-340 cm™'. It
is worth noting that Saha et al.'® assigned a band near
194 cm™ (at 12 K) to an infrared active or silent mode
rendered Raman active due to lowering of the local symme-
try. This band corresponds mainly to our broad A, band at
190 cm™'. Our polarized spectra show that all A, modes
near 200 cm™! can be assigned to overtones.

It is worth noting that the A, band near 520 cm™! is
clearly asymmetric (see Figs. 1 and 2). This asymmetry is
also very clearly seen in the spectra presented in the litera-
ture, although nobody mentioned about this characteristic
feature. The attribution of most of the spectrum above
550 cm™! to the second-order phonon scattering provides a
straightforward explanation for the asymmetry of the Aj,
band as due to the third-order coupling between the Aj,
mode at about 520 cm™' and the two-phonon density of
states. It has been suggested in other ordered-vacancy com-
pounds that the presence of such vacancies yields a highly
anharmonic vibrational potential and enhances the phonon-
phonon coupling.3® This explanation also holds for the pyro-
chlores, where one-eighth of the oxygen positions remain
empty at site 8a (origin at B atom). Since the second-order
phononic continuum has mostly A;, character, no asymmetry
appears for the E, or F,, modes in the 300-330 cm™! range.

B. Origin of the 287 cm™! mode of Dy,Ti,0;

The comparison of the Raman spectra recorded for
Dy,Ti,O with the spectra of Ho,Ti,O; and previously stud-
ied Gd,Ti,07 and Er,Ti,O; shows that at low temperatures
an additional band appears at 287 cm™', which is not ob-
served for the other rare-earth titanates (see Fig. 5). Lummen
et al.'” tentatively assigned this band to CF transition. How-
ever, it was proposed recently that this band should be as-
signed to a new phonon mode appearing due to lowering of
the site symmetries arising from local structural deformation
below 110 K.'® It also was argued that this band should be
assigned to a phonon mode since it showed 4 cm™! shift
when %0 is replaced by '®0 and the bandwidth is less in %0
rich Dy,Ti,O;, as compared to its value in '®O rich
Dszi207.18

As can be seen in Fig. 2, the 287 cm™! band is not well
polarized, i.e., it is slightly more intense in the x(zz)x con-

PHYSICAL REVIEW B 79, 214437 (2009)
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FIG. 5. (a) Enlarged part of the x(zz)x Raman spectra of
Dy, Ti,O; showing temperature dependence of the low wave num-
ber bands. Panel (b) shows the difference spectra after subtracting
the part due to polarization leakage (C is a small coefficient near
0.1). Bands which can be assigned to CF transitions are indicated
by arrows and the asterisk indicates the band appearing due to
leakage.

figuration (A, +E, symmetry) than in the x(zy)x configura-
tion (F,, symmetry). The ratio of intensity for these configu-
rations is 1.3 at 5 K. This result shows clearly that the
intensity pattern of this band is quite different from that of
the phonon modes of symmetry Ay, F,,, and E,. One can
also notice that intensity of this band decreases and its line-
width increases significantly upon heating but it does not
disappear at 110 K, as suggested by Saha et al.'8 (this band is
still observed at 160 K as a shoulder at about 293 cm™!, see
Fig. 5). This polarization behavior and the temperature de-
pendence suggest that the 287 cm™! band is not related to
any one- or two-phonon scattering. We have, therefore, de-
cided to check if this feature could be explained as resulting
from a CF excitation. The data on CF levels in Dy,Ti,O; are
not conclusive since calculations of Jana et al.’’ predicted
that there are no CF levels in the 190-442 cm™' range
whereas Rosenkratz et al.*® estimated the first excited state at
approximately 266 cm™!. Recent heat capacity studies of
Saha et al.'® suggested that the position of first excited CF
split doublet is close to 240 cm™'. To check if there are any
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FIG. 6. (a) The absorption (8 K) and luminescence (5 K) spectra
of Dy,Ti,07 corresponding to transitions between the ground mani-
fold ®H,s), and the excited manifolds °F;,+°Hg,,. Panels (b) and
(c) show the absorption spectra at 300 (thick lines) and 5 K (thin
lines) corresponding to transitions from the ground manifold 6H15/2
to the excited manifolds 4F9/2 and °H 12, respectively. Arrows in-
dicate positions of “hot” bands.

