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Here we report a temperature-dependent Raman study of the pyrochlore ‘“dynamic spin-ice”
compound Pr,Sn,0; and compare the results with its non-pyrochlore (monoclinic) counterpart
PryTi,05. In addition to phonon modes, we observe two bands associated with electronic Raman
scattering involving crystal field transitions in Pr,Sn,0; at ~ 135 and 460 cm~! which couple strongly
to phonons. Anomalous temperature dependence of phonon frequencies that are observed in
pyrochlore Pr,Sn,0; are absent in monoclinic Pr,Ti,O. This, therefore, confirms that the strong
phonon-phonon anharmonic interactions, responsible for the temperature-dependent anomalous
behavior of phonons, arise due to the inherent vacant sites in the pyrochlore structure.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Spins in the geometrically frustrated pyrochlores (A;B,07, A =
rare-earth ion, B = Ti, Zr, Ir, Sn,...) are known to show complex
magnetic ground states ranging from spin-liquid and spin-glass to
spin-ice behavior [1-3]. In these systems, an interplay among the
crystal electric field, magnetic exchange and the dipolar interac-
tions results in realizing an appropriate ground state. In general,
the exchange interaction in these systems are antiferromagnetic in
nature and are much stronger than the crystal field and dipolar
interactions. A delicate balance among these three interactions
leads to, for example, the spin-liquid state in Tb,Ti,0; [4-6]. When
the dipolar interactions dominate over the exchange interactions
with an Ising-like anisotropy along the (111) direction, spin-ice
ground state is realized in pyrochlores Ho,Ti,O; and Dy,Ti,O
[7-9]. Spin-ice is a very special case of the various magnetic ground
states realized in geometrically frustrated pyrochlores. Here the
spins at the corners of each tetrahedron freeze into a two-in-two-
out configuration, analogous to the two-short-two-long proton
bond disorder in “water-ice”—both the states having an exactly
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same zero-point entropy iRIn@) [8,10-12]. Realization of this
exotic ground state (spin-ice) in pyrochlores was known to be
limited to the compounds of the rare-earth elements with large
magnetic moments (¢ ~ 10u;) and strong nearest neighbor dipolar
interactions, such as Ho,Ti,O; [7], Dy,Ti,O; [11], Ho,Sn,0, [13],
Dy,Sn,07 [14]. However, recently, a “dynamic spin-ice” state has
been seen in Pr,Sn,0, at low temperatures where the dipolar
interaction (Dny = (5/3)(1to/4m)(11? /135) =0.13 K, where ryw =
nearest neighbor A3+ distance) is almost 20 times smaller than
that of the conventional dipolar spin-ice compounds mentioned
above (where Dyy~2.5K) and is also much weaker than its
magnetic exchange energy (Jun/Dnny = 7.1) [15]. Zhou et al. showed
that the zero-point entropy of Pr,Sn,07 is ~ 25% higher than that
of the Ho/Dy-based spin-ice, thus indicating that the spins in
Pr,Sn,0; spin-ice are more dynamic than in the conventional
dipolar spin-ice (and hence the name “dynamic spin-ice”) and
proposed that the spin dynamics, which is due to crystal field
anisotropy, is carried over by a tunneling process between the
various equivalent two-in-two-out configurations [15].

The vibrational properties of the pyrochlores have also been
investigated in recent years revealing anomalous temperature
dependence and phase transitions [16-27]. It was seen that
phonon frequencies in several pyrochlore titanates, e.g., Er,Ti; 0,
[18], Gd,Ti»05 [18,19], Dy,Ti,0- [16,18-20], decrease on lowering
the temperature. Since this anomalous behavior was also seen
for the phonons in non-magnetic pyrochlore Lu,TiO; [16],
the possible origin was attributed to strong phonon-phonon
anharmonic interactions and not to spin-phonon coupling [16].
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However, to the best of our knowledge, there is no report on the
temperature dependence of the phonons of the rare-earth stan-
nate Pr,Sn;07, a dynamic spin-ice compound. In this paper, we
report a detailed temperature-dependent Raman study of
Pr,Sn,07 and compare it with its non-cubic (monoclinic) counter-
part Pr,Ti,0;. Apart from the Raman phonons, we identify two
bands associated with electronic Raman scattering involving
crystal field (CF) split J-multiplets of Pr>* (J = 4) in Pr,Sn,05
near 135 and 460 cm~'. A coupling between the 135 cm™! CF
mode and a low frequency (~ 150 cm~!) phonon is observed
indicating an important role of the crystal field interactions in this
compound. Like in other pyrochlores, temperature dependence of
some of the phonons in Pr,Sn,0- is anomalous, which is notably
absent in the monoclinic titanate—Pr,Ti,O0, thus indicating that
the vacant sites in the cubic pyrochlore compounds play a crucial
role in the strong phonon anharmonicities.

