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Macroscopic anisotropy and symmetry breaking in the pyrochlore antiferromagnet GdTi,O,
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In the Heisenberg antiferromagnet 3¢,0,, the exchange interactions are geometrically frustrated by the
pyrochlore lattice structure. This ESR study reveals a strong temperature dependent anisotropy with respect to
a[111] body diagonal below a temperatufe= 80 K, despite thepin onlynature of the G8' ion. Anisotropy
and symmetry breaking can nevertheless appear through the superexchange interaction. In the presence of
anisotropic exchanges, short range planar correlations restricted to specific Kpigores are sufficient to
explain the two ESR modes studied in this work.
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. INTRODUCTION planes. According to neutron scattering datae G&* spins
in the Kagomeplanes order in g@lanar triangular structure
In antiferromagnets with competing interactions, nobelow T.=0.97K.
single spin configuration realizes a local energy minimum for  |n this electron spin resonan¢&SR study, it is shown
all exchange bonds: exchange interactions are “frustrated.that the Kagomeplanes perpendicular to specific [111]
Among all the possible sources of frustration, the most combody diagonal are “selected” at temperatures considerably
mon one has a geometrical origin. On a number of latticesarger thanT. and 6,y . Twostrongly temperature dependent
(Kagome' fce, pyrochlord), magnetic ions are located at the resonance lines are observed in the ESR spectrum below a
vertices of equilateral triangles: the product of exchange intemperatureT,~80 K. Their strong angular dependence
teraction on any closed path being negative, these structurggth respect to a specifict 11]=f body diagonal identifies a
are naturally frustrated. In the two-dimension&D)  macroscopic anisotropy with respect to tfig1] axis. These
Kagome lattice, equilateral triangles are connected onlyESR modes are consistent with noncollinear spin correlations
through their vertices leaving a number of spin degree ofn the Kagomeplanes perpendicular to thjg11] axis below
freedom unconstrained. Similarly, in the pyrochlore lattice,T, . This local order is also consistent with the ordered state
spins are at the vertices of tetrahedra with equilateral trianphserved belowl,. The molecular field contributions to the
gular faces. This lattice offers little additional constraintsresonant frequencies show that exchange interactions are the
since all the tetrahedra are connected in the 3D structurgource of anisotropy in this material. The observed symmetry
through their corners. This confers a very high degree opreaking belowT , implies that all G@* ions no longer in-
degeneracy to the ground sta@S) manifold: for classical teract with the same exchange coupling, and anisotropic
spins, one or more families of continuous rotations leave th%rces(dipolar or Dzyaloshinskii-Moriy&exchange or of an-
energy of any classical ground state unchanged. As a consgther origin are able to select the ground state.
guence, smaller anisotropic interactions select a particular
GS through a mechanism which is specific to the material
considered. For example, a variety of ground states have Il. EXPERIMENT
been identified* in the pyrochlore familyR,Ti,O; where
the rare earth ion® are antiferromagnetically coupled. The  The single crystals of Gdi,O; were grown by slow
crystal field anisotropy on the rare earth i&i* plays an  cooling from a molten fluX. Crystals appeared as brown,
important role in the GS selection except for &0,  Well shaped octahedra withR6=1-mm edge. G4lli,0; is
where the single-ion anisotropy of tlspin-only S=7/2 ion ~ an insulator which crystallizes in the cubic, face centered
GE" (4f7) is weak: GdTi,O; is the only nearly-isotropic  space groug=d3m with a lattice constanf,=10.184 A at
Heisenberg pyrochlore antiferromagnet. Frustration defoom temperature. Only the &t ions possess a magnetic
presses its 3D ordering transition which has been observed mmoment u~7.9ug, close to the free-ion value (7.24).
specific heat measuremehtsat a temperaturd.=0.97 K The measured dc-magnetic susceptibility in a fieldBgf;
considerably smaller than the Curie-We{€3V) temperature =0.1 T has a Curie-Weisg=C/(T— 6cy) behavior typical
Ocw=—9.9 K. of antiferromagnetic interactions with the samgqy
The arrangement of the &8 magnetic ions in the cubic = —9.9 K previously reported by Rajet al® The ESR mea-
pyrochlore lattice is shown in Fig. 1. There are two differentsurements were performed at different frequencies and tem-
(111) Gd®* planes perpendicular to[411] body diagonal. In  peratures using a home built multifrequency high-field ESR
the “Kagome planes, triangular faces of the Gd tetrahe-  spectrometer. Different frequencies were investigatad
dra form a two-dimensional Kagomeetwork of exchange- GHz-115 GHy using back-wave oscillators and Gunn diode
coupled Gd" ions (see Fig. 2 These planes are separatedsources, guided to the sample with oversized waveguides in
by the spins completing the &t tetrahedra: to first order, a transmission probe. The spectra were recorded as a func-
they are exchange-coupled only to the spins in the Kagomgon of magnetic field at a fixed frequency. In this study, we
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FIG. 1. The GA* magnetic ions in the cubic pyrochlore lattice:

