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Phonon properties of the spinel oxide MgTi2O4 with the SÄ1Õ2 pyrochlore lattice
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We study the phonon dynamics of MgTi2O4 spinel by measuring the Raman and infrared reflectivity spectra
in a wide frequency (100–3000 cm21) and temperature~10 K–300 K! range. The reflectivity spectra are
analyzed by a fitting procedure based on a model which includes both Drude and phonon oscillator contribu-
tions to the dielectric constant. The phonon assignment is done from comparison between experimental data
and shell model lattice dynamical calculations. We find two infrared-activeF1u symmetry modes superimposed
on the free carrier continuum, and four Raman-active modes of 1A1g , 1Eg , and 2F2g symmetry. At the phase
transition temperature of about 250 K we observe an abrupt change of optical parameters, accompanied with
the appearance of new phonon modes.
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I. INTRODUCTION

The spinel oxidesAB2O4 are one of the richest family
referring to the number of compounds and variety of o
served physical properties, such as superconductivity,1 heavy
fermion behavior,2 charge ordering,3 and unusual magneti
properties.4,5 The unique structural character of the cubic s
nel structure is a three-dimensional~3D! network of corner-
sharing tetrahedra formed byB cations~pyrochlore lattice!,
Fig. 1. Such geometry of the crystal lattice produces a str
frustration in the electron interactions, which is usually
leased at low temperatures through a structural phase tr
tion. Simultaneously, the long-range antiferromagnetic~AF!
ordering takes place.4,5 Interestingly, in the extreme quantum
case, the ground state of theS51/2 Heisenberg AF on a
pyrochlore lattice is predicted to be a quantum spin liqu6

instead. However, this picture can be drastically altered
allowing the coupling between spins and phonons,7,8 so that
the system may relax either into quasi-long-range bo
ordered phase or to standard Ne´el phase.

One of the compounds from the magnetic pyrochlore
tice family in which such quantum effects are expected
MgTi2O4 (d1). Pure MgTi2O4 has been synthesize
recently.9 From the studies of the structural and transp
properties of this compound it has been concluded tha
metal-insulator type of phase transition takes place at ab
260 K, which is accompanied by a structural transformat
of a lattice from cubic to tetragonal.9 The magnetic suscep
tibility decreases sharply below the phase transition temp
ture, which, together with the structural change, indicates
importance of the interaction between magnetic mome
and the MgTi2O4 lattice. However, neither the magnet
ground state at low temperatures nor the origin of the ph
transition has been determined up until now.

Many of the physical properties of spinel oxide MgTi2O4,
including lattice dynamics, are unknown. Here we report
measurements of infrared and Raman spectra of MgTi2O4 in
a wide temperature and frequency range, which are use
study the lattice dynamics in this compound. We have
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served four Raman and two infrared active modes. The
signment of the observed modes is done using lattice
namical calculations based on the shell model. The ph
transition at about 250 K is manifested through an abr
change of the reflectivity coefficient, by a plasma frequen
decrease, as well as the appearance of new phonon mo

II. EXPERIMENT

Powder samples of MgTi2O4 were prepared by a solid
state reaction of MgO, TiO2, and Ti metal in an evacuate
silica tube. Details on the preparation of the studied samp
have been published elsewhere.9

Reflectivity spectra were measured from the powder p
lets with a BOMEM DA-8 spectrometer. A DTGS pyroele
tric detector was used to cover the frequency region from
to 600 cm21; a liquid-nitrogen cooled Hg-Cd-Te detecto
was used from 500 to 3000 cm21. Spectra were collected
with 2 cm21 resolution, with 1000 interferograms added f

FIG. 1. ~a! Schematic illustration of theAB2O4 spinel structure
composed ofAO4 tetrahedra andBO6 octahedra.~b! Three-
dimensional network of corner-sharing tetrahedra formed byB cat-
ions ~pyrochlore lattice!.
©2003 The American Physical Society02-1
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each spectrum. For low-temperature measurements a
STDA 100 cryostat was used.

