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Structure and magnetic properties of the pyrochlore HgRu,O5:
A possible dipolar spin ice system
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Crystal structure, magnetic susceptibility, and magnetization measurements on the pyrochlore system
Ho,Ru,O; show that it behaves as an Ising spin one-half system with an effective ferromagnetic interaction
between the holmium spins. It may therefore constitute another example of spin ice magnetism observed in
some Ho- and Dy-based pyrochlore oxides.
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One of the recent and interesting findings in the area obf them are the rare earth ions, with the other catidinor
magnetism is the observation of the so-called spin iceSn having no magnetic moment. It is therefore of interest to
behaviot in some pyrochlore oxides of the chemical formulainvestigate other similar pyrochlore materials that may show
A,B,0O; where A is a rare-earth ion an® is a transition- spin ice behavior. In this study we report crystal structure
metal ion. The crystal structure of these materials is facend magnetization studies on the ARa, O, pyrochlore sys-
centered cubic and the atomic arrangement comprises ®m where the transition metal iqRRu) also has a partially
both A andB cations situated on the vertices of corner sharilled 4d shell and possesses a magnetic moment. Our struc-
ing tetrahedra. Although the nearest-neighbor Heisenberg exdre and magnetization measurements show that this system
change between the magnetic rare-earth ions is very weaklgiso has properties similar to the other canonical systems in
antiferromagnetic there is no magnetic order down to the spite of the presence of a magnetic moment on the other
milli-K temperature range. However it has been shown thatetrahedral sublattice. Itet al® first reported susceptibility,
the dipolar interactions are also comparable but slightlyspecific heat and neutron diffraction studies ReRU,O,
larger than the nearest-neighbor exchange interactions givindR=Y and Nd pyrochlore systems. It was observed that
rise to a net ferromagnetic exchange. The lowest-energy statglow a magnetic transition temperatuiie;=76.5 and 145
of a system of Ising spins located on the vertices of a tetrak, for the Y and Nd systems, respectivethie Ru spins were
hedral network, with effective ferromagnetic exchange, ancrdered into an almost long-range ordered antiferromagnetic
with anisotropy consistent with cubic symmetry, was shownstate. The spin structure of Ru ions for MRi,O, was de-
to consist of two spins pointing into the center of the tetra-quced from neutron Rietveld analysis based on the assump-
hedron(which is also the(111) crystallographic direction  tjon that the N@* spins remained paramagnetic down to the
and two spins pointing out, thereby making #14.1) direc-  |qest temperature of 10 K in their study. The integrated
tion of the cubic system as the local anisotropy gmw' intensities of the magnetic reflections could be successfully
. gxplained on this basis with the magnetic moment values of
measurable entropy equal to 1.68 J/mole and this was experi—.gﬁuB and 1.18:s for Ru ions in ;RWL,0; and NGRW,O,

. . 4 .
mentally conf|r.med by Ramireet al’ _by measunng the respectively. This observation suggested that the Ru sublat-
magnetic specific heat. The spin configuration of these sys- . :
tems can be mapped onto the structure of crystalline ic ice a_nd rare earth sublatncg were independent of each other
which has hydrogen atom disorder due to a mismatch bednd it was therefore of interest to further study the
tween the local bonding requirements of the water molecul&!®2RU2O7 pyrochlore by magnetization studies and to com-
and the crystal symmetry. To satisfy these requirements icBare its behavior with the other Ho-based pyrochlore sys-
has a structure in which two hydrogen atoms move closer td€mMs. In this report we show that the magnetization in this
and two move away from the midpoint of the oxygen-oxygensystem also saturates to about half the value expected for
distance, i.e., a two-in two-out configuration of the displace-Ho®>" ions which has been considered as very strong direct
ment of the midpoints, which themselves form a tetrahedragvidencé of single ion anisotropy and spin ice behavior in
configuration. This state was showo have a macroscopic the other three canonical systems known so far.
entropy due to the )2 number of ways in which the _F_’olycrystallln_e_ samples__were prepared by thoroughly
two-in two-out arrangement could be achieved in a sampl&"iXing the requisite quantities of RyGnd HQO; (99.9%
containingN water molecules. The experimentally measuredPUrity), heating at 850°C for 24 , grinding and pelletizing,
entropy for both the water ice system and the spin ice systefdnd then sintering at 1125 °C for 48 h. The samples were air
were consistent with this and confirmed the presence ofluenched by pulling them out of the furnace after the heat

analogous frustration and disorder effects in them. treatment. X-ray diffraction work was carried out using a
Until now three pyrochlore systems have been shown tdhilips PW1730 x-ray diffractometer. Magnetic measure-
have this unusual spin ice magnetic behavior:; HgO,, ments were done on a Quantum Design SQUID Magnetome-

