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G Dhalenne3

1 CEA-Saclay, DRECAM/SPEC, 91191 Gif sur Yvette, France
2 M Smoluchowski Institute of Physics, Jagellonian University, ulica Remonta 4, 30-059,
Kraków, Poland
3 Laboratoire de Physico-Chimie de l’Etat Solide, Université Paris-Sud, 91405 Orsay, France
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Abstract
In the pyrochlore-structure compounds R2Ti2O7, the rare-earth (R) sublattice
forms a network of corner-sharing tetrahedra such that the magnetic interactions
may be geometrically frustrated. The low-temperature magnetic properties of
these compounds are fashioned both by the frustration and by the intrinsic
properties of the rare earth, that is, by the degeneracy and anisotropy of
the rare-earth crystal-field ground state and by the nature, size and strength
of the inter-ionic magnetic coupling. For Yb2Ti2O7, we combine 170Yb
Mössbauer spectroscopy, 172Yb perturbed angular correlation, magnetization
and susceptibility measurements to establish the Yb3+ crystal-field level scheme
and to show that the crystal-field ground state is a well isolated Kramers
doublet having a planar anisotropy. The main contribution to the Yb3+–Yb3+

coupling is the exchange interaction which is ferromagnetic. We describe the
frustration-related low temperature (<1 K) properties of Yb2Ti2O7 in a separate
publication.

1. Introduction

The magnetic properties of the rare-earth titanate pyrochlores R2Ti2O7 (R3+: Sm3+ → Lu3+)
[1] were first studied over 30 years ago [2] and they have attracted renewed attention recently
because of the possible influence of magnetic frustration at low temperatures [4–6]. The
magnetic frustration has its origin in the geometrical arrangement of the rare-earth sublattice
which forms a network of corner-sharing tetrahedra [3]. For each rare earth, the geometrical
arrangement of its sublattice remains the same; however, the low-temperature magnetic
properties may change markedly from one rare earth to another due to differences in the
underlying magnetic properties of the rare earth. These properties comprise the size and
anisotropy of the magnetic moments as fashioned by the crystal electric field (CEF) and the
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sign, strength and origin (exchange and/or dipole) of the rare-earth–rare-earth coupling. Any
detailed examination of the role of magnetic frustration at low temperatures has to be built
on the knowledge of the crystal field and the inter-ionic couplings. It is the purpose of this
report to present information concerning these two aspects for Yb2Ti2O7. As we describe
elsewhere [7], this compound does show exotic low-temperature (<1 K) magnetic properties
which arise from the frustration.

The CEF properties were obtained from susceptibility and magnetization measurements,
170Yb Mössbauer measurements of the g-values of the ground-state Kramers doublet and
172Yb perturbed angular correlation measurements, up to 1087 K, of the thermal variation of
the 4f shell gradient associated with the Yb3+ crystal-field levels. The exchange interaction
was obtained from susceptibility and magnetization measurements. Combining the different
results, we find that in Yb2Ti2O7, the Yb3+ ion has a ground state which is a well isolated
Kramers doublet with a local easy-plane anisotropy and it experiences an exchange interaction
which is ferromagnetic.

2. Samples and local site symmetry

Single-phase polycrystalline Yb2Ti2O7 was prepared by heating the constituent oxides up to
1400 ◦C with four intermediate grindings. The single-crystal sample was prepared by the
floating-zone technique.

In the pyrochlore lattice, there are 16 equivalent rare-earth sites per unit cell. Each rare-
earth site is surrounded by eight oxygens, two lying along a [111] axis at a distance near
0.218 nm and six lying in a buckled plane perpendicular to this [111] axis at a distance near
0.247 nm [9]. The site point symmetry is D3d with the main symmetry axis along one of the
[111] directions. For this point symmetry and with Stevens’ operator-equivalent formalism,
the crystal-electric-field Hamiltonian

H = Bn
mOn

m (1)

involves six non-zero CEF coefficients: B0
2 , B0

4 , B3
4 , B0

6 , B3
6 and B6

6 . This crystal field lifts the
degeneracy of the Yb3+, 4f13, 2F7/2 spin–orbit ground state to leave four Kramers doublets.

