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Optical absorption spectra of the Yb2Ti2O7 single crystals and luminescence spectra of the Y2Ti2O7:Yb
(1%) polycrystalline samples were registered at temperatures 4.2–300 K. These spectra and earlier published
data on magnetic properties of Yb3+ ions and on the temperature dependence of the electric field gradient at Yb
nuclei in Yb2Ti2O7 were used to analyze the crystal-field parameters in rare-earth titanates with the pyrochlore
structure. The self-consistent sets of crystal-field parameters for rare-earth ions in the 16d sites with theD3d

symmetry that describe satisfactory all known single-ion magnetic properties and low-energy excitations in
R2Ti2O7 crystals(R=Tb, Ho, Er, Tm, Yb) are presented.
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I. INTRODUCTION

The insulating pyrochlore rare-earthsRd oxides described
by the general formulaR2A2O7 (A=Ti, Sn, Zr, Hf) have the
face-centered cubic crystal structure with the space group

Fd3̄m, in whichR and nonmagnetic transition-metalA4+ ions
are situated at the sublattices of corner-sharing tetrahedra and
occupy the sites 16d and 16c, respectively, with theD3d
symmetry.1–4 These compounds have unusual thermody-
namic and dynamic magnetic properties at low temperatures,
which has drawn much attention of the physicists(see Refs.
5–7, and references therein). There are four different but
crystallographically equivalent trigonal symmetry axes cor-
responding to the tetrahedron four-corner sites. Magnetic
moments ofR3+ ions (except Gd3+) in the trigonal crystal
field are strongly anisotropic. In particular, the non-Kramers
Tb3+ and Ho3+ ions, and the Kramers Dy3+ ions situated at
the tetrahedra corners have in their ground state axial mag-
netic moments pointing into or out of the center of each
tetrahedron. In the case of the ferromagnetic isotropic ex-
change interactions between these Ising ions, no single spin
configuration realizes a local energy minimum for all pairs of
spins, the magnetic moments are “frustrated.” This means
that spin configurations of the ground state on a tetrahedron
formed by “two-out” and “two-in” magnetic moments are
sixfold degenerate. The ground state of the spin system, cor-
responding to these spin-ice structures(similar to proton
configurations in the ordinary hexagonal ice), is macroscopi-
cally degenerate. The long-range magnetic order is absent in
Tb2Ti2O7, Ho2Ti2O7, Dy2Ti2O7 down to 15 mK,8–11

46 mK,12,13 and 60 mK,14 respectively. At low temperatures,
the spin freezing was observed with specific spin correlations

and a local short-range order. In particular, the spin-ice struc-
ture was found in Ho2Ti2O7 (Refs. 15,16) and Dy2Ti2O7,

17

the spin-liquid behavior was observed in Tb2Ti2O7.
18 How-

ever, in contrast to crystals containing the Ising-type ions
sg'=0d, the pyrochlore erbium titanate where magnetic mo-
ments of Er3+ ions are confined to the planes(111) sg'.gid
is theXY antiferromagnet belowTN=1.17 K.19

As the Ho3+, Dy3+, and Tb3+ ions in the pyrochlore oxides
have large magnetic moments close to their maximum
values,6,18 the magnetic dipole-dipole interaction plays a
dominant role in the cooperative behavior of these magnetic
ions. The long-range nature of this interaction opens a pos-
sibility of magnetic ordering at low temperatures even if a
slightly weaker superexchange interaction between the near-
est neighbors exists. However, the ordered states predicted
by the corresponding dipolar spin-ice model20 were not re-
vealed. Experimental observation of a magnetically ordered
phase depends on the thermalization rate of the spin system
at the actual time scale and its dynamical properties. The
geometric frustration of interion interactions causes pecu-
liarities of the cooperative magnetic behavior of the spin sys-
tem while the single-ion magnetic properties are predeter-
mined by the crystal field(CF) that splits the ground
multiplet of aR3+ ion. In particular, interion distances in the
pyrochlore stannate are larger by about 4% than in the titan-
ate of the same rare-earth element.4 Due to the corresponding
difference between the CF strengths, magnetic properties of
the pyrochlore terbium and erbium stannates differ qualita-
tively from properties of the corresponding titanates with
relatively small energies of the first excited CF state.21 The
knowledge of the lowest fragment of the energy pattern of
magnetic ions is of most importance to interpret the low-
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temperature spin-lattice relaxation rates as well.
So far, a limited number of CF energies in a few

pyrochlore compounds [Tm2Ti2O7,
22 Er2Ti2O7,

19

Tb2Ti2O7,
8,18,23,24Ho2Ti2O7 (Ref. 25)] were found directly

from inelastic neutron scattering experiments. Zero-phonon
electric-dipole transitions between energy levels ofR3+ ions
in the CF ofD3d symmetry are strictly forbidden. To the best
of our knowledge, optical spectra of pyrochloreR oxides
have not been studied except the emission, excitation and
diffuse reflection spectra in the spectral region of the mag-
netic dipole7FJ−

