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We investigated temperature-dependent infrared-active transverse phonon modes of geometrically frustrated
pyrochlore Y2Ru2O7, which exhibits a spin-glass-like transition atTG,80 K. According to previous neutron-
scattering experiments, although Y2Ru2O7 does not accompany any static lattice symmetry change, it has an
intriguing magnetic ground state with strong antiferromagnetic correlation[M. Ito et al., J. Phys. Soc. Jpn.69,
888 (2000)]. In our far-infrared spectra, we found seven phonon modes; thermal effects could explain the
temperature dependences of three phonons, but not the other four phonons. We found that these abnormal
temperature-dependent behaviors could be attributed to a strong antiferromagnetic correlation, not to a struc-
tural distortion. Using quantitative analysis, we suggested that the strong spin-phonon coupling effects should
play an important role in the intriguing magnetic state of this geometrically frustrated compound.
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Recently, compounds with pyrochlore and spinel struc-
tures have been extensively investigated because of their fas-
cinating phenomena related to the geometrical frustration
sGFd. In these crystal structures, the magnetic ions are lo-
cated at vertices of tetrahedra, so the antiferromagneticsAFd
interaction will experience a strong GF. Although the GF
makes it difficult for the AF ordering to occur, many com-
pounds show either AF ordering or signs of strong AF cor-
relation in spin-glass ground states.1,2 In spite of the exten-
sive work on these compounds, the origin of the AF ordering
or the strong AF correlation still remains an open question.

Usually, the AF ordered states and the spin-glass states
with strong AF correlation in GF systems accompany static
local structural distortions and/or related structural symmetry
changes.2–4 Based on these experimental facts, Yamashita
and Ueda recently proposed the concept of a spin-driven
Jahn-Teller distortion(the so-called spin-Teller distortion).
Namely, degeneracy of the spin singlets of a tetrahedron is
lifted by a Jahn-Teller mechanism, which leads to a cubic-
to-lower-symmetry structural transition.5 They showed that
the lattice distortion corresponding to theq=0 Qv mode is
responsible for the magnetic ordering in ZnV2O4. Similarly,
Echernyshyov, Moessner, and Sondhi argued that a structural
distortion related to theEu phonon mode should contribute
the Néel states observed in YMn2 and MgV2O4 compounds.6

At present, many workers consider the spin-Teller mecha-
nism to be a prerequisite for the occurrence of the AF order-
ing or the strong AF correlations in the GF system.

Cubic pyrochlore ruthenate Y2Ru2O7 can be a quite un-
usual compound; although it has a very strong AF correla-
tion, it does not have any noticeable structural change. Simi-

lar to the other pyrochlore materials, this compound shows a
spin-glass-like transition atTG. Interestingly,TG reaches as
high as,80 K, which is much higher than those of other
pyrochlore compounds.7 From the neutron-scattering experi-
ments, Itoet al. argued that the AF correlation in the spin-
glass state should be so strong that the magnetic moments at
the Ru sites become aligned to form an almost long-range-
ordered state.8 In addition, they reported that such magnetic
ordering does not accompany any static lattice symmetry
change. In these respects, it is quite important to understand
the relation between the spin and the lattice degrees of free-
dom in Y2Ru2O7.

In this paper, we tried to address this intriguing issue by
investigating the temperaturesTd dependences of the seven
infrared- (IR-) active phonon modes. Using quantitative
analysis, we could obtainT dependences of phonon frequen-
cies, widths, and strengths. AsT decreases belowTG, we
observed that three phonons exhibit the normalT depen-
dences, which could be explained in terms of the thermal
lattice expansion effects. On the other hand, we found that
the other four phonon modes show abnormal behaviors,
which seem to be related to the strong AF correlation below
TG. Based on these results, we were able to demonstrate that
the coupling between the spin and the phonon degrees of
freedom should be strong and that it should be closely re-
lated to the strong short-range ordering nature of the mag-
netic moments in this pyrochlore compound.

High-density Y2Ru2O7 polycrystals were synthesized at
3 GPa with a solid-state reaction method.9 Near normal in-
cident reflectivity spectraRsvd were measured in a wide
photon energy range from 5 meV to 30 eV. TheT-dependent
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spectra were measured between 10 K and 300 K. Figure 1
shows the far-IRRsvd at 10 K and 300 K. At bothT, Rsvd
show the features due to seven phonon modes. To obtain the
optical conductivity spectras̃svdf=s1svd+ is2svdg from the
measuredRsvd, the Kramers-Kronig analysis has been com-
monly used using single-crystal samples. Since the pyro-
chlore structure is basically cubic, its optical constants
should be isotropic. Thus, even for the polycrystalline
samples, the Kramers-Kronig analysis could be applied. De-
tails of the experimental process and the Kramers-Kronig
analysis are described elsewhere.10

Figure 2 shows theT-dependent far-IR s1svd of
Y2Ru2O7, where seven IR-active phonon modes can be
clearly seen. From a group theoretical analysis, it is well

known that the 227 compounds with theFd3̄m symmetry
should have the zone center modes of 8F1u+4F2u+2F1g
+4F2g+3Eu+Eg+A1g+3A2u.