3. Experimental results

3.1. 170Yb Mössbauer absorption measurements

To obtain the components of the g-tensor of the Yb3+ ground-state Kramers doublet, we use
Mössbauer spectroscopy to measure the components of the hyperfine tensor (A) and then
we make use of the fact that as J is a good quantum number for Yb3+, the two tensors are
proportional. To be able to measure the components of the A-tensor, it is necessary for the Yb3+

spin to remain static on the timescale of the Mössbauer measurement (∼10−8 s). This condition
may only be fulfilled when the Yb3+ is present at dilute concentration levels. Otherwise, when a
Yb3+ ion has another Yb3+ ion as a nearest cationic neighbour, the ensuing spin–spin interaction
leads to a high spin-relaxation rate which wipes out the hyperfine structure.

The measurements were thus made on (Y0.99Yb0.01)2Ti2O7 (prepared with Yb enriched
to a level of 70% in the Mössbauer isotope 170Yb). A source of neutron-irradiated TmB12

and a triangular velocity sweep were used. For 170Yb, Ig = 0, Iex = 2, Eγ = 84 keV,
1 mm s−1 = 68 MHz. Figure 1 shows the data at 4.2 K. The overall absorption pattern is made
up of two sub-spectra, one comprising well split components and one comprising a single
central line. The well split sub-spectrum (‘slow-paramagnetic-relaxation line-shape’) is due
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Figure 1. 170Yb Mössbauer absorption in (Y0.99Yb0.01)2Ti2O7 at 4.2 K. The well split (slow-
paramagnetic-relaxation) sub-spectrum provides the principal values of the g-tensor for the Yb3+

ground doublet.

to those Yb3+ which are magnetically isolated in the sense that they do not have a Yb3+ as a
nearest rare-earth sublattice neighbour and this sub-spectrum provides the hyperfine tensor.
The central single-line sub-spectrum is due to the Yb3+ which do have a Yb3+ as a nearest
neighbour and for which the magnetic hyperfine structure is absent. This latter sub-spectrum
has a relative intensity which is stronger than that expected for a purely statistical distribution
of the Yb3+ over the rare-earth sites, suggesting that the substituted Yb3+ undergoes some
clustering.

As the rare-earth site has axial symmetry (D3d), the electro-nuclear Hamiltonian is written
as

H = �S ′ · A · �I +
eQVzz

8

[
I 2
z − I (I + 1)

3

]
(2)

where the local z-axis is along a [111] direction. The first term is the magnetic hyperfine
interaction, with A the axially symmetric hyperfine tensor, and the second is the quadrupole
interaction with Q the quadrupole moment of the 170Yb I = 2 nuclear level and Vzz the
principal component of the electric field gradient tensor.

For the well split sub-spectrum, the analysis shows that the electronic ground state is
a doublet (S ′ = 1/2), Az = 463 MHz, A⊥ = 1100 MHz and eQVzz = −130 MHz
(Vzz = 25 V Å−2). We then obtain gz = 1.79, g⊥ = 4.27 and ḡ, the average g-value
defined as [(g2

z + 2g2
⊥)/3]1/2, equal to 3.64. The crystal-field ground state of the Yb3+ ion

thus has an easy-plane anisotropy with g⊥/gz = 2.4. We find that the same-size easy-plane
anisotropy is present for Yb3+ ions diluted into Lu2Ti2O7 and it will also be present for Yb3+

in Yb2Ti2O7 which has essentially the same crystallographic parameters. As will be shown
below by our CEF analysis, the small size of the total experimental 4.2 K quadrupole hyperfine
interaction is due to the almost complete cancelling of the 4f shell and lattice contributions
which have comparable sizes and opposite signs. The single-line sub-spectrum was fitted on
the basis of equation (2) using only the quadrupole term. The size of the quadrupole interaction
was taken to be the same as that for the well split sub-spectrum.