5DJ8
sJ,J8=0,1d transitions of Eu3+ ions in

Gd2Ti2O7 and Eu2Ti2O7 (see Ref. 26, and references
therein), and absorption and luminescence spectra of Nd3+

ions in Y2Ti2O7 and Gd2Ti2O7.
27

In the present paper, the CF in the Yb2Ti2O7 crystals is
studied by means of optical spectroscopy. The main goal of
this work is to construct the CF Hamiltonian defined by the
physically meaningful parameters forR3+ ions in pyrochlore
oxides and to provide a basis for calculations of single-ion
magnetic properties and relaxation rates in differentR2A2O7
compounds.

Earlier, the temperature dependences of the magnetic
susceptibility5,6,28 and the heat capacity5 of powdered
Yb2Ti2O7 samples were studied. The singularity in the heat
capacity around 0.21 K was interpreted as a magnetic order-
ing transition.5 The Mössbauer spectra were measured in
Ref. 29. However, it was not possible to find unambiguously
the magnetic spectroscopicg factors of the Yb3+ ground state
from these measurements. An attempt to find six independent
parameters of the CF Hamiltonian for theD3d symmetry by
fitting the calculated hyperfine quadrupole parameter, heat
capacity and susceptibility to the measured data, and based
on the assumption of the easy-axis magnetic anisotropy
sg'=0d, gave results30 which appeared inconsistent with the
theoretical modeling of the CF and with the experimental
data obtained later.25,31

Recently, low-temperature magnetic properties of the
Yb2Ti2O7 crystal have been re-investigated.31–34 From the
170Yb Mössbauer absorption measurements on the diluted
sY0.99Yb0.01d2Ti2O7 sample, parameters of the magnetic hy-
perfine interaction were found and the planar anisotropy of
the magnetic moment in the ground state of Yb3+ was estab-
lished. The obtained values ofg factors were confirmed by
the analysis of the thermal dependence of the susceptibility
and the field dependence of the magnetization in the poly-
crystalline and single crystal Yb2Ti2O7 at temperatures
2.5–20 K.31 The easy-plane anisotropy in Yb2Ti2O7 was
predicted also earlier in Refs. 25 and 35 from calculations
with the CF parameters fitted to the measured CF energies
and the temperature dependence of the magnetic susceptibil-
ity in Ho2Ti2O7. A set of CF parameters presented in Ref. 31
describes satisfactory components of theg tensor of the Yb3+

ground Kramers doublet and the temperature dependence of
the electric field gradient in Yb2Ti2O7 obtained from172Yb
perturbed angular correlation measurements. However, some
parameters in this and previous studies35 differ essentially
more than it could be expected from the changes of the lat-
tice structure for differentR2Ti2O7 crystals, and thus, the
question about their reliability and physical meaning remains
open.

The paper is organized as follows. After a brief descrip-
tion of experimental details(Sec. II), in Sec. III we present
and analyze data of optical measurements on Yb2Ti2O7 and
Y2Ti2O7:Yb3+. In Sec. IV, we calculate the initial values of
CF parameters in the framework of the exchange charge
model36 and fit CF parameters to obtain crystal-field ener-
gies,g factors, and electric field gradient at the Yb3+ nucleus
in Yb2Ti2O7 in agreement with experimental data. In Sec. V,
variation of the CF parameters across the rare-earth series in
pyrochlore oxides is discussed.

II. EXPERIMENT

Single crystals of Yb2Ti2O7 were grown by the floating-
zone technique. The crystals were big, transparent, and of
good optical quality. Three samples of different thickness
d1=1.55 mm,d2=0.60 mm, andd3=90 mm were prepared
for absorption measurements. Absorption spectra in a broad
range of frequenciess9000–14 000 cm−1d and temperatures
s4.5–300 Kd were measured with a Fourier-transform spec-
trometer BOMEM DA3.002 equipped with a helium-vapor
cryostat, at a resolution up to 0.5 cm−1.

Yb2Ti2O7 crystals did not luminesce, even at low tem-
peratures, because of a concentration quenching. To measure
the emission, diluted polycrystalline samples of Y2Ti2O7:Yb
(1 at. %) have been synthesized by solid-state reaction with
four intermediate grindings at 1400°C in air. X-ray analysis
confirmed the pyrochlore structure of these synthesized
samples and revealed a small amount of residual oxide im-
purity. A pressed tablet was prepared and attached to a cold
finger of a closed-cycle helium cryostat. The temperature of
the finger was 10, 80, or 300 K.