11,12 Among them, only the
sevenF1u modes are IR-active. Consequently, the number of
the observed phonons in the Y2Ru2O7 spectra is in good
agreement with the group theoretical analysis. It should be
noted that no additional phonon peak appears belowTG, in
agreement with the neutron-scattering data indicating no sig-
nificant structural change atTG.8

Figure 3 shows theT dependences of the phonon modes,
which were numbered sequentially from the high to the low
frequencies. For clarity,T-dependents1svd are displayed
with upward baseline shifts asT decreases from 300 K to
10 K. With lowering T, the anharmonic thermal motion
should decrease, so the lattice constant should also decrease.
Then the phonons should shift to higher frequencies and their
linewidth should become narrower. The first, fourth, and fifth
phonons exhibit the predictedT dependences, as shown in
Figs. 3(a), 3(d), and 3(e), respectively. On the other hand, the
other phonons exhibit strikingly unusualT dependences. As
T decreases belowTG, the second and third phonons show
discernible redshifts, as shown in Figs. 3(b) and 3(c), respec-
tively. In addition, the sixth and the seventh phonons show

abrupt decreases in their linewidths, as shown in Figs. 3(f)
and 3(g), respectively. These anomalousT dependences in-
dicate that the structural degrees of freedom should be
coupled with the spin degrees of freedom in Y2Ru2O7.

For a more quantitative analysis, we tried to fit the pho-
non spectra with a series of Lorentz oscillator functions of
the dielectric constants,

ẽsvd = e` + o
i

Si

vTi
2 − v2 + iGiv

= e` + i
4p

v
s̃svd, s1d

where e` is the high-frequency dielectric constant, andSi,
vTi, and Gi represent the strength, the frequency, and the
damping constant of theith phonon mode, respectively.
Table I shows the best-fitting values ofSi, vTi, and Gi at
300 K. The fitting results forRsvd at 300 K are shown as the
solid dots in Fig. 1, wheree` was adopted as 7.8.

Although the fitting result with the Lorentz oscillators
could explain the global behaviors of the phonon spectra
reasonably well, there remained some differences between
the experimental and the fitted data. For example, Fig. 1(b)
shows that there are some deviations in the frequency re-
gions between 450 and 500 cm−1 (for the second phonon)
and between 600 and 700 cm−1 (for the first phonon). Such
discrepancies could be more easily seen ins1svd, shown in
Fig. 4.(Similar discrepancies were observed for the sixth and
the seventh phonons, but they are rather weak at 300 K.)
Note that the first and second phonons have strongly asym-
metric line shapes. We could obtain a better fitting when the
Fano-type functions, such asAsq+ed2/ s1+e2d, are used for
s1svd of the asymmetric phonons.13 The solid line in Fig. 4
shows a better agreement with the experimental data. The
Fano-type dielectric functions have been used to explain in-

FIG. 1. Rsvd of Y2Ru2O7 in the far-infrared region at 10 K and
300 K. Seven phonon modes contributeRsvd. The closed circles
are the fitting results using the parameters listed in Table I.

FIG. 2. Temperature-dependents1svd of Y2Ru2O7 in the far-
infrared region. Seven sharp peaks ascribable to the transverse
optical-phonon modes appear. The inset showss1svd up to 0.4 eV
where the optical gap can be estimated as around 0.14 eV, which is
indicated with an arrow.
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terference effects between a sharp excitation of a phonon and
a broad response.14 Here, e=sv−vTd /G, and 1/q is the
strength of the coupling between the phonon and the broad
response. The 300 K parameter values from the Fano-type
fitting are also shown inside the parentheses in Table I. To

see theT dependence of each phonon more clearly, we evalu-
atedDvTi =vTisTd−vTis300 Kd, DGi =GisTd−Gis300 Kd, and
DSi =SisTd−Sis300 Kd.15 The first, second, third, and fourth
rows of Fig. 5 show the fitting values ofDvTi,
DGi /Gis300 Kd, DSi /Sis300 Kd, and 1/q, respectively.16

Note that this figure was categorized into three columns, de-
pending on theT-dependent behaviors, which were men-
tioned above.