Dy,Ti,O;, and HgSn,O,. The only magnetic species in all ter (Model MPMS2 in the temperature range 5—300 K.
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TABLE |. Atomic coordinates and thermal parameters for T T T T T
Ho,Ru,0O; from Rietveld refinement in space grolm3m. The :

reliability factor, goodness of fit indicator, and Durbin Watson sta- 4=
tistic wereR,,,=7.76,5=2.65, andd1=1.32. The thermal param-
eters for Ho were constrained to be equal to Ru and the thermal 12 o experiment

parameters of both oxygen sites were also constrained to be equal. - Curie Weiss Law

Atom Site X y z By Zg 10
o1 4 03392 0125 0125  0.563 F 8 i
02 8b 0.375 0.375 0375  0.563 g
Ho 1&d 05 05 05 0.065 = 1
Ru 16 0.0 0.0 0.0 0.065 < °

4 -

A Rietveld analysis of the x-ray data was carried out in
the space groufprd3m, usingRIETAN-2000 (Ref. 7) and the 2
refinement results are shown in Table I. The lattice parameter
value ofa=10.1417(5) A was in very good agreement with L L 1 ! L 1 L
the earlier reported value of 10.1422AThe Ho atoms had an 50 100 150 200 250 300 350
eightfold oxygen coordination with two oxygen atort32) T (K)
at 2.19571) A and six oxygen atomgO1) at 2.431) A, o _
whereas the Ru atoms had only six equi-distant oxygen at- FIG. 2. Inver§e susceptlbllltw(.(’l). as a function of temperature
oms (O1) at 2.011) A. The bond angle Ru-(1)-Ru was (T after_ correction f_or .demgnetlgatlon. fac_tor and Vgn Vleck para-
126.7° whereas the bond angles H@2p-Ho and magnetism. The solid line is Curie Weiss fit to data in the tempera-
Ho-O(1)-Howere 109.5° and 95.3°, respectively. The eighttUIre interval 200-350 K.
oxygen ions around Ho thus form a trigonally distorted cube | ) ) )
of Dsy symmetry with the trigonal axis of the cube lying tization factqr% the effective magnetic moment per ion
along the(111) crystallographic direction whereas the six Was determined to be 9.60 Bohr magnetons and)
oxygen atoms around Ru formed a slightly distorted octahe= —4-0(5) K. Below about 200 K the inverse susceptibility
dron. Figure 1 shows the substructure formed by the cormnefurve starts deviating from linear behavior suggestive of a
linked tetrahedra formed by the Ho atoms. decrease in effective moment at lower temperatures. This

Figure 2 shows the temperature dependence of invers@s confirmed by measurement of magnetization versus ap-
susceptibility measured in a field of 100 Oe between 5 and®!ied field isotherms at low temperatures. Figure 3 shows the
350 K. The data was analyzed in the temperature range 2000agnetization data at different temperatures up to a maxi-
350 K assuming a Curie-Weiss lay=C/(T— §), whereC ~ Mum field of 50000 Oe. The magnetization data at low tem-
is the Curie constant and is the Curie Weiss temperature. peratures did not follow a Brillouin function dependence as

After correcting for Van Vleck paramagnetism and demagne-esxF’eCtEd for the)=8, g;=1.25 ground state configuration
(°lg) of the HG™ ion (Fig. 4). The magnetic moment per ion

m (ly/magnetic ion)

Magnetic field (]04 Oe)

FIG. 1. Atomic arrangement of Ho ions in the pyrochlore struc-
ture of HpRW,O;. The network of corner sharing tetrahedara  FIG. 3. Isothermal magnetization per nagnetic ion), as a
formed by the Ho ions is typical of the pyrochlore structure. function of applied fieldH) at different temperatures.
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FIG. 4. The isothermal magnetizatioim) per Ho ion atT
=5K, calculated on the basis of a Brillouin function dependence
for1 free HO'" spins (=8g,=1.25) and for Ising spins § 0.20 |+ | | | 1 L
=7,0.#=20) using Eq(1). The open circles are the experimentally 60 70 80 90 100 110

observed data.
T(K)
saturated to a lower value of about 5.4 Bohr magnetons per

. . . FIG. 5. Temperature dependence of susceptibflitymeasured
magnetic ion. This behavior shows the presence of a Iarg% zero field cooled statéopen circleg and field cooled statésolid

single ion f’imSOtr.Opy effect dlfle to the crystal f.leld proqucedcircles). The cooling field, as well as the measuring field, were 100
by the anisotropic local environment of Bfo ions. This Oe.

magnetic behavior is also similar to that of the ;HipO;
system and the observed magnetization behavior in this Sy‘?ﬁacrosco icallv exhibiting a spin-glass-like behavior due to
tem also can be explainéty considering the system to be a pically exnibiing a spin-g : Vi

one-dimensional Ising spin systerB< 3) with an effective geometric'e.II frustration. In the IjRLbO7 §y§tem alsq our
g factor equal to 20 in thé111) directiozn susceptibility data show a small irreversibility effect in zero