The ions sit on the vertices of corner sharing tetrahedra. There a

two different(111) G* planes perpendicular to[411] body di-
agonal. In one of these two planes, the*Gdons form a Kagome
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III. RESULTS AND DISCUSSION

Above 80 K, the ESR spectrum of 0,0, at the fre-
quency of 54 GHz consists of a single line centeredBat
~2 T, close to the expected resonance fidl®3 T) for ag
factor of 2 (as expected for thepin-only G"). As the
temperature is lowered, two resonance lines appear below
TA~80 K. Their splitting is strongly anisotropic and tem-
perature dependent, and becomes comparable to the spin-
exchange frequencies (4=5.4 K) at low temperature. This
is represented in Fig. 3, which shows the ESR spectra at 54
GHz for different temperatures, with the magnetic field ap-
plied parallel to a specific body diagonal of the crystal
([111]=n axis, perpendicular to Kagonmsanes, such that
the angle6=4(l§,ﬁ)=0. Fitting the spectra below 80 K
with two Lorentzian lines(1) and (2), the position of the
resonance fields can be plotted as a function of temperature.

fine (2) is strongly temperature dependent as clearly seen in

Fig. 3b). Its resonance field shifts towards higher values as
the temperature is decreased, the shift being very large

network. The pyrochlore lattice can thus be described as a set of 2() at Iow temperaturé4.2 K). As the line shifts, a broaden-

Kagomeplanes connected by interstitial spins.

ing is also observed. While the width of lind) also in-
creases when lowering the temperature, the line shift is much
weaker: its resonance field moves towards lower values, the

have measur.e(b) Fhe te.mperature depend.ence of the ESRChange being of the order of 0.3 T at 4.2 K. On the other
spectrum,(b) its orientation dependence with respect to thepang " when the magnetic field is applied perpendicular to the

crystal axes, andc) its evolution with frequency and mag-
netic field.

\V

.

FIG. 2. In the(111) “Kagomé” planes, triangular faces of the
Gd®* tetrahedra(the shaded trianglgsform a two-dimensional
Kagomenetwork of exchange-coupled &d ions (represented by
circles placed on the corners of the shaded trianglEsese planes
are separated by the “interstitial” spins completing the’Gdetra-
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FIG. 3. (&) ESR spectra in the vicinity of the temperaturg
taken at 54 GHz with the magnetic field applied parallel to[fti]
axis. The dotted line specifies the position of line 2 at 77 K after
deconvolution of the line shape into two Lorentziafi®. Tempera-
ture dependence of the positions of lines 1 and 2 in the same ex-

hedra(represented by circles above and below the centers of thperimental conditions. At 4 K, the splitting between the two lites

shaded triangles

T=5.4 K) becomes comparable ti. .
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FIG. 4. Temperature dependence of the resonance fields. The o
solid lines are fits according to the expressBy{T)=B,+Dexp _ _ 6 () _ _
(—T/Ty). The obtained values df, are 10.1-0.5 K (10.8+2.1 K) FIG. 5. Orientation dependence of liig), studied at the fre-
at 54 GHz for6=0 (#=90°), and 8.5-0.5 K at 73 GHz forg=0. At guency 54 GHz, as the magnetic field is rotated away fromlthg
54 GHz and§=90° only one line is observed. axis into the(111) plane. The strong dependence observed at 4.5 K

can be fitted tdB2+ Dcog6 with BY=2.5 T andD=3.6 T. When

. " ano 0#=90°, lines(1) and(2) merge together at 54 GHz. The inset shows
body diagonaln (i.e., #=90°), at the same frequency 54 a complete rotation in the plane. At 150 K, the single resonance

GHZ' th? position O.f the observed signal also Shiﬂ§ to highe{)bserved is independent of the orientation of the magnetic field.
fields with decreasing temperature, but the shift is smaller,

~1Tat4.2K.