The Raman spectra were measured using a micro-Ra
system coupled to a DILOR triple spectrometer including
liquid-nitrogen cooled charge-coupled-device detector. T
514.5 nm line of an Ar-ion laser was used as excitat
source. Low-temperature measurements were carried o
an Oxford continuous flow cryostat with window 0.5 m
thick. The laser beam was focused by a long working d
tance (;10 mm focal length! microscope objective~magni-
fication 503).

III. RESULTS AND ANALYSIS

The unit cell of MgTi2O4 consists of eight formula units
Z58 ~two formula units per primitive cell with 14 atoms i
all!. The Mg and Ti atoms occupy the tetrahedral (8a) and
octahedral (16d) sites in theFd3̄m(Oh

7) space group. The
oxygen atoms are in (32e) site symmetry positions. The
factor-group-analysis~FGA! yields

(Mg)(Td)G5F1u1F2g ,
(Ti)(D3d)G5A2u1Eu12F1u1F2u ,
(O)(C3v)G5A1g1A2u1Eg1Eu1F1g12F1u12F2g

1F2u .

Summarizing these representations and subtracting
acoustic (F1u) and silent modes, we obtain the followin
irreducible representations of MgTi2O4 vibrational modes:

GMgTi2O4

opt. 5A1g1Eg13F2g14F1u .

According to this analysis one can expect 5 Raman an
infrared active modes to be observed experimentally.

Figure 2 shows the reflectivity spectra of MgTi2O4 mea-
sured from powder samples at different temperatures in
spectral range from 250 to 3000 cm21. The common fea-
tures of the reflectivity spectra, presented in Fig. 2, are
strong phonon bands peaked at about 420 and 600 cm21,
and a free carrier~plasma! contribution. By lowering the

FIG. 2. Reflectivity spectra of the MgTi2O4 in the
250–3000 cm21 spectral range at different temperatures. Inset: R
flectivity of MgTi2O4 at 1500 cm21 as a function of temperature.
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temperature, the observed modes harden and, at the p
transition temperature, the reflectivity decreases abru
~more than 10%! ~see inset in Fig. 2!. In addition, the strong
phonon oscillators start to decompose into several mode
temperatures below 230 K. This is a consequence of
phase transition, represented by the change of the cry
structure and symmetry from cubic to tetragonal.9 In order to
extract the optical parameters of phonons and plasmons
applied a fitting procedure based on the double damping
tended Drude model~DDD! for the dielectric function10:

ẽ~v!5e`F)
j 51

n
vLO, j

2 2v22 ivgLO, j

vTO, j
2 2v22 ivgTO, j

2
Vp

22 i ~gp2g0!v

v~v2 ig0! G ,

~1!

where vTO(LO) j
and gTO(LO) j

are the TO~LO! mode fre-

quency and linewidth of thej th oscillator,Vp is the plasma
frequency, andgp is the linewidth of the plasma response
v5Vp . The parameterg0 is the linewidth of the absorption
centered atv50. This model was commonly used for
wide group of oxide materials10 including AB2O4 spinels
also.11 The best fit parameters are listed in Table I.

Figure 3 shows the reflectivity spectra, calculated us
Eq. ~1! with the parameters from Table I, compared to t
experimental data in the 100–900 cm21 spectral range a
four different temperatures. Figure 4 shows the Raman sp
tra of MgTi2O4 at room temperature and 25 K.

The assignment of the observed modes is given with
help of lattice dynamical calculations~LDC! based on the
shell model. We used here the lattice constant param
value a58.507 Å and internal oxygen parameteru
50.2579, which were obtained by calculating the minimu
of the total energy of MgTi2O4 using density functional
theory within the framework of the linearized augmente
plane-wave method.12 Increasingu from its ideal value 0.25
moves the oxygen away from the nearest tetrahedral ca
along @111# and equivalent directions, producing an expa
sion of the MgO4 tetrahedra and contraction of the TiO6
octahedra. The lattice dynamical calculations were p
formed using theGULP ~general utility-lattice program!
code.13 In the shell model14 used here, the lattice is consid
ered as an assembly of polarizable ions, represented by
sive point cores and massless shells, coupled by isotr
harmonic forces. The interacting potential includes contrib
tions from Coulomb, polarization, and short-range inter
tions. The sum of the core and shell charges is equal to
formal charge of the ion in the lattice. The short-range p
tentials used for the shell-shell~oxygen-oxygen! and core-
shell ~metal-oxygen! interactions are of the Buckingham
form:

Vi j 5Ai j exp~2r /r i j !2Ci j /r 6. ~2!

