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Magnetic resonance in the pyrochlore antiferromagnet Gd2Ti2O7
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An electron spin resonance study of frustrated pyrochlore Gd2Ti2O7 is performed in a wide frequency band
for a temperature range 0.4–30 K, which covers paramagnetic and magnetically ordered phases. The paramag-
netic resonance reveals a spectroscopic g factor of about 2.0 and a temperature-dependent linewidth. In ordered
phases magnetic resonance spectra are distinctive for a nonplanar cubic �or tetrahedral� antiferromagnet with
an isotropic susceptibility. In the high-field-saturated phase, weakly dispersive soft modes are observed and
their field evolution is traced.
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Frustrated antiferromagnets are among the most interest-
ing strongly correlated magnetic systems. The geometry of a
crystal lattice in these compounds does not allow the energy
of all paired exchange bonds to be minimized simulta-
neously. In the case of pyrochlore the geometry of corner-
sharing tetrahedra frustration leads to a macroscopic number
of classical ground states. Strong fluctuations between de-
generate ground states preclude any conventional type of
magnetic ordering.1 Eventually, degeneracy is removed by
weak residual interactions �dipolar, next-nearest-neighbor
exchange, relativistic anisotropy� or by short-wavelength
fluctuations �order-by-disorder effect�. Such a degeneracy
lifting occurs with the two major consequences: �i� if a long-
range ordering does occur in such a system, it develops at
temperatures much lower than in a usual nonfrustrated anti-
ferromagnet with a similar magnitude of the exchange inte-
gral, and �ii� a delicate balance between a number of weak
interactions yields a large variety of possible outcomes so
that similar compounds can reveal drastically different mag-
netic properties.

A nice example of the above principles is provided by two
pyrochlore compounds Gd2Ti2O7 and Gd2Sn2O7. Magnetic
Gd3+ ions with semiclassical spins S=7/2 have zero orbital
momentum and, consequently, reduced crystal field effects
compared to other rare-earth compounds. Both gadolinium
pyrochlores have complicated phase diagrams. Magnetic or-
dering in Gd2Ti2O7 takes place at Tc1�1 K followed by a
second transition at Tc2�0.75 K.2,3 At T�Tc2 two field-
induced transitions are observed under a magnetic field at
Hc1�30 kOe and Hc2�60–70 kOe �above Hc2 the magnetic
moment is close to saturation�. A single first-order phase
transition occurs in Gd2Sn2O7 at Tc�1 K.4 A recent neutron
diffraction study has identified the low-temperature phase of
Gd2Ti2O7 to be a multi-k structure described by four wave
vectors of the type k= � 1
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� with partial disorder of one-
fourth of magnetic moments.5 This type of structure can be
stabilized due to dipolar interaction in combination with a
next-nearest-neighbor superexchange.6–8 Another possibility

is provided by strong fluctuations choosing the state with
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k= �000�,7,9 which was recently observed in Gd2Sn2O7.
An important consequence of a macroscopic number of

nearly degenerate states in a geometrically frustrated magnet
is that its excitation spectrum contains soft, almost disper-
sionless modes in the whole Brillouin zone. Neutron
experiments10 in the frustrated spinel compound ZnCr2O4
indicate such modes to exist above the ordering temperature.
Almost degenerate modes lead to a large residual entropy
and an enhanced magnetocaloric effect,11 which has been
measured in Gd2Ti2O7 and a garnet Gd3Ga5O12.

12 The dy-
namics of these modes below ordering cannot be treated as a
conventional antiferromagnetic resonance. Uniform oscilla-
tions of spins in crystals near an equilibrium state �fixed by
weak forces� are accompanied by an absence of spin stiffness
usually provided by the strongest exchange interaction. It is
not obvious a priori whether such modes should be reso-
nance spin oscillations or a kind of relaxation movement.
Since inelastic neutron scattering experiments are hindered
by a large absorption cross section of gadolinium ions, elec-
tron spin resonance �ESR� appears to be the most convenient
technique to probe the low-energy excitation spectra in
Gd2Ti2O7 and Gd2Sn2O7.

