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The magnetic and electronic transport properties of the lightly doped SrRu1�xFexO3 (x � 0.15)

have been studied. All the samples show a paramagnetic-ferromagnetic phase transition and

hysteresis effect. With the increase of Fe, the temperature of magnetic phase transition decreases

but coercive field increases indicting the existence of antiferromagnetic interaction and magnetic-

crystalline anisotropy. In low temperature, all the doping samples exhibit an insulating behavior

while metal feature appears only at x � 0.10 samples. The induced disorder suppresses the itinerant

property of Ru 4d electron due to Fe random occupation. As a result, the ferromagnetism is

weakened and metal-insulator transition is suppressed. VC 2011 American Institute of Physics.

[doi:10.1063/1.3624764]

I. INTRODUCTION

Over the past few years, the electronic and magnetic

properties of 4d perovskite-type ruthenium oxides have been

paid a significant attention, both from a fundamental science

point-of-view, but increasingly due to their actual and poten-

tial application.1–3 The Ruddlesden-Popper Sr-based ruthen-

ates,4 Srnþ1RunO3nþ1, exhibit the variable properties with

different n. As n¼ 1, Sr2RuO4 is a p-wave spin-triplet super-

conductivity.5,6 For n¼ 2, Sr3Ru2O7 is a metal with a meta-

magnetic quantum critical end point.7,8 For n¼1, SrRuO3

is an itinerant ferromagnetic (FM) metal with Curie tempera-

ture around TC¼ 161 K.1,9 The FM behavior of SrRuO3 has

been attributed to the highly correlated Ru 4d-electron band

where the low spin Ru4þ ions have localized 4d electrons

with magnetic moments from 0.8 to 1.6 lB/Ru.10,11 The

magnetic critical behavior of SrRuO3 agrees with the con-

ventional 3D Ising model and is consistent with the experi-

mentally observed uniaxial anisotropy in the system.12

At present, to further investigate and clarify the peculiar

properties of SrRuO3, the chemical substitutions with differ-

ent elements for Ru4þ ions have been extensively adopted.

According to ions with or without magnetic moment, the

chemical substitutions can be classified into two groups, one

is nonmagnetic doping pattern, such as Ti4þ, Pb4þ, Zn2þ,

Mg2þ;13–16 the other is magnetic doping pattern, such as

Cr3þ, Mn3þ, Co2þ, Ni2þ, Cu2þ.13,17,18 Generally, as for the

former dopant, the nonmagnetic ions directly disrupt the cou-

pling of 4d-orbital of Ru4þ to the 2p-orbital of O2� which is

responsible for the ferromagnetic metal of SrRuO3. There-

fore, most of samples with non-magnetic dopant exhibit an

insulted behavior even for very low doping concentration

implying that the Ru-O sublattices are sensitive to the change

of local environment. On the other hand, as for the latter

doping pattern, the complex magnetic phase transition fre-

quently appears due to extra magnetic interaction between

magnetic dopant and Ru4þ ions. Furthermore, the magnetic

dopants can remarkably decrease the FM Curie temperature,

except for Cr.18 Fe element, being one of main transitional

metals, its substitution for Ru4þ has also been investigated

previously.19–21 Bansal et al. reported that the substitution

with Fe transforms SrRuO3 into a paramagnetic (PM) and

insulating state.19 Moreover, as the Fe concentration

x � 0:26, the system shows an insulating behavior in the

whole temperature range. Mamchik et al. proposed that the

magnetic coupling between the high spin Fe3þ and low spin

Ru4þ is FM interaction due to a large negative magnetore-

sistance observed in solid solution (SrRu)1�x(LaFe)xO3.20 In

addition, a spin glass behavior has been reported in

SrRu0:5Fe0:5O3 by Nomura et al.21 Many experimental

results from the measurement of Mössbauer spectra have

comfirmed that the dopant Fe existed as trivalent Fe3þ ion

with a high spin state t2g "3eg "2 (S¼ 5
2
) in the

SrRu1�xFexO3.19,21 In view of the great sensibility of Ru-O

sublattices and a large spin magnetic moment of Fe3þ ion,

we think the substitution of Ru4þ ions with the low concen-

tration Fe3þ ions is better to study the magnetic transforma-

tion. Therefore, in this paper, we focus on the investigation

of lightly doped SrRu1�xFexO3 (0 � x � 0.15). All samples

show a PM-FM phase transition and a large hysteresis loop.