3.2. Susceptibility and magnetization measurements

The measurements on polycrystalline and single-crystal Yb2Ti2O7 were carried out using a
commercial SQUID magnetometer. The thermal dependence of the inverse susceptibility for
the polycrystalline sample over the range 2.5 to 10 K is shown in figure 2. As will be shown



9304 J A Hodges et al

0 2 4 6 8 10 12
0

2

4

6

8

10

Yb
2
Ti

2
O

7

1/
χ  

(m
ol

e 
Y

b)

Temperature (K)

Figure 2. The thermal dependence of the inverse magnetic susceptibility for Yb2Ti2O7. The solid
line was obtained as described in the text.

by the crystal-field analysis below, the ground Kramers doublet is very well isolated from the
excited crystal-field levels. We thus fit the experimental data using the Curie–Weiss expression
for a doublet to which is added a Van Vleck term:

χ(T ) = C

T + θCW

+ χVV (3)

where C is the Curie constant (C = ḡ2µ2
B/4 with ḡ defined above), θCW is the Curie–Weiss

temperature and χVV is the temperature-independent Van Vleck contribution arising from the
coupling to the excited crystal-field levels. It was not possible to obtain a well defined value for
the Van Vleck contribution directly by fitting the data to equation (3) and it was obtained instead
by direct calculation from the crystal-field energies and wave functions derived below. We
obtain C = 1.17(3) emu/(mol Yb), θCW = −0.75(10) K and χVV = 0.00335 emu/(mol Yb).
The Curie constant is equivalent to an effective moment of µ = 3.05(8) µB and to a ground-
doublet average g-value of ḡ = 3.53(9). The sign of θCW corresponds to an interaction which
is ferromagnetic in agreement with the literature [2, 8].

The magnetization measurements at 2 K, 5 K and 20 K for the polycrystalline sample are
shown in figure 3. The solid lines in figure 3 provide a satisfactory account of the data and were
obtained with a model involving an anisotropic Kramers doublet with components gz and g⊥
and an inter-ionic coupling tensor λ̃. When the field H is applied at an angle θ to the local z-
axis, the Zeeman splitting of the doublet is �(H) = gzµBH

√
P , where P = cos2 θ + r2 sin2 θ

and r = g⊥/gz. At a temperature T , the components of the induced moment along the two
principal axes are

µz(H, T ) = 1

2
gzµB

cos θ√
P

tanh
�(H)

2kBT
+ χVV (z)H cos θ (4)

µ⊥(H, T ) = 1

2
gzµB

r2 sin θ√
P

tanh
�(H)

2kBT
+ χVV (⊥)H sin θ. (5)

The Van Vleck contributions (χVV (z) and χVV (⊥)) are similar and in the following only the
average value χVV is considered. The measured magnetization (the projection of �µ along �H )
is given by

M(H, θ) = 1

2
gzµB

√
P tanh

�(H)

2kBT
+ χVV H (6)
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Figure 3. The field dependence of the magnetization for Yb2Ti2O7. The solid lines were calculated
on the basis of an anisotropic Kramers doublet and a ferromagnetic inter-ionic interaction and the
dashed lines represent the variations calculated when this interaction was set to zero.

and the angle-averaged magnetization for a polycrystalline sample is then

M(H) = 1

2

∫ π

0
M(H, θ) sin θ dθ + χVV H. (7)

To carry out the self-consistent calculation in the presence of the inter-ionic interactions,
�H must be replaced by �H + λ̃ �µ; the iterations are carried out until the values of the two

components of �µ converge.
It is likely that the coupling tensor λ̃ is anisotropic. However, we found that the analysis of

the magnetization for the polycrystalline sample could not provide any information concerning
the size of this anisotropy and, consequently, we assumed that λ is isotropic. This means that
the value obtained for λ represents some average of the full inter-ionic interaction. We imposed
the anisotropy of the ground-doublet g-tensor so that it was consistent with that provided by the
170Yb Mössbauer measurements and we used the same value for the Van Vleck contribution
as for the susceptibility analysis. The fitting procedure (solid lines in figure 3) then involved
two adjustable parameters: the size of the average g-value (ḡ) and the strength and sign
of the inter-ionic coupling constant (λ). We obtained ḡ = 3.46(8) for each of the three
temperatures and λ = 0.31(4)T /µB for 2.5 and 5 K (the same value was used for the line
shown at 20 K where the dependence on λ was quite weak). The sign of λ corresponds to an
interaction which is ferromagnetic and this is in agreement with the sign obtained for θCW .
No acceptable agreement could be obtained between calculation and experiment when the
inter-ionic interaction was omitted: the dashed lines in figure 3 illustrate the calculated field
dependences of the magnetization obtained using unchanged g-values and assuming that there
is no inter-ionic interaction.