CF levels near 280-300 cm™!, we have measured absorption
spectra of Dy,Ti,O; at 8 and 300 K and the luminescence
spectrum at 4.2 K. The part corresponding to transitions be-
tween the ground manifold °H,s/, and the excited manifolds
®F, o+ Hy), is presented in Fig. 6(a). Although the lumines-
cence is weak due to concentration quenching, clear bands
can be observed at 7507, 7455, 7391, 7280, and 7218 cm™'.
We assign the absorption line at 7746 cm™ to the transition
between the ground levels of the °H,s/, and °Hy,, manifolds
(0-0 transition) and thus six Stark levels of the ground mani-
fold 6H15/2 are at 0, 239, 291, 355, 466, and 528 cm™'. Since
the ground manifold ®H s/, should split into eight Stark lev-
els (see discussion below), two levels were not observed in
the luminescence spectrum. We have therefore attempted to
estimate energies of these missing Stark levels from energies
of “hot” bands. Figures 6(b) and 6(c) show the absorption
spectra corresponding to transitions into the excited mani-
folds *Fo), and °Hy,),. In the first case the 0-0 transition is
observed at 20929 cm™' and the hot bands at 20751 and
20635 cm™'. The difference between the energy of the 0-0
transition and the two hot bands yields 178 and 294 cm™!. In
the second case the hot bands are observed at 5941, 5857,

PHYSICAL REVIEW B 79, 214437 (2009)

5807, 5735, 5669, and 5565 cm™' and the 0-0 transition at
6065 cm™! yielding the energy difference of 94, 178, 228,
300, 366, and 470 cm™~!. We have used in this estimation the
energies of hot bands found at 300 K and the 0-O bands
observed at 5 K because the former bands are not observed at
5 K and the latter at 300 K. Since energy of CF transitions is
expected to increase by a few cm™! upon cooling from 300 to
5 K due to increase in the CF strength, the energies of the
Stark levels at 5 K are expected to be a few cm™! smaller
than estimated above. The analysis of hot bands confirms
therefore the presence of the Stark levels near 291, 355, and
466 cm™!, established from the luminescence spectra, and
shows that one of the missing levels is located near
170 cm™'. The energy difference of 94 cm™' could corre-
spond to the second Stark level. However, no hot band cor-
responding to such energy difference is observed for the
®H,5,, — *Fy,, transition. Therefore, the hot band correspond-
ing to the 94 cm™! energy difference could be alternatively
assigned to the transition between the first excited levels of
the 6H15/2 and 6H11/2 manifolds.

The above results show that there is a CF level at
291 cm™, in very good agreement with our Raman data. In
the pyrochlore structure Dy** ion occupies sites of D5y sym-
metry and the ground manifold ®H,s, splits into eight
Kramets doublets 3I's¢+51",. According to literature data, the
ground level has I'sg symmetry.3”-¥ A transition between two
electronic levels is Raman allowed if the direct product of
their representations contains some of the irreducible repre-
sentations of the Raman-active phonons. In the case of
Dy,Ti,0;, the direct product of the ground and excited levels
is either I'sq X I'sg=2A,+2A, or I'ss X I',=2E, which corre-

sponds for the Fd3m phase to 2A15+2A5,+2F,,+2F;, or
2E,+2F,,+2F,, symmetry, respectively. As can be noticed,
these two types of CF transitions should be observed both in
the x(zz)x configuration (A;,+E, symmetry) and in the
x(zy)x configuration (F,, symmetry). These selection rules
are consistent with the polarization behavior of the 287 cm™!
band observed in our Raman spectra. The above discussion
shows that the 287 cm™! band can be assigned to the CF
transition from the ground level to the excited level of energy
287 cm™!.

Let us now discuss shortly why Saha et al.'® observed
wave number shift of this band when '°O is replaced by '*0.
Since all first-order modes in pyrochlores are due to vibra-
tions of oxygen atoms,”® all wave numbers should shift
downward by an amount that depends on how much O'8 has
entered the sample. The statement of Saha et al.'® that the
sample gained almost 2% of weight indicates that about 75%
of '°0 have been exchanged by '®0, giving the average oxy-
gen mass of 17.5. Therefore, wave numbers should be down-
shifted by a factor (16/17.5)%3=0.956. This means that the
bands at 287, 311, and 329 cm™' (at 5 K) should shift to
274.4,297.3, and 314.5 cm™'. The observed shifts of the 311
and 329 cm™! phonon modes in Ref. 18 are in very good
agreement with the expectations. However the band near
287 cm™! shifts by only 4 cm™, instead of the expected
12.6 cm™!. This small shift can be most likely explained in
the following way. As mentioned above, the 287 cm™! band
has strong contribution of F,, symmetry. It is therefore al-
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lowed to couple to the F,, mode at 311 em™". For the '°0
rich sample this coupling is weak (see discussion in the next
paragraphs) due to the large energy separation between these
bands. However, in the 80 rich sample the Fzg mode shifts
downward considerably, approaching the energy of the un-
coupled CF transition, thus enhancing the CF-phonon cou-
pling which results in a slight redshift of the CF band.

