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Abstract. We have performed low temperature magnetic susceptibility, specific heat, electrical
resistivity and neutron diffraction measurements to study the magnetic properties of frustrated
pyrochlore ferromagnet HooIr,O7. The magnetization and dc resistivity measurement indicate
metal-insulator transition near 140 K. The accumulated value of observed entropy calculated
from heat capacity data is RIn2, indicating the Ho*" doublet ground state. The Ir sublattice order
is antiferromagnetic which is evident from the magnetization measurements. The best fit of the
neutron diffraction spectra at 1.8 K shows the magnetic structures with two types of components.
One of the magnetic structure is all-in-all-out type, which is due to the strong coupling between
Ho?" and Ir*" ions and develops below 18 K. It suggests that the magnetic moment of Ho** ions
align in the field of Ir**, ordering along local <111> directions. There is also a Ho** magnetic
component perpendicular to <111> below 100 K. This perpendicular component may originate
from the defects in the Ir sub-lattice. Defects such as Ir deficiency or an Ir atom pointing at the
opposite direction will cause the emergent of the perpendicular component.

1. Introduction

The study of frustrated pyrochlore oxides having the composition A,B»0y is very crucial to understand
the ground state that results from the competing interactions of the spins on the corners of the tetrahedron
lattice. In case of the pyrochlore ferromagnet, the local Ising anisotropy makes the spins to point either
into or out of the center of tetrahedron and consequently the spin configurations on ground state of one
tetrahedron are six-fold degenerate having two-in-two-out structures. The pyrochlore lattice consists of
a three dimensional network of corner sharing tetrahedra. If we extend this two-in-two-out structure to
the entire pyrochlore lattice, we obtain a macroscopic ground state, which eventually lead to the residual
entropy. The macroscopic degenerate ground state, a feature possessed by a number of frustrated
materials, has been a fascinating area of research. Frustrated magnetism on site A leads to one of the
remarkable phenomenon termed as “spin ice” behaviour where residual entropy has been observed in
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pyrochlore materials e.g. Ho,Ti2O7 [1], Dy2Ti,0O7 [2], H02Sn,O7 [3]. For the pyrochlore lattice, it is a
well-established fact that antiferromagnetic interactions lead to the high degree of geometrical
frustration [4]. Interestingly it is also been observed that even in case of ferromagnetic interaction in
pyrochlore lattice, the frustration may arise due to the strong single-ion anisotropy [5].

The iridium based pyrochlore compounds, R,Ir207 (R = Pr, Nd, Sm and Eu) have been investigated and
a metal-nonmetal changeover has been observed in these compounds [6]. The Ir** ions containing five
5d electrons differ from identical Mo*" and Ru** ions as follows: Ir*" has low spin S = % configuration,
while Mo*" and Ru*" have S = I configuration and consequently Ir** brings about different properties.
In this paper, we present the low temperature magnetic properties of frustrated pyrochlore Ho.Ir,O7. The
magnetization measurements indicate metal-insulator transition near 140 K. Neutron diffraction
experiments reveal two types of the components of Ho®" in the magnetic structure of pyrochlore
HOzII‘zO7,

2. Experimental details

Polycrystalline samples of Ho.lr,O; have been prepared using conventional solid-state synthesis
technique. The starting materials were H0203 (99.99%) powder and IrO; (99.99%) powder in the ratio
1:2 respectively. The materials were grinded well with a mortar and pestle and we pre-sintered the
samples at 800° C for 12 hours. After pre-sintering of the samples, we pelletized the samples and heated
at 1100° C for 20 days. The phase purity of samples is confirmed with synchrotron X-ray diffraction
measurements. The dc magnetization is performed with a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design, USA) for various temperatures down to 2 K and magnetic
fields up to 5 T. The specific heat measurement is performed using a relaxation method in a physical
property measurement system (PPMS) (Quantum Design, USA) down to 1.8 K. The AC susceptibility
measurements has been performed with PPMS with Ha. = 10 Oe superimposed on various dc magnetic
fields up to 2 T, in the temperature range of 2 K - 30 K. Neutron powder diffraction measurements were
carried out on the time-of-flight powder diffractometer POWGEN at the Spallation Neutron Source,
Oak Ridge National Laboratory. Diffraction data were collected with the center wavelength 1.066 A.
Rietveld refinements for structures of HoxlIr,O7 were performed using the FullProf program.