We now examine whether the value of λ obtained from the analysis of the magnetization
data is consistent with the value of θCW obtained from the analysis of the susceptibility data.
When the size of the inter-ionic interaction is such that it can be treated as a perturbation,
i.e. when the product λχ � 1 (in the present case, λχ  2 × 10−2 at low temperature), the
standard molecular field relation linking λ and θCW for a Kramers doublet can be written as

kBθCW = −1

4
ḡ2µ2

Bλf (r, λ) (8)
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where the function f (r, λ) is included in order to take into account the anisotropy of the g-
tensor. However, from numerical estimates we find that this function, which is exactly equal
to unity when the g-tensor is isotropic, also remains close to unity in the present case where
r  2.4. For the present purpose, we thus use equation (8) taking f (r, λ) = 1. Inserting
the value of λ obtained from the analysis of the magnetization data into equation (8), we find
θCW  −0.64 K. This matches well with the experimental value obtained directly from the
susceptibility data: θCW = −0.75(10) K.

The susceptibility and magnetization data analyses are thus consistent with the size of
the average g-value of the ground doublet and the sign (ferromagnetic) and strength of the
low-temperature inter-ionic coupling constant λ. We mention that we have also obtained
another estimate of this constant by examining the thermal dependence of the low-temperature
spontaneous Yb3+ magnetic moment. The value obtained (λ ∼ 0.5T/µB) is close to that
found here.

Although the total inter-ionic Yb3+–Yb3+ coupling contains contributions arising from the
exchange and the dipole–dipole interactions, because of the small size of the Yb3+ magnetic
moment, the dipole–dipole coupling will, in fact, only play a very minor role. Scaling the
dipole contribution found in Dy2Ti2O7 [6] and taking into account the very different sizes
of the moments (Dy3+: 10 µB ; Yb3+: 1.15 µB [7]), we estimate that the dipole interaction
in Yb2Ti2O7 amounts to only a few per cent of the total interaction. This is necessarily an
approximate value (the orientations of the moments are not the same for Dy3+ and Yb3+), but
it is sufficiently small to indicate that the dominant contribution to the inter-ionic interaction
in Yb2Ti2O7 is the exchange.

Susceptibility and magnetization measurements were also made on a single crystal with the
aim of examining whether any information could be obtained concerning a possibly anisotropy
in the Yb3+–Yb3+ inter-ionic coupling. The sample was shaped in the form of a flat disc with
the principal directions [100], [111] and [011] lying in the plane of the disc and the applied
field was applied in turn along these three directions.

In principle, any anisotropy in the coupling could be evidenced either by examining
whether the field and temperature dependence of the magnetization shows an angular
dependence which differs from that due to the anisotropy of the g-tensor or by examining
whether the Curie–Weiss temperature obtained from the susceptibility shows an angular
dependence. In the present case, however, it is difficult to carry out an anisotropy analysis
because the influence of any anisotropy is attenuated by the presence of the four inequivalently
oriented sites. This is illustrated by the behaviour of the anisotropy associated with theg-tensor:
the calculated maximum anisotropy in the saturated magnetic moment for the sample after
averaging over the four differently oriented sites amounts only to 4%. A further complicating
feature for the magnetization measurements is that both the anisotropy in the inter-ionic
coupling and the anisotropy of the g-tensor will contribute to the total anisotropy and these
two anisotropies may not have the same principal axes.

The net result of the analysis of the single-crystal data is, first, that the results obtained are
compatible with those given above for the polycrystalline sample and, second, that although
no clear evidence was obtained to show that the inter-ionic exchange is anisotropic, we cannot
rule out an anisotropy amounting to as much as a few tens per cent.