However, with the increase of Fe, the ferromagnetism was

suppressed impling the antiferromagnetic (AFM) appear-

ance. As T < 100 K, all doping samples exhibit an insulating

behavior while the metal property only occurs at T > 250 K

and T > 100 K for x¼ 0.10 and x¼ 0.05, respectively. The

Fe random occupation causes a large disorder effect which

weakens systematic ferromagnetism and electronic conduc-

tivity in the doped materials.

a)Electronic mail: fanjiyu@gmail.com. Tel: þ86-25-52075729. FAX: 86-25-

83336919.
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II. EXPERIMENT

Polycrystalline SrRu1�xFexO3 samples (0:00 � x � 0:15)

were prepared by traditional solid-state reaction method.22 The

structure and phase purity of as-prepared samples were checked

by powder x-ray diffraction (XRD) using Cu Ka radiation at

room temperature. As shown in Fig. 1, the XRD patterns proved

that all samples were in a single crystallographic phase of ortho-

rhombic structure and space group of Pnma, in agreement with

the previous structural study with x-ray and neutron diffraction.23

The refined cell parameters and the corresponding cell volumes

are listed in Table I. Obviously, with the increase of Fe, both of

the lattice parameter “a” and cell volume “V” decrease. Mag-

netic measurements were performed by using a SQUID magne-

tometer (Quantum Design MPMS). The resistivity measurement

were performed by the conventional four-probe method.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of magnet-

ization (M-T) of SrRu1�xFexO3 (0:00 � x � 0:15) measured

in the magnetic field of 100 Oe. All data were taken in the

warming run after zero-field cooling (ZFC, solid circle) and

field cooling (FC, solid rectangle), respectively. In Fig. 2(a),

the parent sample SrRuO3 exhibits a sharp PM-FM phase

transition. The Curie temperature (TC), defined by the mini-

mum in dM/dT, has been determined to be TC¼ 160.1 K,

which is much consistent with the previous reports indicating

that the present sample is of high quality.10,11 With the

increase of Fe, as shown in the magnified inset of Fig. 2, the

temperature of maximal magnetization (TM) was shifted from

TM ¼ 151 K for x¼ 0.05 to TM¼ 114 K for x¼ 0.15. Obvi-

ously, in low temperature, all sample’s ZFC and FC curves

exhibit a considerable divergence about with 10 order of mag-

nitude, similar to a metamagnetic behavior. The properties

have been also observed in other doping SrRuO3 compounds

and generally attributed to spin glass state. However, the

recent experiment of ac magnetization measured with differ-

ent frequency did not provide any evidence of spin glass state

due to spin frustration effect.24,25 On the contrary, more and

more experimental evidences reveal that the peak of maximal

magnetization of the ZFC curve gradually superposes that of

FC curve with the increase of dopant. Therefore, the reasona-

ble interpretation should be large magnetic anisotropy in the

domain region in low doped samples. In fact, as explained in

the following section, a large coercivity field, which strong

correlates with the magnetic anisotropy, has been even

observed in the undoped SrRuO3.

Due to the application of the low doped pattern, the pro-

cess of magnetic variation can be clearly revealed in the inset

of Fig. 2. As 0:05 � x � 0:10, blow the Curie temperature,

the magnetization undergoes two transformations. It first

decreases and then reaches a terrace. After that, it continues

to decrease until to the lowest temperature. However, as for

x ¼ 0.15 sample, one can only observed one transformation

process. Notably, in low temperature, the rapid decrease of

magnetization implies the suppression of FM coupling and

the increase of antiferromagnetic coupling. The variation can

be understood from two aspects. First, with the increase of

Fe content, the Ru 4d bandwidth is narrowed due to the dilu-

tion of Ru4þ ions so that ferromagnetism is suppressed. Sec-

ondly, as mentioned in the former introduction, Fe ions exist

as the trivalent Fe3þ ions when they substitute Ru4þ ions. In

order to balance the valent in the system, some Ru4þ ions

were transformed into Ru5þ ions. Therefore, the renascent

magnetic interactions between Ru4þ, Ru5þ, and Fe3þ ions

inevitably compete with the intrinsic FM coupling of Ru4þ -

Ru4þ. Thus, it is possible to present some antiferromagnet-

ism and even some local magnetic phase separation which

results in the decrease of magnetization. In order to further

clarify the reason, we used the Cuire-Weiss formula to ana-

lyze the v�1 versus T curve which has been plotted in Fig. 3.

v ¼ C

T � h
; (1)

where c¼NAl2
BP2/3kB is the Curie constant, NA is Avogadro

constant, lB is the Bohr magneton, P¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p
is the

effective magnetic moment, g¼ 2 is the gyromagnetic ratio

and S is the magnetic spin, kB is Boltzmann constant, h is par-

amagnetic Weiss temperature. The fitting parameters (Pexp

and h) obtained from Eq. (1) are summarized in Table II.