3. DC magnetization measurements

Temperature dependence of the dc susceptibility of Ho.Ir,O7 at 50 Oe and 1 kOe in the temperature
range 50 K — 300 K is shown in figure 1. The ZFC and FC curves at 1 kOe are observed to be separated
around 141 K. This ZFC-FC behaviour is consistent with the earlier reported studies on the family of
these compounds, indicating that it shows metal-insulator transition (MIT) [7]. The shape of FC curve
below Twmr depends upon the preparation of the sample. In our case, below Tmi, FC lies above the ZFC
curve for both field values. (Note that FC and ZFC for H = 1 kOe have been divided by a factor of 1.65
for scaling purposes). One interesting feature of the FC curve at 1 kOe is that it starts separating apart
ZFC curve around 225 K, 84 K higher than the Twr. Previous studies have reported similar effects for
metallic pyrochlore compound Pr,Ir,O7, where resistivity starts to increase below Ty [8]. This effect is
attributed to the enhanced magnetic scattering of the charge carriers while approaching the magnetic
ordering, due to spin-ice behaviour in a frustrated pyrochlore. The temperature dependence of inverse
susceptibility (not shown here) and the Curie-Weiss law fitting of H = 50 Oe data give magnetic moment
of Ho** = 8.362(1) ug and 0, = 1.9 K, indicating the ferromagnetic coupling of spins in Ho,Ir,O7.
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Figure 1: Temperature dependence of the susceptibility of Ho2Ir207 at H = 50 Oe and 1 kOe. The data for 1 kOe is
divided by a factor 1.65 for data scaling. The dotted blue line represents metal insulator transition temperature (Twmr) ~
141 K. The data for 50 Oe (ZFC) is subtracted from each data set.

4. AC Susceptibility Measurements

Figures 2(a) and 2(b) show the temperature dependence of the real (y’) and imaginary (y’”) parts of the
ac susceptibility of Ho,lIr,O7 for Hoe = 0.7 T and H,. = 10 Oe and under different ac field frequencies
ranging between 10 Hz — 10 kHz. As shown in figure 2(a), ¥’ shows a peak near 5 K, which is consistent
with the earlier published results of spin-ice materials and this peak is associated with the dynamic spin
freezing at the low temperature [3,9,10]. From figure 2(b) we observed that y’> shows a broad peak
around 6 K, which is also associated with freezing of spins at the low temperature. The maxima in y’
and y’” decreases with the increase in the ac frequency which is expected for spin freezing.
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Figure 2: (a) Temperature variation of the real part of the ac susceptibility (y’) of Ho2Ir207 at various measurement frequencies
ranging between 10 Hz — 10 kHz with Hge = 0.7 T and Hac = 10 Oe. (b) Temperature variation of the imaginary part of the ac
susceptibility (x’”) of Ho2Ir20O7 at various measurement frequencies ranging between 10 Hz — 70 Hz with Hec = 0.7 T and

Hac = 10 Oe.
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The monotonic decrease in the in %’ and x’* with increase in the temperature is in well agreement with
the published results for the spin-ice materials [3]. We also observed that peak in ’” shifts to the lower
temperature with increase in the ac frequency which indicates the relaxation of the magnetization in
HosIr,O7 at low temperatures.

