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A B S T R A C T

The present paper investigates the magnetic and magnetoelectric properties of Bi2Ir2�xMnxO7 compounds with
respect to the degree of Mn doping denoted by x. It is found that the antiferromagnetic (AFM) interactions are
initially enhanced with increasing x, but are then weakened with further increases in x. These findings are
explained on the basis of the competition among AFM Ir–Ir, AFM Ir–Mn, and ferromagnetic Mn–Mn interactions.
In addition, the electric transport properties at the temperature range studied present a metal-insulator transition
in the range 0.05� x� 0.15, while an insulating state occurs for x> 0.15 because of electron localization. At low
temperatures, a small positive magnetoresistance (MR) effect is observed for x¼ 0, whereas a negative MR effect
is observed for all Mn-doped samples. The 3d–5d electron interactions play a dominant role in determining the
magnetic properties of the doped samples.
1. Introduction

Recently, A2B2O7 pyrochlore materials have been studied extensively
because they exhibit a rich variety of unconventional ground states on
the basis of magnetic frustration. In addition, the 5d transition metal
oxides have attracted considerable attention because of their strong spin-
orbit coupling (SOC). For Ir-based 5d oxides A2Ir2O7 (A¼ Y, Bi, or a rare-
earth element), the SOC, electronic correlation, and crystal field effect
exhibit comparable energy scales. Therefore, these compounds are pre-
dicted to display a variety of unusual properties, such as the properties of
a topological insulator, a Weyl semimetal, or a chiral spin liquid [1–5].
Numerous studies have also concentrated on A2B2O7 systems based on 3d
transition metals. These materials have attracted considerable attention
owing to their interesting properties that include charge ordering, spin
ordering, and orbital ordering. For example, A2Mn2O7 pyrochlores
exhibit ferromagnetic (FM) behavior with Curie temperatures between
20 and 40 K. The existence of ferromagnetism in this semiconductor in-
dicates that metallic behavior is not a necessary condition for ferro-
magnetism in these compounds [6–8].

The coexistence of delocalized 5d and itinerant 3d magnetic sub-
lattices in compounds provides an excellent framework to study the
competition between SOC and/or super-exchange interactions and direct
exchange. For example, Sr3CuIrO6 presents strong FM anisotropy arising
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from antiferromagnetic (AFM) super-exchange, which is rare in pure
cuprates or iridates [9]. In the double perovskites Sr2NiIrO6 and
Sr2ZnIrO6, the delocalized Ir 5d electrons produce long-range magnetic
interactions, and the leading AFM interactions in the face-centered cubic
(fcc) Ir sublattice give rise to a magnetic frustration in both materials
[10]. However, few studies have focused on hybrid pyrochlore com-
pounds of 3d–5d oxides, and issues related to the nature of the in-
teractions between 3d and 5d ions and the effects on the ground state of
the hybrid compounds have not been addressed.

To gain insights into the magnetic interactions of 3d–5d electrons in
A2B2O7 pyrochlores, the present study systematically investigates the
hybrid pyrochlore Bi2Ir2�xMnxO7 with nonmagnetic Bi3þ ions at the A-
cation sites. Magnetization data show that the AFM interactions are
initially enhanced with an increasing degree of Mn doping denoted by x,
but eventually weaken with a further increase in x. This finding can be
explained on the basis of the competition among AFM Ir–Ir, AFM Ir–Mn,
and FM Mn–Mn interactions. The results also indicate that the electron
transport properties tend toward those of an insulator because of electron
localization. At low temperatures, a small positive magnetoresistance
(MR) effect is observed in the parent material (i.e., for x¼ 0), whereas a
negative MR effect is observed in all doped samples. The 3d–5d electron
interactions play a dominant role in determining the magnetic properties
of the doped samples.
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2. Experiments

Polycrystalline samples of Bi2Ir2�xMnxO7 (x¼ 0, 0.05, 0.1, 0.15, and
0.2) were synthesized by the solid-state reaction method. High-purity
(>99.9%) stoichiometric amounts of Bi2O3, IrO2, and MnO2 powders
were ground together and pelletized. The pellets were heated in air be-
tween 700 and 900 �C for 3 d with two intermediate grindings. After
adding 5% IrO2 in the appropriate molar ratio, the pellets were heated
between 900 and 950 �C for 4 d with several intermediate grindings. The
obtained samples were characterized by powder X-ray diffraction (XRD)
with CuKα radiation at room temperature. The actual composition of the
samples was determined by energy-dispersive x-ray (EDX) spectroscopy.
Magnetic susceptibility measurements were conducted on a super-
conducting quantum interference device (SQUID) magnetometer
(Quantum Design, Inc.). The electrical resistivity was measured by a
conventional four-probe method. Electrical transport measurements
were performed in DC magnetic fields of up to 9 T.