In the present work we study a single crystal of Gd2Ti2O7
in wide frequency and field ranges at temperatures both
above and below Tc1,2. The magnetic resonance signals are
observed and analyzed in the paramagnetic and in all four
ordered phases. At the lowest experimental temperature
0.42 K two resonance branches with different energy gaps
are observed at fields below Hc1. In the intermediate range
Hc1�H�Hc2 the field-dependent gap of the magnon branch,
softening in the vicinity of the spin-flip transition Hc2, is
found. In the spin-saturated phase three weak and narrow
resonance modes are detected, two of them corresponding to
“soft modes” with weak dispersion, in agreement with spin-
wave calculations.

A single crystal of Gd2Ti2O7 has been grown by a
floating-zone technique.13 We studied two small samples cut
in a form of thin square plates of approximately 1�1

3
�0.1 mm in size �0.5–0.6 mg by mass� with their �111�

©2006 The American Physical Society-1

http://dx.doi.org/10.1103/PhysRevB.73.212402


BRIEF REPORTS PHYSICAL REVIEW B 73, 212402 �2006�
axes oriented parallel and perpendicular to the sample plane.
The resonance measurements are performed in a set of
transmission-type spectrometers with different resonators
covering the frequency range 20–100 GHz. An external
magnetic field up to 120 kOe created by a cryomagnet was
always applied in a sample plane so that no correction for the
demagnetization factor is required.

Measurements in the temperature range 1.2–30 K are car-
ried out in a 4He cryostat. The corresponding field scans
taken at a frequency 36.2 GHz for various temperatures are
shown in Fig. 1. At high temperatures T��CW�10 K a
single resonance line with linewidth �H�3 kOe is observed
in all magnetic field orientations. It has a linear frequency-
field dependence with an isotropic g factor 2.0 �see inset in
Fig. 1�. On decreasing the temperature below 10 K the reso-
nance line starts to broaden and decrease in amplitude. In the
vicinity of the upper ordering transition Tc1 the line trans-
forms into a wide nonresonant band of absorption having its
maximum at zero magnetic field. The splitting of the reso-
nance line at high frequencies previously reported in Ref. 14
and attributed to the strong anisotropic effects has been also
observed in our experiment. We have, however, found that
such a splitting exists only for large samples and is easily
eliminated by decreasing the size of the plate. This effect
should therefore be attributed to the electrodynamic reso-
nances in the dielectric sample with the field- and
temperature-dependent magnetic susceptibility. A detailed
analysis of the high-temperature resonance properties of
Gd2Ti2O7 and Gd2Sn2O7 will be published elsewhere.

The low-temperature ESR spectra have been obtained in a
3He cryostat equipped with a sorb pump enabling it to cool
down to approximately 0.4 K. The resonance absorption
spectra taken at T=0.42 K in the whole frequency range are
presented in Fig. 2 for two principal orientations of the ex-
ternal field �H � �111� and H� �111� left and right panels,
respectively�. Among a number of resonance lines observed
below Hc1 in both orientations one can trace absorptions be-
longing to two different gapped branches, one of them de-
creasing �line A� and the other one increasing �line B� in field
�shown by the dashed lines, which are guides to eye in the

FIG. 1. The field dependence of the resonance absorption in
Gd2Ti2O7 at �=36.2 GHz �H� �111� axis� for various temperatures
above TN1. The inset shows the frequency-field diagram for
T=12 K �solid and open circles correspond to H� �111� and
H � �111�, respectively�; the dashed line is a paramagnetic resonance
with g=2.
Fig. 2�. Other resonances are difficult to trace on changing
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the frequency, but all of them soften or disappear in the
vicinity of Hc1. This transition is clearly observed in both
field orientations by sharp jumps at the absorption lines in
both the forward and backward field sweeps without hyster-
esis. Just above the transition a new resonance line appears at
a frequency of about 70 GHz �line C�. It gradually drops on
increasing the magnetic field, practically independent of its
orientation, and almost softens at the second transition Hc2.
This transition is accompanied by the appearance of two ad-
ditional weak-resonance modes �linesD and E� for H � �111�,
both increasing in field. In a perpendicular field orientation
line D remains unchanged while line E is split into two com-
ponents �expanded in the inset in Fig. 2�.