3.3. 172Yb perturbed angular correlation (PAC) measurements and the crystal-field analysis

The PAC technique provides the thermal dependence of the quadrupole hyperfine interaction
at the 172Yb nucleus. For the D3d point symmetry of the rare-earth site in the pyrochlore lattice,
the quadrupole hyperfine interaction only involves the principal component of the total electric
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field gradient (EFG). This is made up of two parts, one which is temperature dependent arising
from the 4f shell electrons (V 4f

zz (T )) and one which is essentially temperature independent
arising from the lattice charges (V latt

zz ):

Vzz(T ) = V 4f
zz (T ) + V latt

zz . (9)

Each of the four Kramers doublets fashioned by the crystal field has a different wave function
and energy and each adds a different 4f shell contribution to the total EFG at the nucleus. The
thermal dependence of the EFG thus reflects the size and sign of the contributions coming
from the different crystal-field levels and their Boltzmann populations. In the limit of very
high temperatures, when all the crystal-field levels are equally populated, only the lattice
charges contribute to the EFG. The CEF analysis method is thus based on the measurement
of the total EFG over an extended temperature range (up to 1087 K) and on the derivation
of a set of crystal-field parameters which reproduces the experimental variation. The set of
CEF parameters is also constrained to reproduce the g-values of the ground doublet reported
in section 3.1.

For the PAC measurements, about 100 mg of Yb2Ti2O7 was first proton activated to
produce radioactive 172Lu and then annealed in vacuum at 800 ◦C for 24 hours to remove
the defects introduced by the irradiation. We used the 91–1094 keV γ –γ cascade from the
172Lu → 172Yb β-decay. The cascade has a relatively large anisotropy coefficient A2 = +0.28
and reasonable line intensities of 7% and 97%. The intermediate level of the cascade, namely
the 1172 keV excited state of 172Yb, has a spin I = 3 and a half-life T1/2 = 8.3 ns, allowing
a perturbation in directional correlations to be observed up to about 40 ns. The measurements
were made over the range 50 to 1087 K. Two examples of the PAC spectra are shown in
figure 4. The perturbation factor R(t) is determined by the characteristics of the intermediate
nuclear state in the cascade and by the associated hyperfine interaction [10]. Spectra measured
below about 100 K are influenced by dynamical phenomena most probably linked to the para-
magnetic relaxation of the Yb3+ moments. When the temperature is increased above 100 K,
the relaxation rate is sufficiently high that only a static quadrupole interaction is observed. All
of these spectra can be well described by assuming a perturbation factor due to a unique, static
electric quadrupole hyperfine interaction within an intermediate state with spin I = 3. As the
local symmetry is axial, the asymmetry parameter of the EFG (η) was fixed at zero. Above
400 K, where the spectra have higher frequencies, the symmetry can be checked experimentally
and, when η is fitted, it is found to be zero within experimental error. In order to calculate
the z-component of the EFG tensor Vij from the fitted hyperfine frequency: νQ = |eQVzz/h|,
we used a value Q(172Yb, 1172 keV) = −3.10 b for the quadrupole moment [11]. The
EFG obtained at the different temperatures is shown by the open points in figure 5. The full
data point at 4.2 K was obtained by scaling to 172Yb the value obtained by 170Yb Mössbauer
spectroscopy for (Y0.99Yb0.01)2Ti2O7 (section 3.1) where the relevant quadrupole moment has
the value Q(170Yb, 84 keV) = −2.14 b [12]. The Mössbauer measurement was also used
to determine the sign of Vzz at 4.2 K (only the absolute value of Vzz can be derived from the
PAC spectra for a γ –γ cascade) and this turns out to be positive. As shown in figure 5, when
the temperature increases, Vzz passes through a zero value meaning that it changes sign to
become negative above about 200 K. The negative sign of the high-temperature asymptotic
value (where the gradient is dominated by the lattice contribution) is also consistent with the
sign found by scaling the lattice contribution observed for Gd3+ in Gd2Ti2O7 (see below).

We fitted the measured thermal dependence of Vzz using the Hamiltonian (1), with the six
allowed Bm

n -coefficients and V latt
zz as free parameters starting from the set of ‘unpublished’

crystal-field parameters cited in reference [3]. We obtain the very good fit shown as a solid
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Figure 4. 172Yb perturbed angular correlation spectra of Yb2Ti2O7. The solid lines show the fitted
perturbation factor due to an electric quadrupolar interaction for I = 3. The decrease in the period
of the oscillation with increasing temperature evidences an increase in the quadrupolar frequency.

line in figure 5 with the following CEF parameter values:

B0
2 = 12.4 K B0

4 = −0.178 K B3
4 = −6.8 K

B0
6 = 0.021 K B3

6 = −0.14 K B6
6 = 0.161 K

(10)

and V latt
zz = −223 V Å−2. This lattice component compares reasonably well with that obtained

from 155Gd Mössbauer spectroscopy measurements at 4.2 K for Gd2Ti2O7 (−252 V Å−2) [13]
where the measured value is eQVzz = −792 MHz and the ground-state quadrupole moment
1.30 b [14]. Because Gd3+ is an S-state ion, only the lattice charges contribute to the EFG.