3. Results and discussion

The room-temperature XRD patterns shown in Fig. 1 indicate that the
samples are single-phase with a cubic Fd-3m structure. The inset of Fig. 1
shows the evolution of the lattice parameter with respect to x. We note
that the lattice parameter decreases with increasing x because the larger
Ir4þ is increasingly substituted by the smaller Mn4þ. The EDX spectral
analysis results show that all the samples are homogeneous with the
actual compositions summarized in the second column of Table 1.

Fig. 2(a) presents the magnetic susceptibility χ versus temperature T
curves for Bi2Ir2�xMnxO7 samples in the temperature range of 2–300 K
under a magnetic fieldH¼ 1 kOe. Only the zero field cooled (ZFC) modes
are plotted in the figure because the ZFC and field-cooled (FC) modes
were found to be overlapping. This demonstrates that all the samples
followed the canonical paramagnetic behavior, with no magnetic
ordering or spin-glass-like transition. The reciprocal magnetic ZFC sus-
ceptibility curves are shown in the inset of Fig. 2(a). At high temperatures
(150–300 K), the inverse susceptibility data were fitted using the Curie-
Weiss law

χ ¼ NAμ2eff
3kBðT � θCWÞ ; (1)

where NA is Avogadro's number, μeff is the effective magnetic moment, kB
is the Boltzmann constant, and θCW is the Curie-Weiss temperature.
Columns 3 and 4 of Table 1 summarize the values of θCW and μeff obtained
Fig. 1. XRD patterns of the Bi2Ir2�xMnxO7 system. The inset shows the lattice
parameters of the samples with respect to x.
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for the samples from the fitting to Eq. (1).
The negative value of θCW obtained for x¼ 0 suggests an AFM cor-

relation between Ir–Ir spins, which is consistent with previous reports
[11,12]. The absolute value jθCWj increases at first and then decreases
with increasing x. The initial increase in jθCWj can be attributed to AFM
interactions between Ir andMn ions. The decrease in jθCWj for x> 0.1 can
be attributed to FM interactions in Mn–Mn networks. Thus, the non--
monotonic variation in θCW indicates competition among the Ir–Ir,
Ir–Mn, and Mn–Mn magnetic interactions. Because the Mn ions are very
dilute in this substitution range, the interaction between Mn–Mn spins is
weak. A small amount of Mn doping may not be sufficient to destroy the
magnetic character (i.e., the AFM interactions between Ir atoms) of the
parent material, which results in the presence of some short-range FM
interactions in the system. Therefore, we consider that the 3d–5d elec-
tron interactions play an important role in determining the magnetic
characteristics of the doped samples. Because the magnetic response is
caused by the paramagnetic moments of Ir (μIr) and Mn (μMn), the
theoretical value of μeff can be obtained by the expression

μ2eff ¼ ð2� xÞμ2Ir þ xμ2Mn: (2)

Using the value μIr¼ 0.24μB of Ir4þ in Bi2Ir2O7 and the value
μMn¼ 3.87μB of free Mn4þ, we estimated the theoretical values of μeff
(f.u.) for the Bi2Ir2�xMnxO7 samples in column 5 of Table 1, and note that
these values are close to the obtained experimental values in column 4 of
Table 1. This finding demonstrates that the valence state of Mn in all
doped samples is þ4.