The emission spectra under variable wavelength excita-
tion of a cw Ti-sapphire laser(Coherent 890) pumped by an
argon ion laser, were recorded with an ARC SpectraPro-7510
monochromator and detected with a cooled InGaAs photodi-
ode. The spectra were not corrected for the spectral sensitiv-
ity of the detector. To take the excitation spectra, the inten-
sity at a selected wavelength of the emission was registered
as a function of the wavelength of an exciting light.

III. EXPERIMENTAL RESULTS

The 4f13 configuration of Yb3+, that is a single hole in the
4f shell, reveals only two energy levels2F7/2 and2F5/2 sepa-
rated by about 10 000 cm−1. In a CF of D3d symmetry the
ground level 2F7/2 splits into four Kramers doublets 3G4
+G56, the excited level2F5/2 splits into three Kramers dou-
blets 2G4+G56. All the states have the same parity in theD3d
symmetry group that contains the center of inversion, there-
fore, only magnetic-dipole zero-phonon transitions are al-
lowed between them. At low temperature, one should expect
a very simple absorption(emission) spectrum consisting of
three(four) lines. However, as the electronic-vibrational(vi-
bronic) transitions that involve odd-parity relative displace-
ments of the Yb3+ ion and surrounding ions are allowed in
the electric-dipole approximation, they may have a compa-
rable or even greater intensity in the case of a sufficiently
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strong electron-phonon coupling. Just such a case is realized
for Yb2Ti2O7.

Figure 1 shows the absorption spectrum of Yb2Ti2O7. It
consists of several relatively narrow lines superimposed onto
a broad structured continuum. The latter comes from vi-
bronic transitions and is connected with spectral densities for
dynamic lattice deformations corresponding toA2u and Eu
irreducible representations of theD3d point group. We note,
that lattice vibrations with zero wave vector manifest them-
selves in the infrared absorption[the infrared absorption
peaks of Yb2Ti2O7 have been found at 75, 136, 235, 270,
400, 450, and 570 cm−1 (Ref. 37)] and in the Raman scatter-
ing spectra[the observed Raman-active phonons have the
frequencies 220, 320, 525, 590 cm−1 (Ref. 37)]. The most
intense and narrow line 10 297 cm−1 in the absorption spec-
trum of Yb2Ti2O7 has both high- and low-frequency satel-
lites ±52 cm−1 at ambient temperature[see Fig. 1, inset(a)].
The low-frequency anti-Stokes satellite disappears on de-
creasing the temperature, while the high-frequency one de-
velops a clearly resolved shoulder at 75 cm−1 from the main
line. Possibly, this satellite is connected with the lowest-
frequency optical phonon branch, so that the peaks at 52 and
75 cm−1 come from vibronic transitions with a participation
of the zone-boundary and the zone-center phonons, respec-
tively. We ascribe the mentioned absorption line 10 297 cm−1

and the lines 10 821 and 11 005 cm−1 to zero-phonon transi-
tions from the ground state to the crystal field levels of2F5/2.
The reasons for such an assignment are as follows.(i) These
three lines are the most narrow and narrow most strongly on
decreasing the temperature.(ii ) All three of them are accom-
panied by vibronic satellites shifted by ±52 cm−1 (Stokes
satellites are marked by asterisks in Fig. 1), and the anti-
Stokes satellites disappear at low temperatures[see insets(a)
and(b) of Fig. 1]. A disappearance of the anti-Stokes satellite
of the line 10 821 cm−1 is masked by the presence of the
Stokes satellites 421 and 453 cm−1 of the line 10 297 cm−1

probably connected with the dispersion branches of infrared-
active phonons 400 and 450 cm−1, respectively.(iii ) The
overall width of the absorption spectrum is well reproduced
if we add 590 cm−1 (which is the total width of the lattice
vibrational spectrum37) to each of the mentioned lines. The
remaining peaks in the spectral region between the lines
10 297 and 10 821 cm−1 can be attributed to the Stokes sat-
ellites of the line 10 297 cm−1. Several very narrow lines in a
close vicinity of the line 10 297 cm−1 are, probably, due to

extrinsic Yb3+ centers. About 4% of extrinsic Eu3+ centers
have been found in Eu2Ti2O7 and explained by a disorder in
oxygen sublattices.26