2. Experimental details

High purity PrgOq1 (99.99 %) and TiO, (99.99 %) of stoichio-
metric amounts were mixed thoroughly and heated at 1200 °C for
about 15 h which was then ground and isostatically pressed into
rods of about 10 cm long and 5 mm diameter. These rods were
sintered at 1400 °C in air for about 72 h and the procedure was
repeated for several times until the compound Pr,Ti,O; was
formed. Powder X-ray diffraction analysis of the samples con-
firmed the formation of monoclinic phase. Single crystals were
then grown by using the floating-zone method by subjecting
these rods in an infrared image furnace under flowing oxygen.
Energy dispersive X-ray analysis on a scanning electron micro-
scope and powder X-ray diffraction were further carried out on
the powder obtained by crushing part of a single crystal sample
which reconfirmed the pure Pr,Ti,O; phase. Moreover, neutron
scattering study on this sample did not reveal any impurity phase
[28]. The crystals were oriented along the principal crystallo-
graphic directions using the Ldue back-reflection technique. On
the other hand, we could obtain only polycrystals of Pr,Sn,0- by
solid state sintering of respective high purity oxides. Pr,Sn,05
was pelletized for further studies. The phase purity of the sample
was verified by powder X-ray diffraction analysis and the sample
had a pyrochlore structure.

Raman spectroscopic measurements on cubic pyrochlore
Pr,Sn,0- and monoclinic Pr,TiO; were performed from 12 K to
room temperature in back-scattering geometry using the
514.5 nm line of an Ar™ ion laser (Coherent Innova 300) with
~ 15 mW of power falling on the sample. Experimental details of
the cryostat and the Raman instrument (spectral resolution
~6cm~1) are given in our earlier work [16].

3. Results and discussion

3.1. Raman spectra of cubic (pyrochlore) Pr,Sn,0, and monoclinic
PrzTi207

Pyrochlores belong to the space group Fd3m(O%) with a
stoichiometry of A;B,00’, where A3* ions occupy the 16d
Wyckoff sites and B** ions reside at the 16¢ sites, whereas the
O and O’ atoms are located at the 48f and 8b Wyckoff sites,
respectively. Group theoretical analysis for this family of com-
pounds predicts six-Raman active modes (Aig+Eg;+4F,;) and
seven-infrared active modes (7F;,). Fig. 1 shows Raman spectrum
of Pr,Sn,07 at 12 K in the spectral range of 20-1050 cm~! which
has been fitted with 16 Lorentzians, labeled as M1 to M16 (see
Table 1). Following previous Raman reports on this compound
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Fig. 1. (Color online) Raman spectra of Pr,Sn,0; and Pr,Ti0; at 12 K. The
intensity (of Pr,Sn,0, modes) has been rescaled in the region 20-250 cm~! and
600-1050 cm~! for a better view. The modes, labeled as M1 to M16, have been
assigned as listed in Table 1. The Raman modes of Pr,Ti,0; are marked with
arrows while the additional modes are due to photoluminescence transitions as
discussed in the text.

Table 1
Experimental values of the mode frequencies of Pr,Sn,0-.