Although there is no long range order at the temperatures In order to investig_ate fgrther the nature of this local or-
studied in this work, the large temperature dependence of tH€", We studied the orientation dependence of the ESR modes
position of line(2) reveals the presence of an internal field atOf OUr single crystal. A plot of the resonant fields versus the
the frequencies probed in the experiment. The presence Gde ¢ between the applied magnetic field and the body
local fields signals the growth of short range spin correladiagonali is shown in Fig. 5, at a fixed frequency4 GH2

tions as the temperature is lowered. Roughly speaking, whefnd for two different temperatures, 150 and 4.5 K. The single
N . . .~ . resonance observed at 150 K is independent of the magnetic
the local fieldh; is not collinear with the local magnetization

N field orientation and therefore isotropic. However at 4.5 K,
(Si), the resultant torque adds to or subtracts from the Larye position of resonand@) has a strong dependence on the
mor term and produces a shift of the resonant fi@idfre-  fie|d direction. As the magnetic field is rotated away from the
quency. In the presence of short range spin correlatims, [111] direction of the crystal, the resonance position de-
and (3) are not parallel if one or both of the following creases until it reaches a minimuméat90° and recovers its
situations is encounteredi) spin correlations are noncol- 0=0 value as the field is rotated towards 180° with respect to
linear, and(ii) the exchange interactions are anisotropic.  the [111] direction. Hence, the anisotropy has a uniaxial
Since local fields fluctuations on time scales faster thargharacter, with an angular dependence for the resonance field
the precession period average to zero, then the observed fB{?(8)=B%+ Dcog6 (with B’=2.5 T andD=3.6 T). This
guency shifts decrease with increasing temperature on a scal@nimum in the resonance fieIB? occurs when the mag-
characteristic of the short range spin dynamics. Consideringetic field is in the(111) Kagomeplanel ii. This singles out
that spin correlation$S;S;) «exp(r;—r;|/£) have an exponen- a unique anisotropy axis and establishes the macroscopic na-
tial dependance with the correlation lengthit is instructive  ture of the anisotropy. This is further evidenced by the inset
to compare the temperature dependence of the observed Fig. 5, where a complete rotatiof in that plane is pre-
shifts to exponential functions of temperature. The temperasented. The dependence of the resonance fields on the orien-
ture dependence of the resonance fields below 80 K is showation of the magnetic field is weakekB, . ~0.7 T, and
in Fig. 4 for (i) both orientation®=0 and#=90° at 54 GHz, may be attributed to dipolar and/or demagnetization effects.
and (i) for #=0 at 73 GHz. The solid lines are fits to the = The frequency dependence of resonandgsand (2) has
phenomenological expressiom,(T)=By+ Dexp(—T/Ty), been studied at=4.5 K for two different orientations of the
(whereBy is the resonance field at high temperature Bral  magnetic field, parallelé=0°, perpendicular to the Kagome
parametey;, consistent with an activated behavior with an plangand perpendiculat§=90°, in the Kagomeplane to
activation energkgT,. From the fits, the obtained values of the body diagonalf{). This frequency dependence is shown
To are 10.1x0.5 K (10.8+2.1 K at 54 GHz for6=0 (# as a function of magnetic field in Fig. 6. The frequency de-
=90°), and 8.5:0.5 K at 73 GHz for6=0. These values are pendence of ling1) goes through the origin and is linear
comparable to the Curie-Weiss temperatufgy~—10 K.  with magnetic field ,=vyH) with a gyromagnetic ratio
This shows that the origin of the observed shift is related taclose toy~w/fi: this is the uniform precession mode. On the
an exchange mechanism and is thus magnetic. other hand, ling2) has a different field dependent€&on-
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FIG. 6. The frequency vs field diagram for resonanggsand and perpendicular to the anisotropy afis

(2) at 4.5 K, parallel =0°) and perpendiculai®=90°) to the body
diagonali ([111]). The lines are guides to the eye. dered magnetic moment at each Gd site is perpendicular to
the local(111) axis!?