The second argument used by Saha et al.'® to attribute a
phononic origin to the band at 287 cm™! is the narrowing of
the band in the 0 enriched sample. To support this change,
they cite a paper from Cardona and Ruf that would imply a
dependence of the linewidth as 1/M, M being the mass of the
vibrating atom.*? The expression given in Cardona’s paper is
for elemental semiconductors.*’ Since in pyrochlores only
oxygen atoms vibrate, we may assume that this expression is
valid in these compounds. Even so, it would give a narrow-
ing of only 16/17.5=0.91 times, whereas Saha et al.'® ob-
served a much larger narrowing, in a ratio of 6.7/9.1=0.74.
Furthermore, the 1/M dependence is valid only for the con-
tribution of the third-order anharmonic decay to the line-
width and there is another contribution much more important
that comes from the disorder in atomic masses and is called
the isotope-mass-fluctuation effect.*>#! This last effect would
lead to a linewidth increase in the exchanged sample, which
has 75% of 80 and 25% of 16O, compared to the nonen-
riched compound, since natural oxygen is almost 100% iso-
topically pure (see for instance Serrano et al.*'). Thus the
spectrum of the enriched sample should broaden, not narrow.
We argue therefore that the narrowing observed by Saha et
al.'® is not indicative of phononic origin of bands but has
another explanation. In fact, the comparison of the spectra
shows that the bands of the nonenriched pyrochlore are much
broader for Saha’s sample than for our crystal whereas the
linewidths for the enriched sample are nearly the same as for
our crystal. For instance, the full widths at half maximum
(FWHM) of the 287 cm™! band in the nonenriched,'® O en-
riched and our crystal are 9.1, 6.7, and 6.5 cm™!, respec-
tively (at 12 K for the Saha’s sample,'® and at 5 K for our
crystal). This result may indicate that Saha’s nonenriched
sample is somewhat disordered, whereas the enriched sample
turns to be more ordered due to the long treatment at high
temperature (7 days at 950 °C,'3).

C. Origin of the 300 cm™! mode

Figure 5 shows that apart of the 287 cm™' band at 5 K
(290 cm™' at 120 K), assigned by as to a CF transition, one
more band appears for Dy, Ti,O; at about 300 cm™! (at 120
K), which was not observed for the other rare-earth titanates.
As can be seen in Fig. 5, this band can be clearly observed in
the x(zz)x configuration due to good polarization of our spec-
tra. It was overlooked in the previous studies,'”'82¢ due to
poor polarization of the spectra resulting in overlapping of
this band by the much stronger F,, mode near 311 cm™!. By
subtracting the F,, spectrum of Ho,Ti,O; at 120 K from that
of Dy,Ti,0; at the same temperature, we conclude that (i)
the 287 and 300 cm™' bands are absent in the Ho pyrochlore,
and (ii) in Dy, Ti,O they appear both in x(zz)x and in x(zy)x
configurations. These results indicate that the 300 cm™' band
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is associated with the Dy** ion, similarly as the 287 cm™
band. Figure 5 shows, however, that the temperature depen-
dence of the intensity of this band is different from that ob-
served for the 287 cm™! band. In particular, the 287 cm™!
band decreases upon heating whereas the 300 cm™' band is
not observed at 5 K, its intensity increases upon heating up
to about 160 K and then decreases. The intensity of a CF
transition is proportional to the population of the initial elec-
tronic state. Thus, the intensity of a transition starting from
the ground level is largest at 0 K and decreases upon heating
due to depopulation of this level. This behavior is observed
for the 287 c¢m™! band, which could be attributed to the tran-
sition from the ground level of the split °H,s,, manifold to
the excited level of this manifold. Transitions from an ex-
cited level are not observed at 0 K and they gain intensity
upon heating until, in their turn, they may also lose intensity
as higher levels become populated. Figure 5 shows that this
behavior is observed for the 300 cm™! band and therefore it
can be attributed to transition from one excited level to an-
other excited level of higher energy. Since the ratio of popu-
lations of any two Stark levels within a manifold is N,/N,
=exp(E,-E,/kT) and the intensity of a CF transition is pro-
portional to the population of the initial electronic state, the
intensity ratio I(band at 300 cm™!)/I(band at 287 cm™)
=exp(—E,/kT), where E, is the energy of the CF level serv-
ing as initial state for the transition seen at 300 cm™!. Inte-
grated intensities of the bands at 287 and 300 cm™' were
estimated by fitting the spectra as a sum of Lorentzian pro-
files in the region from 250 to 400 cm™!. An Arrhenius plot
of the intensity ratio I300/1287 from 50 to 160 K gives an
activation energy E, of 227 K, i.e., 158 cm™!, with an error
of about =10 cm™'. This energy is close to the CF level
found at about 170 cm™' from the absorption spectra. We
can, therefore, attribute the band at 300 cm™! to transition
between the Stark levels at about 170 and 466 cm™'.