The magnetic moment per igm) for this model is given field cooled f%”‘?' field cooled dat&ig. 5 be_Iow 95 K. This
by® tempergt_ure is in very good agreementewnh th_e temperature
of specific heat jump reported by l&t al.’ for this system.
gugHS/kgT However, this implies a much larger Curie Weiss temperature
m(H):(llgS)(kBT/MBH)Zf x tanh(x)dx, than that deduced from the fit to the observed inverse sus-
0 1) ceptibility above 200 K. The contribution to total magnetic
susceptibility from the lesser moment of Ras compared to
whereH is the applied field and is the temperature. This Ho), as well as the large Curie Weiss theta value of the
equation was numerically integrated to get the field depenantiferromagnetic Ru sublattice, is therefore expected to be
dence ofm and a comparison of the calculated result withsmall as compared to the contribution from Ho moments.
the experimental data & K is also shown in Fig. 4. In this This is also borne out by looking at the measured
analysis we have not taken into account the contribution ofusceptibility of the Y,Ru,O; system, which has contribu-
Ru magnetic moments to magnetization because the contriion from Ru moments only, and has absolute value about
bution to field dependence of magnetization from the antifertwo orders of magnitude less than our system.
romagnetic ordered Ru subsystem is expected to be much We now discuss whether the exchange interactions in the
smaller. Ho network also have characteristics of spin ice behavior
A complete understanding of the magnetic behavior of thesimilar to the other Ti-based pyrochlore systems. The two
Ho,Ru,O; system has to take into account the fact that thamportant energy scales for the spin ice system are the near-
Ru** ions also form a network of corner sharing tetrahedraneighbor exchange between the Isifig1) moments {yy)
and ha\{e a small magnetic momeﬁij(;), unlike the case and a dipolar energy scal® = () (uoldm) (u?/r3y),
of Ho, Ti;O; and6D3éT|207, where Tf* ions do not have a wherery is the distance between the nearest Ho-Ho neigh-
moment. Itoet al.” observed that all tthRuzO7 pyrochk_)re bors, u is the magnetic moment of the Ho ion, ang is the
systems(R=rare earth and }showed a specific heat Jump free space permeability. These were combirteddefine an

in the temperature range 75-160 K which was correlate@ective nearest-neighbor energy scalg as
with the rare-earth ionic size. Susceptibility and neutron dif-

fraction studies were also reported on two of these systems

viz. Y,Ru,0; and NgRw,O; and irreversibility as well as Jet=JInnt D 2
magnetic ordering effects were observed at the temperatures

of the specific heat jumps. This was attributed to an orderingubsequent to the important result of Bramwell and Harris,
of Ru moments into an ordered antiferromagnetic state butvho showed that the Ising spin system with single {@hl)
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anisotropy was frustrated, and gave spin ice ground statherefore positive and also satisfies the criterion of Hertog
only for ferromagnetic near-neighbor interactijns as long ~ and Glngfago _adequately. ]
positivel, it was further shown by Hertog and Gingrdghat small dipolar type interaction that is estimated to be about

. . . . 0.24 K for Ho and Ru near-neighbor distances and moments.
the long-range @pglar interactions did not destroy the dggenlh the discussion above we therefore assumed that the mag-
eracy of the spin ice state fdle/Dyy=0.09. The experi- netic behavior of the Ho and Ru subsystems at higher tem-
mentally observed value of Curie Weiss temperature obperatures was independent of each other in a first approxi-

tained from fits to inverse susceptibility data B&6 has mation. It would be required to perform heat capacity and
contributions from exchange as well as dipolar interactionsneutron diffraction studies at low temperatures to get more
The dipolar contribution depends on the shape of the graindirect evidence for the establishment of the spin ice nature of
and for spherical grains this contribution has been shown téhe compound as well as the interaction between Ho and Ru
reduce to zerd! As a simplifying approximation we assume spllns. usi N N hat th o
spherical grains in our sample and attribute the Curie Weisa n conclusion, we have shown that the JR, O, system

. . as a crystal structure which gives large single {aal)
temperature to the exchange interaction alone. The neag

. . - : isotropy, behaves as an Ising spin one-half system, and has
neighbor exchange interaction estimated from the experiagtective ferromagnetic interaction between the holmium

mentally observed Curie-Weiss theta then has a small negapins. It therefore has all the requisites of spin ice type be-
tive value Jyy=—0.9K and the dipolar energ¥\n IS havior as observed for some of the other pyrochlore systems
estimated to be 2.37 K from the observed Ho-Ho distancguch as HgTi,0,, Dy,Ti,O;, and HgSn,0; which exhibit
(3.586 A). The effective energy scalé, for the system is spin ice magnetism.
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