sidering the nature of the observed anisotropy, the spins in We first consider the microscopic forces which could give

the (111) Kagomieplanes are not magnetically equivalent to rise to this macroscopic anisotropy with respect to a specific

the spins in between them. In these circumstances, the pregQdy diagonal. Let us first consider the main superexchange

ence of two lines in the ESR spectrum is not really!nteraCtlon between neighboring &d ions. Two oxygen

surprising’ especially if we consider the short range order'ONS bndge}he vertices of the tetrahedraPquyramld. The
present at the temperature of the measuremert4.5 K). shortest bridge goes th_rough_ the oxygen Ioc+at_ed in the center
At 4.5 K the exchange fields; andh,, for spins in(i) and in of the tetrahedrpn, which hridges| fgur G lons at the
between(b) the Kagomeplanes are comparable to the ap- t(ra]trahedror;_ verucels. We f]g)clus on this shortest brk:dgfe. If only
plied magnetic field$d andkgT. The collective modes ob- the strong |gand_e ect_rlc 'f;;‘ ds_ are con3|_de_red, the four oxy-
served in ESR are always the linearized modes for the delen orbitals are identicalp” mixtures pointing toward the
viations dm; (respectively,dm) of the local magnetization tetrahedron vertices. InBy symmetry, the Hund term on the

in (respectively, in betwearthe Kagomeplanes from their oxygen splits the fousp® orbitals into a singlet and a triplet.
; This energy splitting will reduce the superexchange coupling

equilibrium. In the presence of any exchange anisotropiesr,)etween the GH ion coupled to this singlesp® oxygen

the local fieldsh; ,#m; ,/x—H contribute to the ESR fre- bital with Il other three &di An al
guency shifts from the Larmor precession mode. The shiftrortal with respect to all other three lons. An alterna-

are further enhanced by the noncollinear spin correlationdV€ Scenario would invogue a motion of the oxygen in the
which develop at low temperature. center of each tetrahedron. On the other hand, there are no

The main experimental findings may be summarized a xperimental evidence so far of a structural transition around

follows: below T,, a macroscopic anisotropy appears with 0 K or higher. The mechams_ms Ju_St described do not pro-
respect to a broken symmetry aislying alonga specific duce, by_ thgmselvgs, a spin qnlsotrqu. _Howev_er, the
body diagonal of the crystal. This macroscopic character ha‘gzya}loshmsku—Moryla exchange |r.1teract| 'nv_s(|ll prﬁowdﬁe
been checked through dc-torque measurentéritiis an-  In this circumstance a macroscopic couplibgyf- S xS
isotropy develops gradually as the local ordeue to short for the spinsS; andS; in the Kagomeplane and an anisot-
range correlationssets in when the temperature is lowered.ropy in the exchange constants. For a pure Kagtattece,
This is illustrated in Fig. 7, where the difference between thethese terms are knowhto give rise to the same chiral order
resonance fields of lin€2) for #=0° and #=90° is plotted as observed by neutron scatterfh@ipolar interaction¥®
versus the temperature. Anisotropies of local origin, such asould also favor such a state, once the spins are restricted
the g factor and single ion, are usually unaffected by spinto the Kagomeplanes. In order to experimentally validate
correlations and thus temperature independent. Below the othis scenario, the knowledge of the magnetic structure for
dering temperature af,=0.97 K, the structure of the or- the different magnetic phases in a magnetic fisltuld be
dered state has been identified in a neutron scatterindecisive.

experimertt with an isotope enriched®Gd, Ti,O, sample: Whether this exchange mechanism plays a significant
within the Kagomeplane, spins are ordered in a chiral 120°role in other pyrochlore magnets with large single-ion
structure(identical to the ‘g=0" spin structure observed in anisotropies is also open. For example, in thgTifO; py-
ordered Kagomeantiferromagnets), while the structure for rochlore, the crystal field splitting of the b ion is esti-

the spins in between the planes has not been definitivelynated to be in the 15—-20 K rang&which is far less than the
established. This structure is fully consistent with the anisotemperaturé50 K) where short range order sets in Ref 16. In
tropic local order observed here at higher temperaturesuch circumstances, an exchange-driven anisotropy could be
Mossbauer experiments also show that, belbw the or-  important.
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The results of our experiment also specify the minimalGé* ions. The observed ESR modes, in particular their evo-
ingredients which need to be included in a phenomenologicalition with temperature, frequency, and magnetic field orien-
model describing GAi,O,. Spins in(i) and in betweertb)  tation, are also consistent with non-collinear spin correla-
Kagomeplanes are considered as inequivalent bebyy  tions in the Kagomeplanes perpendicular to a specificl1]
their local magnetizations; andm,, need to be treated sepa- body diagonal. The possible exchange driven nature of the
rately. Furthermore, a source of anisotropic exchange has feund anisotropy stresses the importance of the subtleties of
be introduced in the model. Combining these two assumpthe microscopic coupling between the rare earth ions in these

tions, the data presented in this work can be very nicelyrustrated magnets where a large degree of degeneracy is
described.’ present.
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