Normal modes At 12K (cm™ ')
M1 (Ph) 40
M2 (Ph) 63
M3 (CF) 135
M4 (Ph) 150
M5 (Ph) 204

M6 (Ph, Fpg, 0-Sn-0 bending, Sn-0 and Pr-O stretching) 299
M7 (Ph, E,, 0-Sn-0 bending, Sn-0 and Pr-O stretching) 331

M8 (Ph, Fp) 373
M9 (CF) 458
M10 (Ph, A;g, 0-Sn-0 bending and Sn-O stretching) 493
M11 (Ph, F,g, 0-Sn-0 bending) 527
M12 (Ph, Fp,, Sn-0 stretching) 659
M13 (Ph) 698
M14 (Ph) 714
M15 (Ph) 803
M16 (Ph) 917

Ph=Phonon, CF=crystal field transition.

[29-31], the modes can be assigned as follows: M6 as F,g, M7 as
Eg, M8 as Fy,, M10 as Ajg, M11 as F,z and M12 as F,; phonon. The
low frequency modes M1, M2, M4 and M5 may arise due to
disorder induced Raman activity of infrared active or silent
phonons [31] and the high frequency modes M13 to M16 due to
two-phonon Raman scattering, as also observed in other pyro-
chlore titanates [16,17,25,26]. The modes M3 and M9 are
assigned to electronic Raman scattering involving crystal field
transitions of Pr3* [15,32] as discussed later.

The compound A,B,07 crystallizes with a pyrochlore structure
[33] if the ratio of cationic radii, & =rys. /rp., lies within the
pyrochlore stability field, 1.46 (£< 1.80. When ‘&’ is close to or
smaller than 1.46, the defect fluorite structure is favored. How-
ever, when ¢ is close to or greater than 1.80, monoclinic phase is
favored. Not surprisingly, therefore, Pr,Ti,O; (¢~ 1.86) crystal-
lizes with a monoclinic structure with P2; space group [34].
Factor group analysis for this structure predicts six Raman modes
(3A+3B) and six infrared modes (3A+3B). Fig. 1 shows the
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Raman spectrum of Pr,Ti,07 at 12 K which can be fitted with 35
Lorentzians, labeled as P1 to P35. In order to distinguish between
the Raman modes and photoluminescence lines of Pr**, we
recorded the spectrum (not shown in Figure) at 300 K using a
different laser excitation of 488 nm. This exercise suggests that
the modes at ~57cm~! (P1), 86cm~! (P3), 115cm~! (P5),
149cm~! (P7), 194cm~! (P11), 354cm~! (P21), 385cm™!
(P22), 525 cm~! (P28), 782 cm~! (P34) and 802 cm~! (P35) are
Raman modes. In a previous report [35], some of these modes
were tentatively assigned as the Pr-O vibrations. The remaining
modes of Pr,Ti,05 are attributed to the photoluminescence bands
of Pr3* [36,37] having different emission strengths at different
laser excitation energies. The frequencies of the modes at
460 cm~! (P26), 607 cm~! (P32) and 802 cm~! (P35) match well
with those of the E,, Ajg and F,, mode frequencies of TiO, as also
pointed out in Ref. [35]. However, the modes P26 and P32 are not
observed in the spectrum recorded using 488 nm laser excitation.
Since the sample of Pr,Ti,05 is in single phase, as confirmed by
the various techniques mentioned earlier, we, therefore, attribute
the modes P26 and P32 as photoluminescence lines and P35 as a
Raman mode.

3.2. Evolution of Raman spectra with temperature

3.2.1. PT251'I207

Fig. 2 shows the evolution of Raman spectrum of Pr,Sn,07 at a
few typical temperatures. The intensities of the modes M3 and
M9 show a significant decrease with increasing temperature as
shown in Fig. 3. Fig. 3 (top panels) also shows the ratio of
integrated intensities of M3 and M9 modes with respect to that
of mode M10 as a function of temperature. We have taken Mode
M10 as a reference as it is intense and well resolved. Similar
conclusions are drawn if M6 is taken as a reference mode. For
comparison, we also show the relative intensity of the strongest
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Fig. 2. (Color online) Raman spectra of Pr,Sn,0; at a few temperatures.
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Fig. 3. (Color online) Evolution of the crystal field transition modes M3 and M9 of
Pr,Sn,07 with temperature. The top panels show the integrated intensity ratio of
the modes M3 and M9 with respect to the mode M10 of Pr,Sn,05. The intensity
ratio of M6 to M10 is shown in the top inset. Inset of the left bottom panel shows
the CF level scheme of Pr** in Pr,Sn,05 [15].