All resonance lines have a strong temperature depen-
dence. On heating they broaden and shift �see Fig. 3� and
finally disappear while the background absorption line ac-
quires the shape observed in the preliminary high-
temperature experiment. One should mention that this non-
resonant low-field background also survives at temperatures
below ordering.

A convenient approach to describe the low-field reso-
nance properties of magnetically ordered systems is macro-
scopic hydrodynamic theory,15 which is applicable if an ex-
change interaction plays the principal role in magnetic
ordering. Such an assumption might be incorrect for
Gd2Ti2O7, a system with a considerable single-ion
anisotropy16 and ordering driven by weak interactions. We
shall, however, use such a theory in an attempt to obtain a
qualitative description of the experimental data. A nonplanar
exchange structure can be described by three orthogonal unit
vectors ln.15 For the 4k structure found in neutron
experiments5 the antiferromagnetic vectors ln transform ac-

FIG. 2. The absorption spectra recorded at T=0.42 K at differ-
ent frequencies �increasing bottom up� for H � �111� �left panel� and
H� �111� �right panel�. Dashed lines are guides to the eye to trace
the frequency evolution of the same resonance modes. Vertical solid
lines mark the points of the phase transitions Hc1 and Hc2. The inset
expands the weak-resonance lines E and E1-E2 taken at the same
frequency in both field orientations.
cording to the three-dimensional irreducible representation
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F1 of the tetrahedral group Td.17 The energy of magnetic
anisotropy is obtained by constructing various invariants
from the components ln

�. In the lowest order the anisotropy is
expressed as

Ea = 	1�l1x
2 + l2y

2 + l3z
2 � + 	2�l1yl2x + l1zl3x + l2zl3y�

+ 	3�l1xl2y + l2yl3z + l3zl1x� , �1�

where 	n are phenomenological parameters. Expression �1�
has five extrema; each can correspond to an equilibrium ori-
entation of ln at some values of 	n. Three of these states
preserve the original cubic symmetry, in which case the spec-
trum of uniform oscillations consists of three degenerate
eigenmodes, while experimentally we observe at least two
different resonance branches at H=0. Among the two non-
symmetric states, the most probable one is obtained by rotat-
ing the triad l1=x, l2=y, l3=z by an angle 
=arccos− �2	1

−	2+2	3� / �4�	1+	2+	3�� about the �111� direction.
The kinetic energy of small homogeneous oscillations of

the exchange structure in weak magnetic field H�Hc2 is
determined by the susceptibility tensor,15 which has an iso-
tropic form for this type of magnetic structure.
(Magnetization measurements at T=0.3 K �Ref. 18� confirm
that the values of � are equal for H� �111� and H� �110�.) The
kinetic energy is written, therefore, as

K =
�

2
��


+ H	2

, �2�

where � is an angular velocity and =g�B /� is a gyromag-
netic ratio. Performing standard Lagrangian dynamics calcu-
lations with L=K−Ea one obtains the following equation for
the resonance frequencies:

��2 − �1
2���2 − �2

2�2 − ̃2�2��2H2 − �1
2H�

2 − �2
2H�

2 � = 0,

�3�

where �1,2 are the gap values �a certain combination of 	n
and � which can be treated as fitting parameters� and H and

FIG. 3. The temperature evolution of the absorption lines at
given frequencies for H � �111� �left panel� and H� �111� �right
panel�.
�
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H� are field components with respect to the �111� axis,
̃= /2�.