Figure 2 demonstrates the luminescence spectrum of
Y2Ti2O7:Yb3+ at about 20 K upon the excitation at
10 870 cm−1. In this spectrum, the emission of Yb3+ in the
main compound, Y2Ti2O7, and in the Y2O3 impurity phase
are superimposed. To eliminate undesirable Y2O3:Yb3+

emission, we recorded the excitation spectra for the main
emission peaks. Figure 3 shows the excitation spectra of the
1030 and 1038 nm emission lines. The wavelength of the
first line coincides with that for the Y2O3:Yb3+ emission.38

The peaks at 10 252, 10 516, and 11 035 cm−1 in this first
spectrum[see Fig. 3(a)] correspond to well known absorp-
tion lines of C2 (10 252 and 11 035 cm−11) and S6
s10 516 cm−1d centers of Y2O3:Yb3+.39 The peaks at 10 291
and 10 341 cm−1 come from the main phase Y2Ti2O7:Yb3+,
due to the presence of its emission at the wavelength of
registration. These peaks and the peak at 10 241 cm−1 are the
most strong in the excitation spectrum of the 1038 nm emis-
sion shown in Fig. 3(b). A general view of this excitation

FIG. 1. Absorption spectrum of Yb2Ti2O7 at 5 K. Arrows indi-
cate zero-phonon lines, asterisks mark their stokes satellites
52 cm−1. Insets: specific spectral regions at different temperatures.

FIG. 2. Luminescence spectrum of Y2Ti2O7:Ybs1%d at about
20 K. Wavelength of the excitationlexc=920 nm.

FIG. 3. Excitation spectrum for luminescence of
Y2Ti2O7:Ybs1%d at llum=1030 nm(a) andllum=1038 nm(b). T
>20 K. Arrows indicate zero-phonon absorption lines.
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spectrum very much resembles the absorption spectrum of
the concentrated compound Yb2Ti2O7. On these grounds, we
attribute the emission line 1038 nm to the main center of
Y2Ti2O7:Yb3+.

The excitation into each of the three lowest-frequency
lines (10 241, 10 291, and 10 341 cm−1) results in almost the
same luminescence spectrum. It is shown in Fig. 4(a) for the
10 341 cm−1 selective excitation. A broad peak at 1030 nm
and a weak line at 1025 nm come from the Y2O3:Yb3+ im-
purity phase. They grow in intensity for the 10 241 cm−1

excitation which is close to the lowest-frequency absorption
peak of Y2O3:Yb3+ at 10 250 cm−1. Figure 4(b) shows the
emission of Y2Ti2O7:Yb3+ at higher temperature(about
130 K). A comparison of the spectra of Figs. 4(a) and 4(b)
leads us to the following assignment of the emission lines in
the luminescence spectra of Y2Ti2O7:Yb3+. The line
971.7 nms10 291 nm−1d which is close to the main absorp-
tion line 10 297 cm−1 of the concentrated compound
Yb2Ti2O7, corresponds to the transition from the lowest
Stark sublevel of the2F5/2 excited level to the lowest ground-
state sublevel. It is accompanied by ±50 cm−1 vibronic sat-
ellites, the anti-Stokes satellite grows in intensity with in-
creasing the temperature. Similar satellites are observed
around the line 1038 nms9634 cm−1d and, possibly, around
the weak lines 1019.4 and 1073.5 nm(9810 and 9315 cm−1).
We attribute these lines to the zero-phonon electronic transi-
tions to the excited Stark sublevels of the2F7/2 ground level.
This assignment results in the following set for the energies
of the ground-state Stark multiplet: 0, 481, 657, 976 cm−1. In
the absorption spectrum of a thick sample of the concen-
trated Yb2Ti2O7 crystal at 220 K the peaks are observed at
about 476 and 655 cm−1 from the main absorption line
s10 297 cm−1d at its low-frequency side[see inset(c) of Fig.
1] which is in agreement with the above given assignment.
Positions of the electronic levels of Yb3+ in Yb2Ti2O7 and

Y2Ti2O7:Yb3+ (1%) found from the absorption, selective
emission, and selective excitation spectra are summarized in
Table I.

IV. MODEL CALCULATIONS OF CRYSTAL-FIELD
ENERGIES AND LINE INTENSITIES

The nearest surrounding of aR3+ ion in pyrochlore oxides
R2Ti2O7 contains two oxygen ions(O1, 8b sites) diametri-
cally opposed along the threefold axis, and six others(O2,
48f sites) forming a puckered hexagon perpendicular to this
axis. The distanceR1sR−O1d=31/2a/8 is determined by the
lattice constanta, but the distanceR2sR−O2d=fsx−0.5d2

+2s1/8d2g1/2a is determined by the additional structural pa-
rameterx, which changes in the range 0.326–0.331 through
the lanthanide series.2 Numerical values of distancesR1 and
R2 in Tb, Ho, Y, Er, and Yb compounds are given in Table II.
Bond lengthsR1 are essentially less thanR2. As a conse-
quence, O1 and O2 ligands are nonequivalent and we can
expect very strong interaction of electrons localized at the 4f
shell of aR3+ ion with the nearest axial ligands(O1). Due to
a strong crystal field, theJ-mixing effect has to be taken into
account in the calculations of CF energies and large correc-
tions to results obtained in the framework of a static approxi-
mation may be expected due to the electron-phonon interac-
tion.