mode M6 with respect to the mode M10 (inset of top panel)
which increases with temperature as expected due to the Stokes
phonon population factor. This is also true for other phonon
modes (therefore, not shown). The solid line (in the inset of the
left top panel) is (n(wwme)+1/n(twpm10)+1), which fits the data as
expected for a first order Raman mode. However, the modes M3
and M9 show a completely opposite trend from the expected
population factor ratio, thus indicating a crystal field origin for
these two Raman modes. In a crystalline electric field due to the
surrounding oxygen ions with a D3y symmetry, the nine-fold
degenerate ground state (3H,) of Pr®*-ion splits into three
doublets and three singlets. Recently, it has been shown that
the ground state of these split levels has Ising-like anisotropy
along the (111 ) direction [38]. Zhou et al. show that the first two
excited singlets of Pr3* in Pr,Sn,0; are at E;=19meV and
E;=38 meV [15], but they do not report the next higher excited
levels. Based on this report we, suggest the modes M3
(~135cm~1 =17 meV) and M9 ( ~460 cm~! =57.5 meV) as the
CF transitions from the ground state (Eop) to the first (E;) and third
(E3) excited states of H,-manifold of Pr®>*-ion. The CF scheme is
shown in the inset of the left bottom panel of 3. The CF transition
from the ground state (Eg) to the second excited state (E;) should
be near 300 cm~! ( ~ 38 meV) which can overlap with the intense
F»¢ (M6) Raman phonon.

In Fig. 4, we present the temperature dependence of frequen-
cies of the modes M3, M4, M6 to M10, M12, and M14 to M16.
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Fig. 4. Temperature dependence of frequency of the modes M3, M4, M6, M7, M8,
M9, M10, M11, M12, M14, M15 and M16 of Pr,Sn,0-. Crystal field mode M3 and
phonon M4 are fitted with equations for coupled excitations revealing a coupling
between them. Dashed lines are the anticipated temperature dependence of the
M3 and M4 modes when they are uncoupled. Modes M9 and M10 also show a
similar coupling. Modes M6, M7, M11 and M14 show normal temperature
dependence and are fitted by cubic anharmonic equation for phonons [41]. The
modes M8, M12, M15 and M16 show anomalous temperature dependence.

It can be seen that the temperature dependence of the frequencies
of modes M3 (CF) and M4 (phonon) are unusual and signal a
coupling between these two excitations. Taking two coupled
oscillator model with a coupling strength V between the modes,
the renormalized frequencies of the modes M3 and M4 will be [39]:

0F = (@3 +04) £ /(@3 + 022~ 4(@3004-V2)] M

where w3 and w4 are the uncoupled mode frequencies. With an
assumption that the uncoupled mode frequencies (w3 and w,4) are
linear in temperature, w3 = w3(0)+asT and w4 = w4(0)+a4T (as
shown by the dashed lines in Fig. 4), we fit «* (T) (M4) and w—(T)
(M3) to the data (fit shown by solid lines). The parameters
obtained from the good fit are w3(0)=139 cm™!, a5=0.08 cm~!/
K, w4(0)=148 cm™!, as=—0.03 cm~'/K, and V=7 cm~ . We also
find that the distance of closest approach ( ~ 13 cm~') between the
two modes is nearly double the coupling strength, as expected for
coupled excitations [40]. As seen in Fig. 4, the A;; phonon (M10)
remains nearly constant with temperature which is different from
other pyrochlore titanates where it shows an anomalous softening
(by ~7cm~1') upon cooling from room temperature to 10K
[16-20]. This indicates a possible coupling between the two modes

M9 (CF) and M10 (phonon). Using Eq. (1) and identifying o™ with
M10 and w_ with the M9 mode, we find the parameters for modes
M9 and M10 as: wq(0)=469 cm™', ag=0.06 cm~ /K, w1o(0)=
485 cm™!, a10=—0.07cm~ /K, and V=16cm~!. The fits are
shown by solid lines. Here also, the dashed lines show the
temperature dependence of the corresponding uncoupled mode
frequencies.