The calculated field dependences of all three branches for
both regular field orientations are shown in Fig. 4 by solid
lines with �1=39 GHz and �2=32 GHz. One can see that
the description of the spectrum in the range of theory appli-
cation �namely, of the low-field lines A and B� is satisfactory.
However, one should mention that this theory predicts all
low-lying excitations to have finite gaps, which excludes the
experimentally observed power-law dependence of the spe-
cific heat down to 0.2 K.19 It also fails to explain the broad
background absorption observed in an ordered phase which
might reflect the non-frozen-spin behavior at low tempera-
tures. Consequently, an “exchange softness” of the magnetic
structure in Gd2Ti2O7 remains essential down to tempera-
tures T�Tc and requires new theoretical approaches for a
final description of the spin dynamics.

At high fields H�Hc2 the ground state simply corre-
sponds to a ferromagnetic alignment of spins. In the model
with only nearest-neighbor exchange J the four spin-wave
modes �according to a number of ions in a unit cell� are
given as

�1,2 = ̃H − 8JS, �3,4 = ̃H − 2JS�2 � 
1 + 3�k� , �4�

where �k is a certain combination of lattice harmonics
��k=0=1�.11 The first two branches are soft modes with no
dispersion in the nearest-neighbor exchange approximation,
acquiring a finite gap above the saturation field ̃Hc2=8JS.

FIG. 4. Frequency field diagram of the resonance spectrum in
Gd2Ti2O7 at T=0.42 K for H � �111� �upper panel� and H� �111�
�lower panel�; ��� low-field lines, ��� high-field lines, �•� unidenti-
fied resonances, ��� Hc1 transitions. Solid lines represent the
low-field theoretical calculations with the parameters �1=39 GHz,
the �2=32 GHz. The dashed line is a paramagnetic resonance
with g=2.0, and dash-dotted lines are linear fits as described in the
text. Phase transitions at H=Hc1,2 are pointed by vertical lines as in
Fig. 2.
Additional interactions produce the weak dispersion, result-
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ing in a finite gaps at k=0. We suggest that lines E an
d E1-E2 of the spectrum demonstrating exact linear field
dependences with small gaps at H=Hc2 (�1,2�Hc2�=6 GHz
for H � �111� and 7 and 15 GHz for H� �111�) correspond to
this type of modes. The other two modes are dispersive mag-
non branches with gaps �3,k=0=0 and �4,k=0= ̃Hc2. Line D in
Figs. 2–4 should be ascribed to the mode �3 while the last
mode �4 lies in a frequency range of about 200 GHz, un-
reachable in the present experimental conditions. At interme-
diate fields Hc1�H�Hc2 we have observed one intensive
resonance mode �line C� which appears above Hc1 and soft-
ens towards Hc2, pointing at a continuous second-order na-
ture of this transition. Should there exist a self-consistent
microscopic theory giving the correct ground state of the
system, the values of �1,2�Hc2� as well as the field evolutions
of the �3,k=0 and line C can be useful to determine the spin-
Hamiltonian constants.

In conclusion, a detailed study of the magnetic resonance
in a pyrochlore antiferromagnet Gd2Ti2O7 was carried out. In
the disordered state the system demonstrates a paramagnetic

resonance absorption gradually converting into nonresonant
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absorption in the vicinity of the ordering transition. Below
the transition, a clear antiferromagnetic resonance spectrum
was observed. Its low-field part is qualitatively described in
the hydrodynamic approximation applied to the nonplanar
magnetic ordering with cubic or tetrahedral symmetry which
is consistent with the recently proposed 4k structure. In the
spin-saturated phase, our experiment provides direct obser-
vation of the quasilocal soft modes in a pyrochlore magnet.
We also succeeded in tracing their fields evolution in mag-
netic fields above saturation which confirms the theoretical
predictions and previous observations of the magnetocaloric
effect.
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