5. Heat Capacity measurements
The magnetic contribution to the specific heat (Cy) is obtained by subtracting lattice contribution
(specific heat of pyrochlore Lu,Sn,0O7), and nucleon hyperfine contribution, which has been estimated

from Schottky specific heat, from the total specific heat (C,) of HoxIr,O7 in zero field. The magnetic
entropy is calculated by integrating C./T over temperature using the formula: AS,, = TT, ”% dT, where
T* and T’ are the initial and final temperature taken for integration interval. As we can observe from
the temperature dependence of entropy (as shown in figure 3), zero-point entropy of R/2 In3/2 does not
appear in Ho,Ir,O7 and AS,, is saturated near 30 K and attains the value 5.92 J/mol-K, which is slightly
more than spin freezing condition RIn2 = 5.76 J/mol-K. Similar results are reported for Dy,Ir,O7 [6]. In

case of Dy»Ir,O7 the spin freezing condition is obtained near 20 K.
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Figure 3: The temperature variation of the magnetic entropy at H = 0 Oe in the temperature range 1.8 K —45 K.

6. Neutron diffraction measurements

Neutron powder diffraction experiments had been carried out on Ho:lIr,O7 at various temperatures (the
detailed results to be published elsewhere). Figure 4 shows the Reitveld refinement data on Ho.lIr,O7 at
T =29 K. The red dots represent the experimental data. The solid black line is the theoretically calculated
intensity. The peaks (420) and (222) might be possibly appear because of the lattice defects and not from
the magnetic structure. The blue curve represents the difference of both values. The best fit of the neutron
diffraction spectra at 1.8 K shows the magnetic structures with two types of components. One of the
magnetic structure is all-in-all-out type, which is due to the strong coupling between Ho** and Ir** ions
and develops below 18 K. It suggests the magnetic moment of Ho*" ions align in the field of Ir** ordering
along local <111> directions [11,12]. Another magnetic component of Ho*", perpendicular to <I111> is
observed below 100 K. This perpendicular component may originate from the defects in the Ir sublattice.
Defects such as Ir deficiency or an Ir atom pointing at the opposite direction will cause the emergent of
the perpendicular component [11].
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Figure 4: Reitveld refined neutron diffraction data of Ho2Ir207at T =29 K. The red dots represent the observed intensity; black

curve represent the theoretically calculated intensity and the blue curve represent the difference of both.

7. Resistivity measurements

We have performed resistivity measurements with standard four probe method. The temperature
variation of the resistivity is shown in figure 5(a) in the temperature range 1.85 K — 7 K and under
various magnetic field values ranging up to 5 T. The sample shows insulating behavior at low
temperature (1.85 K) and H = 0 Oe. We have observed that with the increase in the field, the electrical
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Figure 5: (a) Temperature variation of the electrical resistivity at various magnetic fields ranging up to 5 T. (b) Temperature
variation of the resistivity at high temperatures indicating the metal-insulator transition near 140 K. (c) 1/T variation of the In(p)

to analyse thermistor behaviour of HozIr207.
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behavior of the Ho,Ir,O7 sample changes from insulator to the metallic behavior. Figure 5(b) shows the
temperature variation of the resistivity at the high temperature and indicates the metal-insulator
transition near 140 K. Further we have analyzed the thermistor behavior of HoxIr,O7 as shown in the
figure 5(c) and find that 1/T variation of In(p) does not follow the common semiconductor thermistors
formula 1/T = A + B In(p) + C [In(p)]* where A, B and C are constants [13].

8. Conclusion

In conclusion, we have performed low temperature ac and dc susceptibility, specific heat, electrical
resistivity and neutron diffraction measurements to study the magnetic properties of frustrated
pyrochlore ferromagnet Ho.Ir,O7. The dc magnetization and resistivity measurements show metal-
insulator transition near 140 K. The total entropy accumulated from heat capacity data is RIn2, which
indicates the Ho** doublet ground state. The Ir sublattice orders is the antiferromagnetic which is
evidenced by the magnetization measurements. The magnetic structures with two types of components
are present in the best fit of the neutron diffraction spectra at 1.8 K. One of the magnetic structure
component is all-in-all-out configuration of Ising spins, along local <111> axes and develops below 18
K. There is also a component of magnetic structure, which is perpendicular to <111> axes. The
perpendicular component of the magnetic structure may possibly originate from the defects in the Ir sub-
lattice.
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