As shown in Fig. 4, the modes M6, M7, M11 and M14 show a
normal temperature dependence, i.e., frequency increases with
decreasing temperature. However, the modes M8, M12, M15, and
M16 show an anomalous temperature dependence. A similar
temperature-dependent anomaly is also observed in the phonons
of other pyrochlore titanates [16-20] and attributed to phonon-
phonon anharmonic interactions.

3.2.2. PrgTi207

In Fig. 5, we present the temperature dependence of the
phonon modes of Pr,Ti,05. Interestingly, no phonon anomaly is
seen in this compound. The absence of phonon anomalies in
Pr,Ti,07, may be understood in the following way: in pyrochlore
structure the Pr occupies the 16d sites, Sn are at 16c while the O
and O’ are at 48f and 8b sites thus leaving the 8a-sites vacant. The
Pr atoms form a tetrahedral network with the Og, atoms at the
center of each tetrahedron, while Sn atoms form another network
of tetrahedra with the 8a-vacant sites at the center of each of the
Sn-tetrahedron. Due to this vacancy, the Sn atoms will have larger
vibrational amplitudes thus making the phonons highly anhar-
monic. The absence of vacant sites in monoclinic structure,
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Fig. 5. Temperature dependence of frequency of Raman modes of Pr,Ti,05.



2208 S. Saha et al. / Journal of Solid State Chemistry 184 (2011) 2204-2208

therefore, reduces this large anharmonicity, resulting into a
normal temperature dependence of the phonons.

4. Summary and conclusion

Raman spectra of the pyrochlore “dynamic spin-ice” com-
pound Pr;Sn,0; at different temperatures ranging from 12 to
300K are compared with those of its non-cubic (monoclinic)
counterpart Pr,Ti;07. In Pr,Sn,0;, we observe two crystal field
(CF) transitions are observed at ~ 135 cm~' (M3 ) and 460 cm ™!
(M9), along with various Raman phonons. With the D34 point
symmetry of Pr3>*-ions surrounded by six-planar O~2-ions and
two-apical O’'—2-ions in pyrochlore, the degenerate ground state
of 3H,-manifold splits into 3-doublets and 3-singlets, of which the
ground state is a doublet and the first three excited states are
singlets [15,32]. We attribute the ~135cm~! mode as the
transition from the ground state to the first excited singlet and
the ~460cm~! mode as the transition to the third excited
singlet. The intensities of these two CF modes decrease signifi-
cantly with increasing temperature, making them too weak to be
seen at room temperature, thus suggesting their origin as CF
transitions. We find that the CF mode at ~135cm~! (M3)
couples with the phonon M4 at ~150cm~'. The two-mode
coupled model fitted to the temperature dependence of the M3
and M4 modes gives a measure of the CF-phonon coupling to be
~ 1 meV. Similarly, the CF mode M9 couples with the A;; phonon
M10 with a coupling strength of ~ 2 meV.

The temperature dependence of various modes of Pr,Sn,0, are
investigated. The phonons near ~ 300 cm~! (M6), ~ 330 cm~! (M7),
~525cm~! (M11) and 710 cm~ ' (M14) show a normal temperature
dependence. However, the phonons M8 ~380cm~!, M12
~665cm~1, M15 ~830cm~! and M16 ~ 920 cm~! show anom-
alous softening with decreasing temperature. This anomalous beha-
vior is very similar to the phonon anomalies observed in other
pyrochlore titanates [16-20]. Since no long range magnetic order
exists in Pr,Sn,0, above 200 mK [15], we attribute these phonon
anomalies to phonon-phonon anharmonic interactions that arise due
to the unusually large vibrational amplitudes of the B-type atoms
(Sn**) that form a tetrahedron centered around the 8a-vacant sites.
In contrast, no phonon anomaly is seen in monoclinic Pr,Ti,O-.

We, therefore, conclude that the strong phonon-phonon
anharmonicity is an inherent property of the pyrochlore
(A2B,07) structure with an appropriate range of cationic radii
ratio (¢=r3*/ra*) such that it retains the (unusually) large
vibrational amplitudes of the B-type atoms. The effect of replace-
ment of smaller B**-jons by heavier and bigger ions on the
phonon anharmonicities will be interesting to explore.
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