D. Temperature dependence of phonon linewidths
and wave numbers

Figures 7(a)-7(f) show the temperature dependence of
wave numbers of the three most intense Raman modes for
Dy and Ho titanates, respectively. The insets show the cor-
responding linewidths. It can be seen that the bands broaden
monotonously with increasing temperature in quite a similar
way in both compounds. However, the temperature evolution
of the Raman shifts is unconventional in several aspects: a
continuous hardening of the A;, mode is observed upon
heating, whereas for E, and F,, modes an initial hardening is
followed, above a certain crossover temperature, by the more
common behavior of mode softening with increasing tem-
perature due to lattice expansion.

Rare earth titanates are well ordered, insulating materials.
Thus, the change in damping and phonon wave numbers
with temperature is expected to come mainly from spin-
phonon anharmonic contribution, CF-phonon coupling and
phonon-phonon anharmonic effects.?6%”

As discussed in our previous papers, spin-phonon cou-
pling effects may be significant only when appreciable mag-
netic correlations exist.?®?” For Ho,Ti,O; the short-range
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FIG. 7. Variation with tem-
perature of the Raman peak posi-
tions of Ho,Ti,O; (panels a, b,
and c) and Dy, Ti,O (panels d, e,
and f). The insets show the corre-
sponding linewidths.

magnetic correlation becomes significant with decreasing
temperature at around 30 K and for Dy, Ti,0; a spin freezing
occurs at 16 K.'®%2 Therefore, the spin-phonon coupling may
contribute weakly to the observed damping and shifts of pho-
non modes only at low temperatures, typically below 30 K.

Regarding CF-phonon coupling, we may compare the re-
sults for Dy and Ho titanates with those of Tb,Ti,O;, where
strong coupling between the intense F,, mode and some CF
excitations where detected,?’” and with those observed for
Gd,Ti,0,,% for which there is no a level splitting due to the
local crystal field for Gd**. In Tb,Ti,O, unusually large
linewidths were found even at the lowest temperatures,
which was attributed to CF-phonon coupling. This broaden-

ing is not observed either for Ho,Ti,O; nor for Dy,Ti,O,
whose Raman bands become narrow at low temperature, as
in Gd,Ti,0,.2° This suggests that the CF-phonon contribu-
tion to the damping is negligible for these phonons.

The evolution of the Raman shifts also supports this con-
clusion since both at RT and at 5 K the frequencies of the
three intense modes are almost the same as in other pyro-
chlores, implying that they are not shifted by CF-phonon
coupling.

This conclusion may be somewhat surprising, since, in
principle, CF-phonon coupling effects would be expected in
Dy,Ti,0,, where we have assigned the band near 287 cm™!
to a CF excitation (see Sec. Il B). As shown above, the
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coupling of this band to the F,, phonon mode at 307 cm™!is
allowed by symmetry. If present, it should lead to a signifi-
cant shift of the Fzg mode toward higher wave numbers, the
shift decreasing with increasing temperature. Figure 7 shows
that the F,, mode shifts below 100 K to lower wave num-
bers, i.e., in the opposite way than expected in the presence
of the CF-phonon coupling.

Thus we conclude that the only relevant terms to explain
the temperature dependence of both linewidths and wave
numbers are those due to lattice anharmonicity, either of
quasiharmonic type, related to the temperature evolution of
structural parameters, or true anharmonicity, arising from
third- or fourth-order anharmonic decay.

The contribution of the third- and fourth-order anharmo-
nicity to the linewidths, under the assumption that decay oc-
curs to 2 or 3 phonons of equal energy, amounts to*3

2 3 3
1“(T)=I‘0+C<1+ex_1>+D<1+ey_1 +—(ey_ 1)2>,

(1)

where x=E/2kgT, y=E/3kgT, and E is the energy of the
decaying phonon. kg and 7 denote the Boltzmann constant
and the temperature, respectively. I'j accounts for the broad-
ening arising from factors other than the phonon decay, such
as structural or compositional defects. The coefficients C and
D are adjustable parameters that represent the strengths of
the third- and fourth-order phonon-phonon interactions, re-
spectively.