With increase of Fe, the effective magnetic moment and

Weiss temperature slowly decrease. These parameters are

consistent with the suppression of magnetization and the

decrease of Curie temperature. According to the requirement

of chemical valent compensation, the substitution for one

Ru4þ ion will correspond to the appearance of one Ru5þ ion.

The effective magnetic moment of Fe3þ and Ru5þ ions are

5.9 lB and 3.87 lB, respectively. Both of them are larger than

that of Ru4þ ions (2.83 lB). Therefore, according to the

general Eq. (2), the calculated effective magnetic moment
FIG. 1. (Color online) The x-ray diffraction patterns of the SrRu1�xFexO3

(0:00 � x � 0:15).

TABLE I. Refined unit cell parameters and cell volume for SrRu1�xFexO3

assuming Pnma space group.

Composition (x) A (Å) b (Å) c (Å) V (Å3)

0.00 5.702 7.846 5.521 247.034

0.05 5.549 7.843 5.538 241.068

0.10 5.544 7.840 5.534 240.585

0.15 5.529 7.840 5.533 239.876

043907-2 Fan et al. J. Appl. Phys. 110, 043907 (2011)

Downloaded 15 Jul 2012 to 202.127.206.173. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



(Pcal) of SrRu1�xFexO3 would increase with Fe concentration

contrary to the experimental measurement (see Table II).

Pcal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2xÞP2

Ru4þ þ xðP2
Fe3þ þ P2

Ru5þÞ
q

: (2)

In the current material, we used the Fe3þ ions to substi-

tute Ru4þ ions in SrRuO3. Generally, we always think that

the Fe3þ ions should occupy on the positions of Ru4þ ions.

However, Felner et al. recently found the Fe ions preferred

to reside in the Sr site rather than Ru site as they investigated

the Fe-doped powder SrRuO3 and Sr1�xCuxRuO3.26 There-

fore, based on their experimental evidences, we change the

above Eq. (2) to recalculate the effective magnetic moment.

Here, we first assume all of Fe3þ ions occupy in Sr site.

Moreover, the magnetic interaction between A-site (Fe3þ)

and B-site(Ru4þ) can be considered to be FM due to the

shorter distance of Sr-Ru comparison with that of Ru-Ru

while the magnetic interaction between Ru4þ and Ru5þ

shows as AFM.20,27 Thus, the Eq. (2) can be rewritten as

P0cal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2xÞP2

Ru4þ þ xðP2
Fe3þ � P2

Ru5þÞ
q

: (3)

Obviously, as shown in Table II, the new calculated

effective magnetic moment P0cal is very close to the experi-

mental values of Pexp. However, there are a little bit discrep-

ancy between the P0cal and Pexp indicating that the Fe ions

only partly occupy in Sr site. In order to obtain the ratio of

Fe in Sr-site, we introduce a parameter (A) into Eq. (3). A

represents the Fe-probability in Sr site while (1-A) represents

the Fe-probability in Ru site. The calculated results shows

the Fe-occupancy in Sr site changes from A¼ 91.7% for

x¼ 0.05 down to 89% for x¼ 0.15 in good agreement with

results in Ref. 26. Therefore, the decrease of Fe-occupancy

in Sr site causes the decrease of ferromagnetism in the high-

est doped x¼ 0.15 sample. Moreover, the AFM interaction

between Fe3þ and Ru4þ also decreases the effective mag-

netic moment. With decrease of temperature and increase of

Fe concentration, these AFM clusters grow in size and their

interactions become stronger. Therefore, a consecutive

reduction of ferromagnetism and the temperature of phase

transition has been observed in the present samples.

Here, in order to understand the role of AFM phase

occurred in the Fe doped SrRuO3, the M-H high field loop

has been measured at special temperatures and the results

have been shown in Fig. 4. All the doped samples display a

noticeable magnetic hysteresis, indicating a cooperative

behavior and a kind of ordered state. However, we can

notice, in the lowest temperature (T¼ 4.0 K) and under the

highest magnetic field (H¼ 6.0 T), the magnetization does

not reach saturation indicating a large degree of the spin dis-

order with a high magnetic anisotropy. Chakravarti et al. has

FIG. 2. (Color online) Temperature dependence of

magnetization measured at H¼ 100 Oe (solid circle for

ZFC, solid rectangle for FC). Inset shows the magnified

ZFC curve.