The Yb3+ CEF scheme corresponds to four Kramers doublets with energies 0, 620, 740
and 950 K and to a ground-doublet wave function:

|ψg〉 = 0.889|Jz = ±1/2〉 − 0.242|Jz = ∓5/2〉 + 0.388|Jz = ±7/2〉 (11)

for which gz = 1.77 and g⊥ = 4.18, close to experimental findings.
Some sets of crystal-field parameters for Yb3+ in the pyrochlore lattice have been published

[15–18]. All are inappropriate as each corresponds to a crystal level scheme and to a ground-
state wave function which are not compatible with the experimental data presented here. A
much more relevant ‘unpublished’ set of crystal-field parameters is cited in reference [3].
This set gives a ground-state wave function with a g-tensor which has the correct anisotropy
and approximately the correct size but leads to a calculated thermal variation of the 4f shell
quadrupole hyperfine interaction which is stronger than that observed experimentally. Recently
a set of crystal-field parameters based on inelastic neutron scattering measurements has been
proposed for Ho3+ in Ho2Ti2O7 [19]. When used for Yb3+, this set predicts a ground state
which is a well isolated Kramers doublet with a g-tensor which has the correct anisotropy and
approximately the correct size. The calculated thermal variation of the 4f shell quadrupole
moment is however slightly stronger than observed experimentally. Conversely, when our
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Figure 5. The thermal dependence of the electric field gradient in Yb2Ti2O7 obtained from 172Yb
perturbed angular correlation measurements (open points). The full point at 4.2 K was obtained
from a 170Yb Mössbauer measurement. The solid line was calculated using the set of crystal-field
parameters given in the text.

Yb3+ CEF parameters are used to calculate the CEF properties for Ho3+ in Ho2Ti2O7, they
give a ground-state doublet mainly composed of |MJ = 8〉 and |MJ = −8〉, as found in
reference [19], but there are differences for the excited levels. The difference between the CEF
parameters for Yb3+ and Ho3+ may, in part, result from the presence of a slight variation of the
CEF parameters across the rare-earth series: structural studies [9] have shown that both the
free parameter (x) which governs the positions of the close oxygen neighbours and the lattice
parameter change slightly as a function of the rare earth.

4. Summary

The present study was motivated by the need to obtain detailed information concerning the Yb3+

crystal field and the inter-ionic interactions in Yb2Ti2O7. Such information is a prerequisite to
any understanding of the low-temperature magnetic properties and of the role of geometrically
derived magnetic frustration.

We have obtained a set of crystal-field parameters which accounts for all the currently
known CEF-based data: B0

2 = 12.4, B0
4 = −0.178 K, B3

4 = −6.8 K, B0
6 = 0.021 K,

B3
6 = −0.14 K, B6

6 = 0.161 K. A more refined set could be obtained by incorporating the
results of future neutron inelastic scattering measurements. We find that the Yb3+-ion ground
state is a well isolated Kramers doublet having a planar anisotropy (g⊥/g‖ = 2.4). The
three exited Kramers doublets lie at 620, 740 and 940 K. The Yb3+–Yb3+ coupling, which
is ferromagnetic, is dominated by the exchange interaction, and it has an average strength of
0.3 T/µB . This coupling may be anisotropic.

Under the influence of the frustration, the low-temperature magnetic properties of
Yb2Ti2O7 are unusual. They are described elsewhere [7] and are summarized as follows.
There is no long-range magnetic order at temperatures below that of the known specific heat
λ-transition (∼0.2 K) [2]. As the temperature is lowered through ∼0.2 K there is a first-
order reduction, by a factor of 102–104, in the fluctuation rate of the short-range-correlated
Yb3+ moments and, below 0.2 K, these moments continue to fluctuate at a temperature-
independent rate.
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