The first column of Fig. 5 shows theT dependences of the
phonon parameters for the first, fourth, and fifth phonons,
which can be explained in terms of thermal effects reason-
ably well. Anharmonic interactions of the optical mode with
two acoustical phonons of equal energys=vT/2d can provide
T-dependent changes invT andG,17

vT = vT
0 + aS 2

evT
0/2kBT − 1

+ 1D s2d

and

G = G0 + bS 2

evT
0/2kBT − 1

+ 1D , s3d

wherevT
0 and G0 are the harmonic frequency of the optical

mode and the line broadening due to defect.a andb are the

anharmonic coefficients, and 1/sevT
0/2kBT−1d corresponds to

the thermal population factor of the acoustic modes. The
solid lines in Figs. 5(a) and 5(d) correspond to the theoretical
predictions based on Eqs.(2) and(3), respectively, which are
in good agreement with the experimental data. Note that
these phonon parameters do not show any sudden changes at
TG.

The second column shows theT-dependent parameters for
the second and the third phonons, which have strong anoma-
lies of vT at TG. WhenT decreases from 300 K,vT values
move to higher frequencies and their positions can be ex-

FIG. 3. T dependences of each phonon mode. The figures from
(a) to (g) are for the phonons from the first to the seventh in order.
In each figure, the spectra from top to bottom are shown for tem-
peratures of 10, 40, 60, 70, 80, 90, 100, 120, 160, 200, 250, and
300 K.

TABLE I. Values of Lorentz oscillator fitting parameters for the
seven IR-active phonon modes at 300 K of Y2Ru2O7. The values in
the parentheses are fitting parameters for the Fano-type function.

vTi scm−1d Gi scm−1d Si sV−1 cm−1 cm−1d

i =1 (1st) 581.0(580.0) 21.0 (21.0) 10 150(4.65)

i =2 (2nd) 492.0(488.5) 20.0 (19.0) 1106 (6.4)

i =3 (3rd) 420.0 23.5 7151

i =4 (4th) 324.0 12.0 549

i =5 (5th) 253.5 11.0 729

i =6 (6th) 184.7(184.8) 8.4 (8.6) 307 (0.08)

i =7 (7th) 135.0(135.4) 8.0 (7.6) 1020 (0.20)

FIG. 4. Fitting results fors1svd at 300 K. The dotted line sup-
poses the Lorentz oscillators for all phonon modes, and the solid
line supposes the Fano-type functions for the first and second pho-
non modes instead of the Lorentz oscillators. All of the parameters
used are listed in Table I.
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plained in terms of Eq.(2), as shown with the solid lines in
Fig. 5(b). However, belowTG, vT values start to deviate
from the solid lines and show rather strong redshifts. Con-
sidering the fact that there is no structural change in
Y2Ru2O7 at TG, these anomalies invT should be related to
the strong AF fluctuations in the spin-glass state.

The third column shows theT-dependent parameters for
the sixth and the seventh phonons, which have strong
anomalies ofDG and 1/q at TG. As shown in Fig. 5(f), values
of DG /Gs300 Kd start to show large decreases atTG. And, as
shown in Fig. 5(l), values of 1/q become larger, indicating
that the couplings between the phonons and the broad re-
sponse should become stronger. In addition,T dependences
of their vT, shown in Fig. 5(c), cannot be simply explained in
terms of Eq.(2). Note that these phonons have rather strong
asymmetric Fano-type line shapes, indicating that the
phonons should be coupled with a broad continuum state,
which might be attributed to either electronic or magnetic
origins. Note that Y2Ru2O7 is a Mott insulator,18 and that
there are no electronic continuum states in the phonon spec-
tral region, as shown in the inset of Fig. 2. Therefore, the
continuum background might be due to a broad density of
states for spin waves, and the strong anomalies related to
these phonons could come from rather strong spin-phonon
couplings.

The strong spin-phonon coupling could result in a shift of
the phonon frequency. Let us consider that the exchange in-

teractions between the magnetic atoms become the strongest
for those located at the nearest-neighboring sites. For a dis-
placement byx from the equilibrium position, the crystal
potential U can be given byU= 1

2kx2+oi,j JijsxdkSiSjl. The
second term appears, since the exchange energy constantJij
is a function of the structural parameters, such as the lengths
between the magnetic ions and the corresponding angles me-
diated by the O ions. Its second derivative,]2U /]x2<k
+oi,js]2Jij /]x2dkSiSjl, gives the harmonic force constant.
Note that the second term represents the spin-phonon cou-
pling, which suggests that the phonon frequency should have
an additional contributionlkSiSjl.19 Here, kSiSjl denotes a
statistical mechanical average for the adjacent spins, andl is
the spin-phonon coupling coefficient which can be different
for each phonon and can have either a positive or a negative
sign. Note that theT-dependent value ofkSiSjl can be evalu-
ated from the integrated intensities of the neutron-scattering
peaks of magnetic origin.8 By fitting with the deviation of
vT2 and vT3 from the prediction of Eq.(2) as lkSiSjl, we
found that the deviation could be explained quite well by the
spin-phonon coupling term. We could also estimate that val-
ues ofl for the second and the third phonons are about 6 and
9 cm−1, respectively. The magnitudes of thesel values are
intermediate, compared toulu,1 cm−1 for FeF2 and MnF2,