The Buckingham parameters were fitted using the exp
mental data including the lattice parameter, the static
high-frequency dielectric constants, the frequency of theA1g
Raman mode, and the TO frequencies of infrared opt
phonons in MgTi2O4 crystal. The final values of our shell
model parameters are presented in Table II. The calcula
and experimentally observed phonon frequencies

-
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TABLE I. Optical parameters~frequencies and linewidths in cm21) used to fit the reflectivity spectra o
MgTi2O4.

T ~K!

300 270 250 240 230 210 200 150 100 80

vTO1
406 434 421 462 455 461 443 452.5 454.6 466

vLO1
480 491 474.4 497.4 493 497 496 496 496.5 492

vTO2
578 582 611 604 614 622.5 623 631.5 640 649

vLO2
604.4 666 637 643 654 661 661.5 669.5 665.4 67

vp 1153 992 984 920 891 798 758.5 667 653 392
e` 1.21 1.21 1.68 1.69 1.69 1.98 2.07 2.14 2.31 2.3
gTO1

123 141 109 118 103.5 101 108 97 101 80
gLO1

158 91 127 86 76 67 65 52 41 63
gTO2

121 143 90 100 98 101.4 92 92 90.5 82.5
gLO2

201 212 97 112 87 76 61 50 40 58
gp 5505 5505 4522 4682 4482 3902 3523 3067 2202 213
g0 1775 141 109 118 103.5 101 108 97 101 80
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MgTi2O4 together with the mode assignment are summ
rized in Table III. As can be seen from Table III, the phon
frequencies obtained in our calculations are in rather w
agreement with the experimentally observed.

IV. DISCUSSION

According to the FGA and the LDC we can expect
Raman and 4 infrared active modes to be observed in
experiment. In the case of the Raman spectra~Fig. 4!, four
modes at 335, 448, 493, and 628 cm21 are observed, one

FIG. 3. Reflectivity spectra of MgTi2O4 sample in the
100–900 cm21 spectral range at different temperatures. Experim
tal data are represented by circles; solid lines are calculated sp
using the DDD model, described in the text.
22430
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less than theoretically predicted. The lowest energy Ram
mode at 335 cm21 originates mostly from Mg ion vibrations
All other Raman modes represent oxygen ion vibrations. T
highest frequency mode ofF2g symmetry (vcalc.

5644 cm21, Table III! is probably of very low intensity.
Because of that, and since the Raman scattering cross se
in MgTi2O4 is very small, it was not possible to resolve
from the noise level. Besides Raman modes, a broad st
ture between 200 and 700 cm21 is also present in Fig. 4. The
intensity of this structure increases by lowering the tempe
ture and shifts slightly to higher energy. The spin or p
laronic excitations can produce such broad background st
ture, which is peaked at about 500 cm21. However, neither
magnetic origin nor polaronic scattering scenario can
proved to be responsible for the appearance of this struc
in the Raman spectra, due to lack of proper understandin

-
tra

FIG. 4. Raman scattering spectra of a MgTi2O4 polycrystalline
sample in the 250–750 cm21 spectral range measured at 300
~solid line! and 25 K~dotted line!. The laser excitation wavelengt
waslL5514.5 nm.
2-3
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the magnetic ground state and the carrier effective mas
this oxide.