FIG. 3. (Color online) Inverse susceptibility vs temperature for all samples

(solid circle); the straight line is the fitting results by using Curie-Weiss

equation. The inset shows the effective magnetic moment and Weiss temper-

ature vs the Fe concentration.

043907-3 Fan et al. J. Appl. Phys. 110, 043907 (2011)
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previously pointed out the phenomenon stems from the

external magnetic field which is not high enough to align all

the spins in the direction of the applied magnetic field.28 In

fact, the degree of spin disorder is strong correlated to the co-

ercive field Hc. The larger coercivity means the higher disor-

der of spin. As shown in the Fig. 4(d), the value of coercive

field Hc increases from 2.0 KOe for SrRuO3 to the 4.5 KOe

for SrRu0:85Fe0:15O3, implying a highest disorder of spin in

the SrRu0:85Fe0:15O3. Therefore, the Fe3þ random occupation

suppresses the hybridization of Ru4þ - O2þ and induces a

considerable disorder in the materials. Moreover, as seen

from the Table II, one can find the saturated magnetization

(MS), deduced by the extrapolation of M-H curves (H¼ 0),

exhibits a decrease similar to the variation of the effective

magnetic moment and Weiss temperature. Therefore, the

substitutions of Ru4þ with Fe3þ not only weaken the ferro-

magnetism but also induce more disorder and a larger mag-

netic anisotropy. These variations necessarily affect the

electronic transport in the doped materials.

SrRuO3 is well known for metallic electronic transport. As

shown in Fig. 5(a), a consecutive decrease of resistivity with

temperature has been observed and an obvious drop occurs at

TC¼ 161 K due to the reduced spin disordered scattering.29

Theoretically, the metallic property of SrRuO3 can be under-

stood with Mott-Hubbard model since for its large bandwidth

(W) and a small intra atomic Coulomb repulsion (U) which

gives rise to the ratio W/U� 1. However, as the carrier mean

free path shortens to the extent that can be comparable with the

lattice constant, a very small disorder can cause a large variation

for electronic conductivity. From Figs. 5(b), 5(c), and 5(d), one

can find all doped samples exhibit an insulator rather than metal-

lic feature in low temperatures. Moreover, the residual resistiv-

ities increase from sample of x¼ 0.05 to x¼ 0.15. As for the

x¼ 0.05 and x¼ 0.10 samples, we can clearly observe that the

resistivity minimum increases from 0.0145 to 0.0152 X cm and

shifts to higher temperature from 100.7 to 238.9 K. Therefore,

with increase of Fe concentration, the electronic conductivity

has been modified remarkably. Compare the resistivity variation

with the magnetization change as shown in M-T curves, we can

find the latter behavior does not exhibit a large change as the Fe

concentrations are increased to x¼ 0.15. In fact, the granular na-

ture is a general property in the polycrystalline samples. The

appearance of grain boundaries can remarkably affect the magni-

tude of resistivity but without affecting the magnetic behavior.

In the present sample, the competitions between the AFM phase

and the FM phase intensify the grain boundaries in the low

temperature. Therefore, below 100 K, a rapid rise of resistivity

can be reflected from q-T curves. Moreover, the Fe random

occupation induces disorder which weakens the itinerant prop-

erty of Ru 4d electron and causes the carrier localization. Thus,

FIG. 4. (Color online) Isothermal magnetization meas-

ured at different temperatures for all doped samples;

the fourth plot is the magnified loop for all samples.

TABLE II. Some related parameters of SrRu1�xFexO3 (see text for details).

Composition (x) TM(K) h(K) Pexp(lB) Pcal(lB) P0cal(lB) A(%) MS(lB) Hc(KOe)

0.00 156.4 160.91 2.922 2.83 2.83 0 1.58 2.0

0.05 151 156.29 2.813 3.114 2.864 91.7 1.021 3.2

0.10 131 151.08 2.795 3.374 2.897 91.6 1.007 3.8

0.15 114 147.91 2.727 3.616 2.929 89 0.992 4.5

043907-4 Fan et al. J. Appl. Phys. 110, 043907 (2011)
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all the doped materials show an insulating behavior in low

temperatures.

IV. CONCLUSION

In summary, we have investigated the magnetic and

electronic transport properties of the low-doped

SrRu1�xFexO3 (0 � x � 0.15). The Fe dopants weaken the

itinerant property of Ru 4d electron and induce a large disor-

der which is responsible for the decrease of ferromagnetism

and the increase of magnetic crystalline anisotropy. In addi-

tion, the Fe random occupation results in the carriers local-

ization and the insulating behavior in low temperatures.
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