The effective parametric Hamiltonian acting within the
space of 4f orbitals of aR3+ ion in the crystal field of theD3d
symmetry has a general form

HCF = B0
2C0

s2d + B0
4C0

s4d + B0
6C0

s6d + B3
4sC3

s4d − C−3
s4dd

+ B3
6sC3

s6d − C−3
s6dd + B6

6sC6
s6d + C−6

s6dd, s1d

where Bq
k are the CF parameters, andCq

skd are the tensor
spherical operators. The CF states correspond to eigenfunc-
tions of the Hamiltonian that includes both free-ion terms
andHCF and can be classified according to irreducible repre-
sentations of theD3d group. The energy pattern of a non-
Kramers ion involves singletsA1 andA2 and doubletE states
with magnetic moments along the symmetry axis
(giÞ0, g'=0). CF states of a Kramers ion areG4sgi

Þ0, g'Þ0d andG56sgiÞ0, g'=0d doublets.
Our goal is to find CF parameters that would allow a

satisfactory description of the observed spectra. The initial
values of the CF parameters can be estimated in the frame-
work of the exchange-charge model(ECM) that takes into
account energies of the valent 4f electrons in the electrostatic
field of point charges(PC) of lattice ions and in the field of
exchange charges(EC) defined through the overlap integrals
between the 4f wave functions of theR ion and its nearest
neighbors.36 The corresponding terms in the sum

Bq
k = Bq

sPCdk + Bq
sECdk. s2d

are defined by the following formulas:

Bq
sPCdk = − o

L

e2qLs1 − skdk4f urku4flbksRLds− 1dq

3C−q
skdsqL,wLd/RL

k+1, s3d

FIG. 4. Luminescence spectra of Y2Ti2O7:Ybs1%d under the
excitation into the lowest-frequency absorption features
[10 341 cm−1 (a) or 10 291 cm−1 (b)] at T>20 K (a) and T
>130 K (b). Arrows indicate zero-phonon lines.
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Bq
sECdk = o

L

2s2k + 1d
7

e2

RL
SksRLds− 1dqC−q

skdsqL,wLd. s4d

HereeqL is the net charge of the lattice ionL with the spheri-
cal coordinatesRL,uL,wL (the origin of the coordinates is at
the R ion), sk are the shielding factors,40 −ek4f urku4flare the
moments of the 4f electron charge distribution,41 andbksRLd
are the correction factors in the Coulombic energy of the
extended charge distributions of theR and ligand ions.42 If
ligand ions have filledns2 andnp6 electron shells, only the

outer shells(n=2 for oxygen ions) with the largest overlap
integrals

Ss
nsRLd = k4f0unsl, Ss

nsRLd = k4f0unp0l, Sp
nsRLd

= k4f1unp1l s5d

can be considered, and exchange charge contributions are
defined by phenomenological parametersGs,Gs,Gp in the
linear combinations of the squared overlap integrals

TABLE I. Energiesscm−1d, symmetry(irreducible representation of theD3d group), and magnetic spectroscopic factors of crystal-field
sublevels in multiplets of rare-earth ions inR2Ti2O7

Y2Ti2O7:Ybs1%d Yb2Ti2O7s2F7/2,2F7/2d Er2Ti2O7s4I15/2d Ho2Ti2O7s5I8d Tb2Ti2O7s7F6d
experiment experim. calculated experim.

(Ref. 19)
calculated experim.

(Refs. 6,25,35)
calculated experiment

(Refs. 17,23)
calculated

2F7/2 0 0 0 sG4d 0 0 sG4d 0 sEd 0 sEd 0 sEd 0 sEd

gi=1.79;
g'=4.27a

gi=1.836;
g'=4.282

g'.6 gi=2.32;
g'=6.8

gi=18.70 gi=19.32 gi=10.2±0.6 gi=10.4

481 476 528 sG4d 51 51.6 sG56d 166 sA2d 12.1±0.5 sEd 12.1 sEd
gi=11.8±1.6 gi=13.4

657 655 649 sG56d 59 58.8 sG4d 177.4 sEd 177 sEd 83.5±0.7 76.4 sA2d
976 972 sG4d 135 sG4d 209.7 sEd 213 sEd 116.7 120 sA1d

2F5/2 10 291 10 297 10 293 sG4d 447 sG4d 224 sA1d 284 sEd
10 847 10 821 10 736 sG4d 458 sG56d 475.8 sEd 471 sEd 314 sA2d
11 014 11 005 11 004 sG56d 490 sG4d 545 sA1d 318 sA1d

710 sG56d 564 sA2d 439 sEd
572.6 sEd 565 sEd 510 sA1d
621 sEd 617 sEd

647 sA1d
aRef. 31.