The magnetizationM of the samples measured at T¼ 2 K with respect
to H is presented in Fig. 2(b). Nearly complete saturation is observed for
x¼ 0. However, the degree of unsaturation in the M–H curves becomes
increasingly pronounced with increasing x. This finding indicates that
the doped compounds have a tendency toward an enhanced AFM inter-
action, which is consistent with the results of the χ–T curves given in
Fig. 2(a). The values of the saturation magnetization (Msat; f.u.) of the
samples are listed in the final column of Table 1. We note that the values
of Msat increase monotonically with increasing x. The estimated Msat per
Mn ion is 3.465μB, which is close to the theoretical value of 3μB expected
for Mn4þ ions with a 3d3 configuration, i.e., S¼ 3/2. The estimated value
of Msat per Mn ion being greater than the expected value may suggest
strong coupling of the 3d–5d electrons.

Fig. 3 shows the zero field resistance ρ (relative to ρ at 300 K) versus T
for the doped Bi2Ir2�xMnxO7 samples. The behavior of ρ for the parent
material Bi2Ir2O7 (data not shown here) exhibited a weak metallic T-
dependence that is similar to those of single crystal and thin film samples
[11,13]. The metallic properties are caused by the accidental overlap
between the Bi6s band and the Ir5d band [14,15]. Fig. 3 demonstrates
that the ρ values of the doped samples are extremely sensitive to the
Mn4þ/Ir4þ ratio because Mn-doping induces a metal-insulator transition
in the range 0.05� x� 0.15, and a fully insulating state is obtained for
the x¼ 0.2 sample. The metal-insulator transition temperature increases
with increasing x, and, consequently, the transition temperature of the
x¼ 0.2 sample is greater than 300 K.

As discussed, the substitution of Mn for Ir decreases the lattice
parameter; thus, the Ir–O–Ir bond angle θ will also decrease with
increasing x. A decreasing θ means that the elements of the hopping
matrix should decrease and that the availability of conduction electrons
reduces the screening of the Coulomb interaction. As a result, the
bandgap will increase. Thus, the value of T at the metal-insulator tran-
sition TMI increases monotonically [16]. The evolution of ρwith incrasing
x can be explained by an increasing of grains boundaries caused by the
introduction of Mn.

The electronic states involved in charge transport in a metal are
spatially extended, whereas, in a nonmetal, these states are localized. The
enhanced localization of electrons obtained with Mn-doping can also be
obtained by increasing the effective value of μIr. From Eq. (2), we note
that, if the effective value of μMn is maintained at 3.87μB, the calculated



Table 1
Nominal composition, actual composition, Curie-Weiss temperature θCW, effective moment μeff, and saturated magnetic moment М sat of the Bi2Ir2�xMnxO7 system.

Nominal composition Actual composition θCW (K) μeff (�μB; f.u.) Experimental μeff (�μB; f.u.) Theoretical М sat (�μB; f.u.)

Bi2Ir2O7 Bi2.028Ir1.972 �2.05 0.34 – 0.013
Bi2Ir1.95Mn0.05O7 Bi1.932Ir2.012Mn0.055 �20.61 1.42 1.90 0.208
Bi2Ir1.9Mn0.1O7 Bi1.916Ir1.981Mn0.102 �13.57 1.88 2.05 0.369
Bi2Ir1.85Mn0.15O7 Bi1.873Ir2.002Mn0.125 1.45 2.16 2.19 0.523
Bi2Ir1.8Mn0.2O7 Bi1.898Ir1.936Mn0.165 �2.17 2.45 2.32 0.611

Fig. 2. (a) Zero field cooled (ZFC) susceptibility χ versus temperature T of the
Bi2Ir2�xMnxO7 system for a magnetic field H¼ 1 kOe. The inset shows the cor-
responding inverse DC susceptibility χ�1. (b) Isothermal magnetization M-H
curves at T¼ 2 K. The inset shows the low-field curves for the parent sample
(i.e., x¼ 0).
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values of μIr are 0.80μB, 1.04μB, 1.16μB, and 1.29μB for the x¼ 0.05, 0.1,
0.15, and 0.2 samples, respectively, which means that the localization of
electrons is enhanced with Mn-doping, and the insulating behavior be-
comes increasingly more significant. The localization of the electrons in a
crystalline material can be caused by the following conditions: static
disorder; a strong local electron–electron correlation that “freezes” the
local electron number; or a strong electron-lattice coupling, which traps
the electrons locally [17].