The fitting parameters Iy, C, and D for the F,, mode are
(0.3, 11.6, 0.03) for Ho,Ti,O; and (0.3, 11.2, —0.06) for
Dy,Ti,0;. For the E, mode the parameters are (0.6, 6.2, 0.1)
for Ho,Ti,0 and (0.6, 7.0, 0.55) for Dy,Ti,0; and for the
A, they are (0.1, 7.8, 0.7) and (0.1, 8.3, 0.8) for Ho and Dy
pyrochlores, respectively. Large values of C parameters and
small values of I' indicate that Ho,Ti,O; and Dy,Ti,O,
have strong third-order anharmonicity and small concentra-
tion of structural defects. It is worth noting that the tempera-
ture dependence of the Ho,Ti,0; and Dy, Ti,O; linewidths is
very similar to the temperature dependence of the corre-
sponding modes of Er,Ti,0, and Gd,Ti,0,.2° This results
shows that replacement of Er** or Gd** by Ho** or Dy** has
very little effect on the analyzed phonons and the anhar-
monic interactions.

With the above discussed assumptions the wave number
of a phonon i is given by

o(T) = wip + (Aw) 4 + (Aw;) g (2)

where w;, is the harmonic frequency. The quasiharmonic
term (Aw;);, accounts for the change of the ionic binding
energies due to lattice expansion and thermal evolution of
other structural parameters, and (Aw;),,, is the intrinsic (or
true) anharmonic contribution.

The third term, in the assumption of anharmonic decay to
two or three phonons of equal energy, is given by*?
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A (7) A<1+ 2 )+B<1+ 3 +—3 )
w; = s
f,ank e -1 =1 (eV-1)2

(3)

where x, y have the same meaning as in Eq. (1), and A and B
represent the strength of third- and fourth-order decays, re-
spectively. Depending on the magnitude and signs of A and
B this contribution may be positive or negative. In any case,
both terms tend to saturate at low temperatures, typically
below 100 K, so that Eq. (3) alone cannot explain the evo-
lution of Raman shifts shown in Fig. 7, especially at low
temperatures.

As regards the lattice contribution (quasiharmonic term),
it is usually expressed as

T
Aw;h(T)=wi0 expl—f y[a(T’)dT'} -1, (4)

0

where

d In w;

YT my

is the Griineisen parameter of mode i/ and

is the coefficient of thermal expansion. If y and « are posi-
tive the exponential is <1 and this contribution is negative;
this is the common behavior in positively expanding lattices.
However, if either vy or « are negative the shift is positive, as
occurs for instance in systems with negative thermal
expansion.*

Positive Griineisen parameters have been reported from
Raman measurements under pressure for Dy, Ti,O; (Ref. 18)
and very recently also for Tb,Ti,O; (Ref. 45) so that we may
assume that they will also be positive for Ho,Ti,O,. As re-
gards thermal expansion coefficients, an almost constant lat-
tice parameter is found at low T (=50 K) followed by a
positive lattice expansion above that temperature,'® so that
a=0. Then, Eq. (4) alone predicts a constant frequency at
low temperature followed by the usual softening with in-
creasing temperatures, which is contrary to the observation
for the A, mode at any T and for the E, and F, (310 cm™)
modes at low temperature.

The A, mode shows a monotonous hardening upon in-
creasing temperature. Positive shifts are also observed for the
overtones near 175-212 and 670-730 cm™~'. The same be-
havior is observed for many other A,Ti,O; pyrochlores as
those with A=Gd, Er, Tb,2%?7 Y, and Yb (unpublished data)
and Lu,'® but no anomalous increase of the A,, frequency
could be found for KOs,O4, Y,Ru,0;, A,MnO; or
Cd,Re,0; pyrochlores, 20334647

The hardening of the A;, mode might be explained by
means of Egs. (3) and (4) as a result of unusually strong and
positive intrinsic anharmonicity, as proposed in the recent
studies of Dy,Ti,O, and Lu,Ti,0,,'® but these equations
cannot reproduce the fast decrease of the Raman shift below
150 K, since anharmonic interactions tend to slow down as
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temperature is lowered. A combination of Egs. (3) and (4)
might also explain the behavior of the F,, and E, modes at
high temperatures, but not the downturn observed at low
temperature.

It seems that the Raman shifts shown in Fig. 7 cannot be
explained by Egs. (3) and (4), neither separately nor com-
bined. Particularly puzzling is the changing trend observed at
a crossover temperature of about 100-150 K for all modes. It
is worth noting that very similar behavior was observed for
Gd,Ti,0, Er,Ti,05, and Tb,Ti,0,,2%?” and also reported for
Dy,Ti,0; and Lu,Ti,O; by Saha et al.'8

The question that arises is what the origin of this anomaly
is. Some negative shift may result from the spin-phonon an-
harmonic interactions at low temperaturf:522’26’27’48 However,
as discussed above, the spin-phonon coupling is expected to
be negligible above ~30 K in these materials,® whereas the
anomalous Raman results extend up to much higher tempera-
tures (100-150 K). Moreover, the effect is observed in pyro-
chlores with very different magnetic properties, and also in
nonmagnetic compounds, such as Lu,Ti,0,.'® Then, we con-
clude that it has a nonmagnetic origin and search an expla-
nation based only on structural properties.