TABLE II. Bond lengths(nm) between the rare-earth and the nearest-neighbor oxygen ions[RsR−O1d=R1,RsR−O2d=R2] (Refs. 2,3)
and crystal field parametersBp

k scm−1d in rare-earth titanate pyrochlores.

R1

R2

Tb2Ti2O7

0.2194
0.2496

Ho2Ti2O7

0.2187
0.2489

Er2Ti2O7

0.2182
0.2488

Tm2Ti2O7

0.2179
0.2474

Yb2Ti2O7

0.2172
0.2454

Y2Ti2O7:Yb3+

0.2187
0.2477

1 2 3 4 5 6 7 8
a (Ref. 35) a b a a (Ref. 31) a b

B0
2 440 550±18 532 (552) 534 540 539 546 (590)

B0
4 2535 2216±14 2475 (2476) 2524 2510 569 2540 (2186)

B0
6 850 701±7 805 (782) 748 850 1568 840 (822)

B3
4 735 675±9 716 (700) 698 670 916 602 (611)

B3
6 −630 −504±5 −596 s−583d −521 −505 −510 −462 s−498d

B6
6 850 819±9 838 (845) 755 755 790 757 (701)

aResults of fitting the calculated spectra to the experimental data.
bParameters obtained in the framework of ECM.
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SksRLd = GsfSs
nsRLdg2 + GsfSs

nsRLdg2

+ f2 − ksk + 1d/12gGpfSp
nsRLdg2. s6d

In the definitions of the overlap integrals(5), wave functions
of the R3+ su4f lzld and ligandsunllzld ions are considered in
the reference systems with the common quantizationz axis.
Numerical values of the overlap integrals used in this work
were calculated with the radial functions from Refs. 41(4f
functions ofR3+ ions) and43 sO2−d.

To find the values of model parametersGs,Gs,Gp we used
the following procedure. First, we considered the case of
Ho2Ti2O7, where the most reliable set of CF parameters in
pyrochlore oxides was obtained.35 These parameters are
given in column 3 of Table II. However, in Ref. 35, the CF
energies were calculated with the Hamiltonian(1) defined in
the limited space of the ground multiplets5I8d states. Taking
into account the spin-orbit, electrostatic and crystal-field in-
teractions within the total space of states of the 4f10 configu-
ration, we obtained the set of CF parameters(column 4a in
Table II) which are slightly different from those given in Ref.
35. The calculated with these parameters and measured CF
energies andg factor of the Ho3+ ground doublet are com-
pared in Table I. As the next step in the analysis of the crystal
field in pyrochlore oxides, we determined parameters of the
ECM for Ho2Ti2O7 corresponding to the fitted CF param-
eters. The Coulombic contributions to the CF parameters(3)
were calculated using point ion charges −2e soxygend,
+4e sTid, and +3e sRd. As the interaction of aR3+ ion with
O1 ligand ions does not contribute to parametersBp

k with p
Þ0, it is easy to find, using the simplest relations between
the parametersGa,36,44 the independent valuesGs=Gs=Gp

=9.65 for O1 ligands and Gs=Gs=Gp /0.8=16.55 for O2
ligands that allow to obtain the corresponding six CF param-
eters(column 4b of Table II), in good agreement with the
experimental data. Further, we used thus determined rela-
tions between the model parameters for Ho3+ in the pyro-
chlore titanate Ho2Ti2O7 and the values of these parameters
for Yb3+ surrounded by oxygen atoms in the Yb3Al5O12
garnet45 to get the following values of model parameters for
Yb3+ in Yb2Ti2O7: Gs=Gs=Gp=13.5; Gs=Gs=Gp /0.8=20
for O1 and O2 ligand ions, respectively.