Since the MgTi2O4 sample contains a slight amount~less
than 5%! of ~Mg,Ti! oxides9 and due to the fact that th
Raman scattering can be extremely sensitive to the pres
of small amounts of insulating impurities in polycrystallin
materials, we compared our spectra~Fig. 4! to the corre-
sponding Raman spectra of MgO,15,16TiO2,17,18and Ti2O3.19

MgO crystallizes in the NaCl-type of crystal structure a
the first-order Raman scattering is not allowed. Howev
when an impurity is introduced,15 or if the particle size is
small enough,16 the selection rules are relaxed and obser
tion of the first-order Raman spectra in MgO becomes p
sible. Ishikawaet al. revealed that two peaks at about 2
and 446 cm21 appear in the Raman spectra of MgO micr
crystals when the particle size is less than 100 nm. Th
modes are related to the peaks of the phonon density stat
the MgO clusters. Raman spectra of MgTi2O4 ~Fig. 4! do not
present the 280 cm21 mode. On the other hand, there is o
weak mode at 448 cm21, which could be assigned as a Mg
mode. However, since the particle size in MgTi2O4 is above
1 mm, we believe that the 448 cm21 mode in Fig. 4 is an
intrinsic MgTi2O4 mode.

For the synthesis of MgTi2O4 we used the rutile modifi-
cation of TiO2. This modification has the strongest Ram
mode at about 612 cm21 (A1g symmetry mode!, and the

TABLE II. Model parameters for short-range interactions
MgTi2O4.

A ~eV! r (Å) C(eV Å26) Y(ueu) k(eV Å22)

Mg21 2911.1 0.2707 0.00 0.42 477.78
Ti31 1882.6 0.3097 0.00 1.23 58.71
O22 22764.3 0.1490 20.37 22.48 41.75

TABLE III. Observed and calculated phonon frequencies~in
cm21) in MgTi2O4.

Symmetry Activity Calculated Experiment

F1u Acoustic 0 -
F2u Silent 80 -
Eu Silent 230 -
F1u Infrared 278 -
F1u Infrared 314 -
F2u Silent 319 -
F2g Raman 339 335
F1g Rotational 369 -
Eg Raman 374 448
F1u Infrared 450 406
A2u Silent 470
Eu Silent 483
F2g Raman 551 493
A2u Silent 611
A1g Raman 628 628
F1u Infrared 635 578
F2g Raman 644 -
22430
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second in intensity mode at about 350 cm21 (Eg).17 We did
not find these modes in Raman spectra in Fig. 4, and we
not observe the Raman modes of the anatase phase of2
at about 640 cm21 (Eg) and 519 cm21 (A1g).18 Finally, the
strong Raman modes of Ti2O3 ~Ref. 19! at 236, 279, and
350 cm21 are also not detected in our spectra~see Fig. 4!.
Having all the above in mind, and since the frequencies
the Raman modes from Fig. 4 are very close to the frequ
cies of the corresponding modes of isostructural LiTi2O4,20

we concluded that all Raman peaks assigned in Fig. 4 re
sent the lattice vibrational modes of pure MgTi2O4.

According to electrical resistivity measurements9

MgTi2O4 is probably a high electrical resistivity metal o
semiconductor at room temperature. Below the phase tra
tion temperature, it becomes an insulator. According to
infrared spectra, the plasma frequency shifts continuousl
lower energy~Table I! by lowering the temperature betwee
room and the phase transitionTC5250 K. This indicates that
MgTi2O4 may be a semiconductor at room temperature. T
electronic structure calculation12 indeed predicts the semi
conducting high-temperature phase of MgTi2O4 with a gap
value of about 2.8 eV. Consequently, this oxide undergoe
semiconductor-insulator transition at about 250 K. The sa
conclusion can be drawn from the temperature depende
of the electrical resistivity, which is given in Fig. 4 of Ref. 9
Below TC , the plasma frequency and plasma dampings c
tinue to decrease, in accordance with the electrical resisti
versus temperature dependence from Ref. 9.

Lattice dynamics calculations predict the frequencies
the 4 TO infrared active modes to be at about 278, 314, 4
and 635 cm21. Experimentally, we found only two oscilla
tors at TO/LO frequencies 406/480 and 578/604 cm21.
These oscillators represent oxygen ion vibrations. Two lo
frequency infrared active modes~mostly Ti and Mg ion vi-
brations! were hardly observed in most spinels because
their low intensity. In our case, free carriers additiona
screen these modes making them unobservable in our s
tra.