In their recent paper, Saha et al.'® attributed the observed
anomaly in Dy,Ti,O; to a subtle structural transformation
near 110 K, which would lead to a discontinuity in the lattice
parameter. If this explanation is correct, the temperature de-
pendence of phonon modes in other A,Ti,O; pyrochlores
(A=Ho, Gd, Er, Tb) would imply that these materials un-
dergo a similar structural change as Dy,Ti,O at about 100-
130 K. However, to the authors’ knowledge there are no
reports on structural transformations for these pyrochlores.
Furthermore, structural studies of Tb,Ti,0O5 could not reveal
any discontinuity in the lattice parameter and some anoma-
lous, continuous behavior was observed only below 18
K 1149

We propose an explanation based on a closer examination
of the pyrochlore geometry and its relation with the Raman
activity. The idea stems from noting that Eq. (4) depends on
the average lattice expansion coefficient, «, so that it does
not account for the thermal evolution of the internal coordi-
nates involved in each particular vibration. With the usual
formulation, the quasiharmonic contribution to the variation
of w; with T is*

(@) _ o
ar quasih av

To take into account the variation of internal coordinates we
reformulate this expression as

(@) _ e
dar quasih é’Qt

where Q; is the normal coordinate of mode i and we have
introduced effective Griineisen and thermal expansion pa-
rameters for each mode

(a4

=— w;ya.
r aT L7

P
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Then, depending on the structural properties of the com-
pound and the thermal evolution of the normal coordinates
involved in each mode, the relevant parameter a; may have
a different sign from «. We propose that this is at the origin
of the anomaly in w(T).

E. Discussion

The evolution of Raman shifts with temperature shown in
Fig. 7 suggests that there exists a competition between two
different processes or interactions, one of them producing, at
high temperature, the conventional softening due to lattice
expansion and the other one, extending at low temperatures
up to a crossover temperature that depends on the specific
mode, that produces an anomalous softening of some modes
on cooling.

The situation is reminiscent of systems presenting nega-
tive thermal expansion (NTE) at low temperature, in which
NTE appears as a result of the competition between stretch-
ing (valence) forces, favoring lattice expansion, and large
amplitude bending or transverse vibrations that may result in
lattice contraction upon temperature increase.>”

Candidates to present NTE are open framework lattices
containing covalently bonded rigid units (typically MO, or
MOg polyhedra) that share corners and allow for low-
frequency tilting modes of such units, implying the bending
of the M-O-M angles. This is the case of ZrW,0Og or
Re0;.°'"% NTE also appears in more stiff lattices presenting
two-coordinated atoms as in A-B-A chains, allowing low-
frequency vibrations of the B atoms transverse to the bond
direction. Examples of this behavior are delafossites’ or
Cu,0 and Ag,0 cristobalites.™ These high amplitude vibra-
tions manifest in the form of large and anisotropic thermal
parameters for the low-coordinated atoms.

As far as we know, no negative thermal expansion has
been reported in Ti pyrochlores. However, the pyrochlore
lattice presents some structural peculiarities that relate them
to systems undergoing NTE.

It is traditional to describe the pyrochlore structure as
consisting of a framework of corner-sharing BO(1)4 octahe-
dra with A and O(2) atoms occupying the pseudohexagonal
cages thus resulting in a 20(2)+60(1) coordination for the
A cations.” As regards the oxygen atoms, both are four co-
ordinated, in a perfect tetrahedron of A cations around O(2)
oxygens, and in a pseudotetrahedral environment of 2A
+2B cations for O(1) atoms. We note, however, that the
A-O(1) bond distance, ~2.5 A, is much longer than the
A-O(2) bond (~2.2 A), so that, in practice, the coordination
of the A cations can be considered as linear, in the form of
0O(2)-A-0O(2) chains along the trigonal axis. The A-O(1) bond
is also much longer than the B-O(1) one (~2 A), so that the
O(1) atoms can be thought as being coordinated to only two
Ti, forming a Ti-O-Ti angle of about 135°. Therefore, both A
and O(1) atoms are candidates to perform large amplitude
transverse vibrations with low frequency, similarly as in
NTE systems and, in fact, they both show stronger thermal
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displacements parameters than B and O(2) atoms in x-ray or
EXAFS experiments."!