They were used at the next step to calculate the initial
values of CF parameters in Yb2Ti2O7 (see column 8b in
Table II). At last, starting from this set, we varied the CF
parameters to obtain the CF energies and wave functions
consistent with the measured frequencies of optical zero-
phonon transitions, components of theg tensor in the ground
state and relative thermal variation of the canonical average
of the electronic quadrupole moment that determines the
electric-field gradient(EFG) at the Yb3+ nucleus31

VzzsTd = Vzzs`d + fVzzs0d − Vzzs`dg
klz

2 − 3lsl + 1dlT

klz
2 − 3lsl + 1dl0

. s7d

The numerical diagonalization of the Hamiltonian

Hf4f13g = − HCF − zl ·s. s8d

(z=2892 cm−1 is the constant of the spin-orbit coupling,l
and s are the orbital and spin moments, respectively) was

performed in the space of 14 spin orbitals of a hole in the 4f
shell. The fitted CF parameters are represented in Table II
(column 8a). The calculated CF energies,g factors of the
ground state and the EFG are compared with the experimen-
tal data in Table I and Fig. 5. From this comparison, we see
that the greatest discrepancy is found for the position of the
secondG4 sublevel of the excited CF manifold2F5/2. The
calculated energy is underestimated up to 100 cm−1. It is
possible to obtain the correct values ofg factors and the
energy of this sublevel close to the experimental value by
introducing theB0

2 parameter larger than 650 cm−1. However,
in this case the energy of the first excited sublevel in the
ground manifold2F7/2 also increases, and the corresponding
temperature dependence of the EFG disagree with the experi-
mental data. Again, with theB0

2 parameter lower and theB0
6

parameter higher by about 100 cm−1 than the corresponding
values of these parameters given in column 8a of Table II, it
is possible to describe satisfactorily all experimental findings
except the position of the sameG4 sublevel of the excited CF
manifold 2F5/2.

It has been shown earlier by one of the authors that the
plot of the center of gravity of the2F5/2 CF manifold vs the
center of gravity of the2F7/2 ground-state manifold for dif-
ferent known Yb compounds can be well approximated by a
straight line, the so called barycenter curve.46,47We used this
curve to check our data on CF levels of Yb3+ in Y2Ti2O7.
Both the experimental set of energy levels and the calculated
one reveal the points situated close to the mentioned bary-
center curve(see Fig. 6). On the contrary, the CF energies
(0, 452, 530, 672, 10 291, 10 565, 10 716) calculated using
the set of CF parameters suggested in Ref. 31 give the posi-
tion of the center of gravity for2F7/2 at 414 cm−1 and, ac-
cording with the barycenter curve, the value of 10 524 cm−1

for the center of gravity of2F5/2, which is inconsistent with
the absorption spectrum of Yb2Ti2O7 presented in this work.

The interpretation of the absorption and emission spectra
of Yb2Ti2O7 and Y2Ti2O7:Yb presented above is consistent
with intensities of magnetic dipole transitions between the
CF energy levels of Yb3+ ions expected from calculations.
Matrix elements of the magnetic dipole moment were calcu-
lated in the basis of eigenfunctionsuGsl of the Hamiltonian
(8) determined by the CF parameters from column 8a of
Table II, and the relative transition probabilities

FIG. 5. Temperature dependence of the electric-field gradient at
the 172Yb nucleus measured by the perturbed angular correlations
technique(symbols) (Ref. 31) and calculated in the present work
(solid line).
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WG→G8 , o
ss8

o
a=x,y,z

ukGsula + 2sauG8s8lu2 s9d

are given in Table III. The relative integrated intensities of
the optical zero-phonon transitions found from the absorp-
tion spectra(1.0:0.09:0.22) are in reasonable agreement with
the calculated ones(see column 1 in Table III). The lumines-
cence spectra did not allow one to perform quantitative mea-
surements because of reabsorption of the resonance line
10 291 cm−1. However, the observed intensities are in a
qualitative agreement with the calculated ones, the third
zero-phonon line being the strongest one(see Figs. 2 and 4
and row 1 in Table III).

V. DISCUSSION

In the previous section, we have obtained the set of CF
parameters for Yb2Ti2O7 that satisfactory describes the line
position(except the position of the secondG4 sublevel of the
2F5/2 level) and intensities in the optical spectra observed in
this work, as well as magneticg factors31 and the tempera-
ture dependence of the electric-field gradient at the Yb3+

nucleus.31 The impossibility to reproduce the whole energy
spectrum of the 4f13 configuration of Yb3+ in the pyrochlore
titanate well may be connected with energy shifts by a rela-
tively strong electron-phonon interaction not taken into ac-
count in the present work. On the other hand, it should be
noted that lattice disorder effects may influence the observed
spectra,26,27 and the possibility of misinterpretation of spec-
tral lines cannot be entirely excluded. We can additionally
check the obtained results by studying trends in a variation
of the CF parameters along the series ofR compounds with

pyrochlore structure. The available information about differ-
ent compounds is rather limited and involves mainly data on
magnetic spectroscopic factors in the ground state and the
energy of the first excited CF sublevel of aR3+ ion. However,
it is important to know whether the CF parameters obtained
in this study are consistent with these data and can be used to
predict magnetic and spectral properties of otherR pyro-
chlore oxides.