To better understand the nature of the conduction mechanism for the
Mn-doped samples in the metallic region, we fit the ρ(T) data using the
following empirical equation [18,19].
38
ρ ¼ ρ0 þ ρ2T
2 þ ρ4:5T

4:5 (3)
Here, ρ0 represents the resistivity caused by grain boundary effects,
the second term ρ2T2 indicates resistivity caused by the electron–electron
scattering process, and the last term ρ4:5T4:5 is a combination of the
electron–electron, electron–phonon, and electron–magnon scattering
processes. The fitting results in the metallic region are also presented in
Fig. 3. We find that the conductivity data for the x¼ 0.05, 0.1, and 0.15
samples in the metallic regime fit the equation well. However, in this
short-ranged magnetic order case, there cannot be magnons, so the spin
fluctuation (i.e. AFM and/or FM short-range correlations) scattering
instead of magnon scattering exists in the system. Thus we suggest that
the transport mechanism of this regime is attributed to grain boundary
effects, electron– (electron, phonon and spin fluctuation) scattering
processes.

We also fitted the ρ(T) data of the Mn-doped samples in the insulating
regime. For the samples with x¼ 0.05, ρ follows a thermally activated
exponential behavior ρ ¼ ρ0 expðE=kBTÞ, which is plotted in Fig. 4(a),
whereas ρ for the x� 0.1 samples can be fitted by Mott's variable-range

hopping (VRH) model ρ ¼ ρ0 expðT0=TÞ1=4, which are plotted in
Fig. 4(b), (c), and (d). The results suggest that the transport mechanism
transits from thermal activation to variable-range hopping with an
increasing concentration of Mn ions. With increasing x, the itinerant eg
electrons of the Ir4þ ions are more localized, and the activation energy
becomes very large. Thus, the eg electrons cannot hop, which prevents
the thermal activation route from dominating the transport behavior for
x� 0.1. Simultaneously, the electron spins form a random magnetic
structure caused by Ir-Mn interactions. Hence, ρ in the insulating regime
can be fitted by Mott's VRH model [20].

Important information regarding electronic scattering processes can
be obtained from MR data. The MR is denoted as ΔR/R0 ¼ (RH� R0)/R0,
where RH and R0 are the resistivity values obtained at a given value of H
and atH¼ 0, respectively. The values measured at T¼ 2 K with respect to
H from �8 T to 8 T are shown in Figs. 5 and 6 for x¼ 0 and Mn-doped
samples, respectively. We noticed that some MR curves are not exactly
symmetrical, which may be caused by an imperfect measurement. In the
measurement process, we collected the data of transverse magnetore-
sistance using standard four-probe method (see Fig. 7). Two of the probes
are used to measure voltage (2 and 3) and the other two probes are used
to source current (1 and 4). If the probes of voltage and the probes of
current are not in a straight line, the additional Hall component will
appear. Thus we consider that the asymmetric behavior of ΔR/R0-H
curves may be due to the misalignment of four probes.

For the parent material Bi2Ir2O7 in Fig. 5, the MR is positive, and
increases with increasing H without any tendency toward saturation. For
H< 4 T, the MR increases abruptly with increasing H, and follows a
quadratic H-dependence, which is related to the low-field MR effect. At
H� 4 T, the MR increases almost linearly with respect to H, but with a
reduced slope. The obvious transition occurs in the MR from the
quadratic H-dependence at low H to the linear H-dependence at high H,
as is expected theoretically for Weyl semimetals [21]. We also find that
the H-dependence of the MR in the polycrystalline Bi2Ir2O7 sample is not
consistent with those of previously reported single crystal and thin film
samples [13], where a linearly dependent MRwas obtained at low T. This
difference could be caused by sample dependence. Compared with the
single-crystal samples, the polycrystalline samples are less homogeneous