In the limit of negligible A-O(1) interaction, the pyro-
chlore lattice can be described as the interpenetration of two
separate networks, consisting of A-O(2) and B-O(1) sublat-
tices, respectively.”® Quite interestingly, the network of A and
O(2) atoms is of a cristobalite type analogous to that of
Cu,0, a well-known example of NTE.>* In Cu,0O, NTE is
ascribed to the vibration of Cu atoms transverse to the
O-Cu-O bonds. The analogous motion in the pyrochlore
would be the vibration of A cations perpendicularly to the
A-O(2) bonds. Since the A cations are not Raman active in
the pyrochlores, it is unlikely that the anomalous Raman
shifts can be attributed to such effect. Moreover, A and O(2)
atoms occupy special positions, so that their distance is fixed
by the lattice parameter. Any anomalous behavior of A atom
vibrations should manifest through the thermal evolution of
the lattice parameter.

For the discussion of Raman modes, it is more interesting
to investigate the properties of the B-O(1) network since the
major contribution to the Raman spectrum comes from O(1)
vibration. In particular, only O(1) oxygens vibrate in A, and
E, modes, whose displacements are determined by symme-
try.

O(1) atoms around Ti form a distorted octahedron, the
degree of distortion being a function of the O(1) parameter x.
For the ideal pyrochlore structure x=0.3125 and then the
TiO4 form a perfect octahedron,> whereas for the x values
found in Ti pyrochlores (x~0.33) the octahedron is com-
pressed. The occurrence of a free parameter in the pyrochlore
structure and the resulting octahedron distortion yield a de-
pendence of bond distances and angles on x that may be
determinant for Raman properties. Depending on its sign, the
variation of x with temperature may be opposite to that aris-
ing from lattice expansion.

Taking the origin at a Ti atom, the coordinates of its six
oxygen nearest neighbors are O1(-x+1/4,1/8,1/8),
02(1/8,—x+1/4,1/8), O3(1/8,1/8,—x+1/4), O4(x—1/4,
-1/8,-1/8), O5(-1/8,-1/8,x-1/4), 0O6(-1/8,x—1/4,
—1/8), giving a Ti-O distance dp; o=sqrt[(x—1/4)2+1/32].
Octahedron distortion results in two different O-O distances,
a “short” one dg.o=sqrt(2x?—3x/2+11/32) and a “long” one
dy.o=sqrt(2x>—x/2+1/32). Similarly, two different O-Ti-O
angles form, a<90° given by cos a=(x/4-5/64)/ d%i_o, and
a’=180-a>90°. Finally, each O(1) atom connects two dif-
ferent octahedra, forming a Ti-O-Ti angle given by cos 8
=[(x—1/4)>~1/32]/d3, . For typical values of x in Ti pyro-
chlores dpio~1.95 A, doo~2.6 A, dy,~28 A and B
~135°.

The most interesting question for Raman discussion is
how these coordinates change as x changes with temperature.
Although no data on the change of the x parameter are avail-
able for Dy,Ti,O; and Ho,Ti,O,, temperature dependent
structural studies of Tb,Ti,O; revealed that this parameter
decreases upon heating,11 i.e., the octahedron becomes more
regular as T is increased. Then, for constant lattice param-
eter, dr;.o would decrease on heating. This trend, however, is
compensated in Tb,Ti,O; by positive lattice expansion,'!
thus resulting in an almost constant Ti-O bond distance be-
tween 45 and 300 K. As regards the other parameters, we
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note that, upon decreasing x, the O-Ti-O angle « increases
but o' decreases symmetrically so that their contribution to
the Raman shifts through bond-bending force constants
would probably compensate. O-O distances, on the contrary,
behave more interestingly, since their change is not at all
symmetric: the long O-O bond will decrease upon decreasing
x much more than the short O-O distance will increase, thus
producing a net increase of O-O interaction. The thermal
evolution of drpio and other internal coordinates of the
B-O(1) network in other A,Ti,O; pyrochlores will depend
on how x and a change with temperature. Since all these
compounds share similar structural characteristics we may
assume that they will behave in a similar way as in
szTi207. For Dszi207 and HOzTi207, for instance, the lat-
tice parameters have been found to be almost constant below
~50 K, so that a decrease in x might result in a slight
decrease of dr;.o upon heating in this 7 range.

According to the calculations of Gupta et al.,’® none of
the Raman-active modes in A,Ti,O; pyrochlores involves
the predominant contribution of Ti-O bond stretching,
though the force constant for this vibration is strong. The
main contribution to the Raman shifts of pyrochlores comes
from O-Ti-O bond-bending, Ti-O bond stretching and, in
particular for Ti pyrochlores, also from O-O second-neighbor
interaction.