Starting from the CF parameters for Yb2Ti2O7, we ob-
tained the sets of parameters for Tb2Ti2O7, Er2Ti2O7, and
Tm2Ti2O7 presented in columns 2, 5, and 6 of Table II. Us-
ing these CF parameters, we simulated CF energies and
g-tensor components. They agree well with the experimental
data. Table I presents the comparison between the experi-
mental and calculated values for Tb2Ti2O7 and Er2Ti2O7.
Tm3+ ions in Tm2Ti2O7 have the singlet ground state, and the
energy of the first excited doublet is 85 cm−1, according to
results of inelastic neutron scattering and dc-susceptibility
measurements.22 The calculated energy of the first excited
doublet equals 79 cm−1, and other sublevels have energies
higher than 250 cm−1. From the simulation of CF energies
and wave functions of the Dy3+ ion with the CF parameters
of the Tb2Ti2O7 crystal, we obtain the ground doubletG56,
well isolated from the excited CF states at energies higher
than 200 cm−1, with thegi factor equal to 19.2 in agreement
with the g factor of 18.5 measured for Dy2Ti2O7.

6

The sets of CF parameters for the pyrochlore titanates
R2Ti2O7 obtained in this work for the series ofR ions with
the increasing number of 4f electrons possess the following
remarkable feature. While the absolute values of the param-
etersB3

4, B3
6, andB6

6 that are determined, mainly, by the in-
teraction between 4f electrons and distant O2 ligands, de-
crease along the series(which is usually observed for
different structures), the parametersB0

2, B0
4, andB0

6 that have
the dominant contribution from the nearest ligands O1, re-
main almost constant(see rows a in Table II). Such a behav-
ior of CF parameters is consistent with the trends in varia-
tions of the ratios of angular overlap model parameters(bond
energies) to the corresponding squared overlap integrals with
changes of the bond lengths.44

In conclusion, it is worth mentioning that we can expect
similar values of the CF parameters inR titanates, stannates,
molibdates, and niobates with the pyrochlore structure, and
the results of the present work can be used to analyze mea-
sured magnetic properties ofR stannates,21 Yb2Mo2O7,

48 and
Tb2Nb2O7.

49

VI. SUMMARY

We have measured temperature-dependent absorption
spectra of Yb2Ti2O7 single crystals and emission and excita-

FIG. 6. Center of gravity of the2F5/2 CF manifold vs the center
of gravity of the 2F7/2 ground manifold plotted for Yb3+ ions in
different compounds(crosses). The numbers in brackets after
chemical symbols refer to different Yb3+ positions in a compound.
Circles correspond to the experimental(1) and calculated(2) data
for Yb2Ti2O7. The straight line is a guide for the eye.

TABLE III. Calculated relative intensities of magnetic dipole transitions between CF sublevels of2F7/2
and2F5/2 multiplets of Yb3+ ions in Yb2Ti2O7.

Gs2F5/2d \G8s2F7/2d 1 s0 cm−1d 2 s478 cm−1d 3 s657 cm−1d 4 s977 cm−1d

1 s10297 cm−1d 1.000 0.193 1.338 0.093

2 s10821 cm−1d 0.171 1.596 0.241 0.790

3 s11005 cm−1d 0.298 0.124 0.928 1.822
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tion spectra of Y2Ti2O7:Yb3+ (1%) polycrystalline samples.
The energies of all the crystal-field levels within the 4f13

configuration of Yb3+ in titanates with the pyrochlore struc-
ture have been found from the analysis of the spectra. We
have performed the crystal-field calculations, starting from
the model calculations in the framework of the exchange-
charge model, and obtained the set of CF parameters that
describes satisfactory the optical spectra observed in this
work as well as experimental data obtained earlier on mag-
netic g factors and the temperature dependence of the
electric-field gradient at the Yb3+ nucleus. Starting from the
CF parameters for Yb2Ti2O7, we obtained the sets of CF
parameters for different otherR2Ti2O7 compounds and used
them to calculate CF energies andg factors. A comparison
between the calculated and experimental values(known from

earlier works) always revealed good agreement. This gave us
a possibility to analyze the trends in the variation of CF
parameters along the series ofR titanates with pyrochlore
structure. Unusual stability of theB0

2, B0
4, andB0

6 parameters
has been explained by considering the role of nonequivalent
O1 and O2 oxygen ligands. The results of this work can be
used to analyze and predict magnetic and spectral properties
of otherR oxides with the pyrochlore structure.
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