20

and ulu,50 cm−1 for CuO.21

How can we understand the anomalies ofDG and 1/q for
the sixth and the seventh phonons? Figure 6(a) shows the
displacement of the oxygen ions for one of these low-
frequency phonon modes.12 Note that the exchange energy is
very sensitive to the Ru-O-Ru anglesu for the superex-
change interaction; while the 180° superexchange gives a
negativesAFd J, the 90° superexchange provides a positive
J. Note that theu value without the lattice displacement,u0,
is about 129°.9 Under the lattice displacement, some of the
Ru-O-Ru angles become larger thanu0, and the others be-
come smaller thanu0. In Fig. 6(a), the Ru pairs withu.u0
and those withu,u0 are indicated by the solid and the dot-
ted lines, respectively. With the lattice displacement, theAF
interactionbetween the Ru pairs connected by thesolid line
should increase, and vice versa. Based on these changes, we
could figure out a favorable spin configuration, which is dis-
played in Fig. 6(b). Actually, this spin configuration, ob-
tained from a simple argument based on the superexchange
changes, is similar to the spin-configuration obtained from
theoretical calculations,6 which assumed anEu phonon-

FIG. 5. TheT-dependent parametersvT, G, S, and 1/q. These
are categorized into three columns, i.e., the first column for the first,
fourth, and fifth phonons, the second column for the second and
third phonons, and the third column for the sixth and seventh
phonons, respectively. The solid lines in(a), (b), and (d) are the
theoretical predictions assuming only the thermal effects. Details of
each figure are described in the text.

FIG. 6. (a) Atomic displacements of the sixth(seventh) phonon
modes(Ref. 12). The thick bold and dotted lines connect the Ru
ions with u.u0 andu,u0, respectively.(b) Possible spin configu-
ration related to such atomic displacements.
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related structural distortion while the global structural sym-
metry remains cubic.6 A phonon is a quantized dynamical
motion of lattice displacements; the lattice displacements,
shown in Fig. 6(a), should oscillate in time. If the spin de-
gree of freedom couples with the lattice displacements dy-
namically, the favorable spin configuration will change ac-
cordingly, which could correspond to a spin wave. This
coupling between the lattice and the spin degrees of freedom,
i.e., the so-called dynamic spin-phonon coupling,22 could
provide a possible explanation for changes in phonon dy-
namics due to the spin ordering. The nearly long-range AF
ordering in Y2Ru2O7 could increase the coupling between
the phonon and the corresponding spin wave, resulting in the
increase in 1/q. Also, the abrupt decrease ofG might be
attributed to the reduction of the phonon decaying paths due
to the occurrence of the nearly long-range magnetic
ordering.19

As we mentioned in the Introduction, Y2Ru2O7 is a
unique compound since it shows a very strong AF correla-
tion without any noticeable structural distortion. Our infrared
studies show that such an intriguing phenomenon should be
closely related to the large spin-phonon coupling effect. Al-
though the local structural disorder and/or the chemical dis-
order could drive short-range magnetic ordering, such possi-
bilities can be excluded in the Y2Ru2O7 case for the
following reasons. First, if there are local structural disorders
belowTG, the phonon linewidth should be broadened accord-
ingly. However, we found no phonon peak exhibiting the
predicted linewidth broadening belowTG, indicating that the
local structural disorder could not play an important role.

Second, in the case of the chemical disorder, it should be
noted that the pyrochlore compounds are usually free from
the site disorder. InA2Ru2O7 (A=Y and rare-earth ions), the
value of TG varies quite systematically with substitution of
the A-site ion.23 Moreover, in BixY2−xRu2O7, the highestTG
appears for thex=2.0 compound which has the smallest
disorder.7 This suggests that the chemical disorder effect
should be irrelevant to the observed strong AF correlation in
Y2Ru2O7. Therefore, the strong coupling between the spin
and phonon degrees of freedom could be the most plausible
origin to explain the strong AF correlation in this pyrochlore
ruthenate. In order to get a more thorough understanding of
the magnetic state of Y2Ru2O7, further studies, including ex-
act assignment of all of the phonon modes and a detailed
understanding of the spin-phonon coupling mechanism, are
seriously desirable.

In summary, we investigated the temperature-dependent
behaviors of the transverse optical-phonon modes of
Y2Ru2O7. Through quantitative analysis, we observed strong
signatures suggesting that the structural degrees of freedom
are strongly coupled with the spin degrees of freedom. We
proposed that the strong spin-phonon coupling effects should
be closely related to the strongly AF correlation(but just a
little short of forming an ordered state) observed in this geo-
metrically frustrated system.
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