The case of the A, mode is particularly interesting since,
by symmetry, this mode consists just of the modulation of
the oxygen x parameter, i.e., of the octahedron distortion. In
this motion, all B-O(1) coordinates are affected, so that its
energy involves O-Ti-O bending and Ti-O and O-O stretch-
ing force constants. Alternatively, it can be regarded as the
symmetric breathing motion of the O(1) octahedron toward
the vacant 8a site at (1/8,1/8,1/8), separated from O(1) by
dga4g=x—1/8, so that the A;, mode involves just the
stretching of the O(1)- vacancy “bond” whereas the E, mode
consists of the asymmetric stretching of the O(1) octahedron
centered at the vacancy.*® With this description, the harden-
ing of the A, mode frequency with increasing temperature
would be naturally ascribed to the decrease in x. In fact, our
own lattice dynamics calculations (not discussed in this pa-
per) indicate that a decrease in the x parameter should lead to
an appreciable increase of the A;, and A,, modes energies
(5 ecm™! from 45 to 400 K) and also, but much weaker, for
the E, and F,, modes. This result indicates that the hardening
of the A;, mode and the overtones of the A,, mode near
670—730 cm™' upon heating can be most likely attributed to
the change in the x parameter. For the A, mode, the positive
shift due to the temperature variation of x dominates at all
temperatures, at least in the range studied, whereas for the Eg
and 310- cm™! F,, modes the initial hardening of the force
constants with increasing temperature is surpassed above
100-150 K by the net softening induced by lattice expansion
and intrinsic anharmonic contribution.

In the light of these arguments, we suggest that the dis-
continuity in the lattice parameter of Dy,Ti,O; reported in
Ref. 18 may be due to the freezing of some O(1) vibration
possibly producing also a small discontinuity in the oxygen
parameter x. This is a very interesting possibility, closely in
the line of phenomena yielding NTE, that deserves further
structural studies. At a difference with systems showing
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NTE, where the rigidity of polyhedra imposes large ampli-
tude variations of interpolyhedra angles, the presence of the
free oxygen parameter x in pyrochlores provides the BOg
octahedra some degree of plasticity that allows the octahe-
dron distortion to vary with temperature with no anomalous
lattice contraction.

In summary, we ascribe the anomaly in the Raman shifts
at low temperature to a combination of factors: (i) Raman-
active modes have a strong bond-bending character in
A,B,0; pyrochlores. (ii) O-Ti-O bond-bending and O-O
second-neighbor force constants are much stronger in titan-
ates than in other pyrochlores and have a magnitude compa-
rable to that of Ti-O bond stretching. (iii) There exists a free
coordinate (the oxygen parameter x) that allows the distor-
tion of TiOg4 octahedra without affecting the long-range cubic
structure. Thus, the Raman frequencies reflect the anomalous
variation of internal coordinates involving the parameter x,
despite the macroscopic structure presents a “normal” posi-
tive expansion. It is clear that more detailed crystallographic
studies at low temperature are clearly required, preferably
using local probes such as EXAFS.

IV. CONCLUSIONS

Temperature-dependent Raman scattering studies of
Ho,Ti,O; and Dy,Ti,O; single crystals were performed in
the 5-873 K range as well as at room temperature for
Gd,Ti,0,. Some luminescence and absorption spectra were
presented to obtain information on Stark levels of the ground
manifold. Our results show that the Raman selection rules
are well fulfilled for Dy,Ti,O; and Gd,Ti,O; and slightly
worse for Ho,Ti,0;. The study of well oriented single crys-
tals under polarized light and in a very broad temperature

PHYSICAL REVIEW B 79, 214437 (2009)

range allowed for very precise assignment of modes and cor-
rection of numerous errors present in the literature. In par-
ticular, we have shown that the previous assignment of the
band at about 287 cm™! for Dy,Ti,O; to a new phonon
mode appearing due to local symmetry lowering below 110
K is incorrect. This mode should be assigned to the CF tran-
sition from the ground level of the split 6H15/2 manifold to
the excited level of this manifold. We have also shown that
the coupling between this transition and the F,, mode near
307 cm™! is weak but it is enhanced for the '®O rich sample
resulting in a slight redshift of the CF band. Our spectra
revealed also the presence of another, previously not ob-
served for Dy,Ti,O; band near 300 cm™!, which can be at-
tributed to the CF transition from one excited level to an-
other excited level of the °H,s, manifold.

The obtained results revealed that phonon wave numbers
and linewidths in Ho,Ti,0; and Dy,Ti,O, exhibit very simi-
lar temperature dependence as those of Gd,Ti,O; and
Er,Ti,05, in spite of significant differences in the magnetic
properties of these materials. The softening of the A;, mode
with decreasing temperature and the additional anomalous
decrease of the phonon wave numbers for all modes at low
temperatures is attributed to the increase of octahedral dis-
tortion upon cooling.
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