Fig. 3. Zero field resistance ρ (relative to ρ at 300 K) versus T for the doped Bi2Ir2�xMnxO7 samples. The red lines are the results of fitting to Eq. (3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Fitting of the values of lnρ for doped Bi2Ir2�xMnxO7 samples: (a) lnρ versus 1/T curve for the x¼ 0.05 sample based on a thermally activated exponential
behavior; (b)–(d) lnρ versus T�1/4 curves for the Bi2Ir2�xMnxO7 samples with x¼ 0.1, 0.15, and 0.2, respectively, based on Mott's variable-range hopping model.
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Fig. 5. Isothermal magnetoresistance ΔR/R0 versus H for the Bi2Ir2O7 sample
measured at T¼ 2 K. The red and blue lines are quadratic and linear fits of the
ΔR/R0 dependence on H, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 7. Schematic diagram of the standard four-probe method.
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because the oxygen vacancies or defects are formed during heating
process. The roles of oxygen content and chemical disorder are very
crucial on the electrical as well as the magnetic properties. In this case,
the difference between the polycrystalline material and single crystal
material results from chemical disorder and oxygen deficiency.

A small positive MR effect was observed for the Bi2Ir2O7 sample,
while a negative MR effect was obtained for the doped samples at
T¼ 2 K, as shown in Fig. 6. To understand the reason for this observed
Fig. 6. Isothermal values of ΔR/R0 versus H at T¼ 2 K. The solid red lines show the r
references to colour in this figure legend, the reader is referred to the Web version
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behavior, the H-dependence of the observed MR for the doped samples
was fitted with the empirical relation [17,22]:

ΔR=R0 ¼ �αHn; (4)

where α is the strength of MR and n is an empirical exponent. The values
of α and nwere obtained from fitting to the data in Fig. 6, and are listed in
Table 2.

We find from Table 2 that the value of α increases with increasing x.
In a completely paramagnetic state, n¼ 2, and the deviation from n¼ 2
indicates the existence of short-range correlations [17]. The obtained
values of n< 1 demonstrate that the magnetic frustration arises in the
doped samples because of directly competing FM and AFM exchange
interactions [22], i.e., competition among AFM Ir–Ir, AFM Ir–Mn, and FM
esults of fitting to the experimental data using Eq. (4). (For interpretation of the
of this article.)



Table 2
Values of parameters n and α obtained from fitting the data in Fig. 6 to Eq.
(4).

x n α (T-n)

0.05 0.84 1.65�10�3

0.1 0.85 2.42�10�3

0.15 0.84 2.69�10�3

0.2 0.56 3.27�10�3
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Mn–Mn interactions. It is of interest that the values of n are very nearly
equivalent (i.e., 0.84� 0.01) for the x¼ 0.05, 0.1, and 0.15 samples,
whereas, on further doping to 0.2, n decreases to 0.56. Therefore, the MR
values of samples with x� 0.15 exhibit contributions from both inter-
cluster interactions, which are of a spin-glass type, and intracluster in-
teractions, which are FM. However, the decreased value of n for the
x¼ 0.2 sample can be attributed to fluctuations caused by the formation
of clusters [22]. The functional relation between MR and H given by Eq.
(4) with distinct values of α and n have been found for different magnetic
phases.

When the Ir4þ ions are substituted by the Mn4þ ions, the 3d–5d in-
teractions lead to a finite internal field at the Mn sites. The internal field
will fluctuate the all-in/all-out state of Ir moments, resulting in the dis-
order in the magnetic structure of the system. As the applied magnetic
field increases, the spins of Ir and Mn electrons with different directions
become parallel. Correspondingly, the disorder in the magnetic structure
is suppressed and the contribution of carriers scattering is decreased.
Consequently, the electrical resistivity of the compounds is also
decreased. Thus, a negative MR effect is obtained.

4. Conclusion

In summary, we have investigated the magnetic and magnetoelectric
properties of Bi2Ir2�xMnxO7 compounds. The non-monotonic evolution
of magnetic interactions with respect to doping content was demon-
strated to be caused by competition among AFM Ir–Ir, AFM Ir–Mn, and
FM Mn–Mn interactions. The zero field resistivity presented a metal-
–insulator transition for samples in the range 0.05� x� 0.15, and a fully
insulating state was obtained for the x¼ 0.2 sample. At low tempera-
tures, a small positive MR effect was observed in the parent material (i.e.,
x¼ 0), whereas a negative MR effect was observed in the Mn-doped
samples. The results demonstrated that 3d–5d electron interactions
play a dominant role in determining the magnetic properties of the doped
samples.
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