The frequency versus temperature dependencies for o
cal parameters extracted from the fitting procedure~Table I,
Fig. 3! are presented in Figs. 5~a!–5~f!. As it can be seen
from Figs. 5~a!–5~b! the TO1(2) /LO1(2) mode frequencies o
MgTi2O4 increase by lowering the temperature, with
abrupt change close to the phase transition. The pho
dampings, Figs. 5~d! and 5~e!, decrease by lowering the tem
perature, indicating that the lattice instability is strongly r
duced in the low-temperature phase. Moreover, the pla
frequency and damping show also nonmonotonic cha
close to the phase transition temperature, Figs. 5~c! and 5~f!.
The phonon and plasmon anomalies and the lattice instab
coincide with the abrupt change of the electrical resistiv
and magnetic phase transition temperature.9 Figure 6 shows
the normalized TO phonon dampings together with norm
ized magnetic susceptibility from Ref. 9. We found that TO1
and TO2 phonon broadenings map well the normalized ma
netic susceptibility curve, indicating that the magnetic pha
transition leaves a fingerprint in the lattice dynamics
MgTi2O4. As we mentioned above, the MgTi2O4 undergoes
the phase transition from the metallic~semiconductor! to the
2-4
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insulator (M -I ) state at about 250 K, which is the first ob
servation of M -I transition without charge separation
charge order in the spinel compounds.9 Usually, as in the
case of manganites,21 or pyroxenes,22 if the orbital ordering
or orbital dynamics is involved and/or responsible for t
phase transition, then the changes of the magnetic and
tric properties are accompanied with structural changes.
crystal structure of MgTi2O4 is built from TiO6 octahedra,
Fig. 1~a!, which are mutually connected by common edg
forming Ti-O chains. As we discussed in Ref. 22, the ed
shared TiO6 octahedra are predisposed to dimerization.
believe that some kind of orbital ordering/dimerization m
also take place in the low-temperature phase of MgTi2O4.

The structural and symmetry changes in the lo
temperature phase are also manifested by the appearan
new phonon modes, as illustrated in Fig. 7. The decomp
tion of the 600 cm21 oscillator into several modes is clear
observed at temperatures lower than 210 K. Since the re
tivity measurements carried out on powder samples g
good results for TO and LO mode frequencies in the cas

FIG. 5. Temperature dependence of phonon and plasmon pa
eters used in the fitting procedure of the reflectivity data. Lines
guide to the eyes.

FIG. 6. Temperature dependence of the normalized dampin
TO1(2) phonons together with the normalized magnetic suscept
ity ~solid line! of MgTi2O4, Ref. 9.
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isolated oscillators only, the fitting of the broad infrared ba
with many oscillators in the low-temperature phase does
have sense. Namely, two or more oscillators from differ
symmetries can appear as multipeak structure in the re
tivity spectra of powder samples.23 Because of that, the as
signment of the infrared-active modes in the low temperat
phase of MgTi2O4 is practically impossible without crysta
structure determination of this phase and polarized meas
ments on single crystals.

In conclusion, we have measured Raman scattering
reflectivity spectra of MgTi2O4 samples at different tempera
tures. We observed four~of five! Raman and two~of four!
infrared active modes, predicted by factor-group analysis
cubic symmetry of MgTi2O4. In the Raman spectra the broa
structure peaked at about 500 cm21 increases its intensity by
lowering the temperature. The assignment of the obser
modes is done using lattice dynamical calculations based
the shell model. The phase transition at about 250 K is ma
fested through an abrupt change of the reflectivity coeffici
as well as plasma frequency decrease and the appearan
new phonon modes. Analyzing the phonon frequency a
damping versus temperature dependance we found tha
magnetic phase transition leaves a fingerprint in the pho
dynamics of MgTi2O4.
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FIG. 7. Infrared reflectivity spectra of MgTi2O4 at different tem-
peratures in the 500–800 cm21 range.
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