
Magnetoresistance of epitaxial and polycrystalline
Fe3O4 films near Verwey transition

Item Type Article

Authors Liu, Xiang; Mi, Wenbo; Zhang, Qiang; Zhang, Xixiang

Citation Liu X, Mi W, Zhang Q, Zhang X (2018) Magnetoresistance
of epitaxial and polycrystalline Fe3O4 films near Verwey
transition. Applied Physics Letters 113: 012401. Available: http://
dx.doi.org/10.1063/1.5035403.

Eprint version Publisher's Version/PDF

DOI 10.1063/1.5035403

Publisher AIP Publishing

Journal Applied Physics Letters

Rights This article may be downloaded for personal use only. Any other
use requires prior permission of the author and AIP Publishing.
The following article appeared in Applied Physics Letters and may
be found at http://doi.org/10.1063/1.5035403.

Download date 24/05/2023 20:38:35

Link to Item http://hdl.handle.net/10754/628377

http://dx.doi.org/10.1063/1.5035403
http://hdl.handle.net/10754/628377


Magnetoresistance of epitaxial and polycrystalline Fe3O4 films near Verwey transition
Xiang Liu, Wenbo Mi, Qiang Zhang, and Xixiang Zhang

Citation: Appl. Phys. Lett. 113, 012401 (2018); doi: 10.1063/1.5035403
View online: https://doi.org/10.1063/1.5035403
View Table of Contents: http://aip.scitation.org/toc/apl/113/1
Published by the American Institute of Physics

Articles you may be interested in
Unraveling thickness-dependent spin relaxation in colossal magnetoresistance manganite films
Applied Physics Letters 113, 012402 (2018); 10.1063/1.5013258

Control of misfit strain in ferroelectric BaTiO3 thin-film capacitors with SrRuO3-based electrodes on (Ba, Sr)TiO3-
buffered SrTiO3 substrates
Applied Physics Letters 113, 012903 (2018); 10.1063/1.5031156

Engineering magnetic heterostructures to obtain large spin Hall efficiency for spin-orbit torque devices
Applied Physics Letters 113, 022402 (2018); 10.1063/1.5036836

Magnetic field dependence of antiferromagnetic resonance in NiO
Applied Physics Letters 112, 252404 (2018); 10.1063/1.5031213

Artificial electronic synapse characteristics of a Ta/Ta2O5-x/Al2O3/InGaZnO4 memristor device on flexible
stainless steel substrate
Applied Physics Letters 113, 013503 (2018); 10.1063/1.5027776

A non-collinear double MgO based perpendicular magnetic tunnel junction
Applied Physics Letters 113, 022403 (2018); 10.1063/1.5038060

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/715690441/x01/AIP-PT/MMR_APLArticleDL_080118/MMR-ArticleDownloads-APL.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Liu%2C+Xiang
http://aip.scitation.org/author/Mi%2C+Wenbo
http://aip.scitation.org/author/Zhang%2C+Qiang
http://aip.scitation.org/author/Zhang%2C+Xixiang
/loi/apl
https://doi.org/10.1063/1.5035403
http://aip.scitation.org/toc/apl/113/1
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5013258
http://aip.scitation.org/doi/abs/10.1063/1.5031156
http://aip.scitation.org/doi/abs/10.1063/1.5031156
http://aip.scitation.org/doi/abs/10.1063/1.5036836
http://aip.scitation.org/doi/abs/10.1063/1.5031213
http://aip.scitation.org/doi/abs/10.1063/1.5027776
http://aip.scitation.org/doi/abs/10.1063/1.5027776
http://aip.scitation.org/doi/abs/10.1063/1.5038060


Magnetoresistance of epitaxial and polycrystalline Fe3O4 films near Verwey
transition

Xiang Liu,1 Wenbo Mi,1,a) Qiang Zhang,2 and Xixiang Zhang2

1Tianjin Key Laboratory of Low Dimensional Materials Physics and Preparation Technology, School
of Science, Tianjin University, Tianjin 300354, China
2PSE Division, King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Kingdom of Saudi Arabia

(Received 15 April 2018; accepted 18 June 2018; published online 5 July 2018)

We report investigations of magnetoresistance (MR) in epitaxial and polycrystalline Fe3O4 films.

MR in epitaxial Fe3O4 films exhibits a local maximum at TV and a large value of �20% at 60 K.

Based on a 1D half infinite spin chain model, the fitting parameter, which depends on the volume

fraction of electronic scattering boundaries, sharply increases below TV with the decreased

temperature. We suppose that the twin boundaries formed below TV facilitate the increase in MR

and can act as antiphase boundaries (APBs) where the magnetic moments across twin boundaries

are coupled antiferromagnetically. Similar MR behavior in Fe3O4(100) and (111) epitaxial films

manifests the independence of MR on the spatial distribution of APBs. The outline of normalized

MR in the epitaxial films shows a distinct temperature dependence. The temperature dependence

may result from the different electronic transport mechanisms in Fe3O4 films. In a polycrystalline

Fe3O4 film, MR comes from the disordered distribution of magnetic moments at grain boundaries.

The effects of APBs, twin boundaries, and grain boundaries on MR are discussed in detail.

Published by AIP Publishing. https://doi.org/10.1063/1.5035403

In ferromagnets, magnetoresistance (MR) is one of the

most important transport properties, which have extensive

applications from magnetic random access memory devices

to microsensors and biodetection devices.1–4 Most of the fer-

rites are kinds of specific materials which combine insulating

behavior and ferrimagnetism.5 However, magnetite (Fe3O4)

is an outstanding magnetic material with conductivity which

applies in particular to MR. Fe3O4 has attracted much atten-

tion because of its unique properties including high Curie

temperature (TC � 858 K),6 full spin polarization at the

Fermi level,7 and a large net magnetic moment of about 4

lB/f.u.8 In epitaxial Fe3O4 films grown on MgO, Al2O3, and

SrTiO3 substrates, the mis-stacking of the Fe3O4 lattice on a

substrate at the first stage of nucleation could form antiphase

boundaries (APBs) which preserve the electronic and mag-

netic properties of Fe3O4 films away from its bulk one.9–15

Across APBs, magnetic moments are coupled antiferromag-

netically.16,17 The spin interaction under the magnetic field

across APB is considered to illustrate the MR in Fe3O4.9,10

The magnetic field dependent MR can be expressed as

MR � �C
MS

WAF

l0H � MS

WAF

l0H

� �3=2
" #

; (1)

where the parameter C only depends on the density of APBs

and has no correlation with the spatial distribution of APBs.

The spatial distribution of APBs is related to the crystal orien-

tation. MS is the saturation magnetization. WAF ¼ A2
AF=AFd2,

where AF is the bulk ferromagnetic exchange stiffness, AAF is

the antiferromagnetic exchange stiffness across APBs, and d
is the distance between the two spin chains across APBs.10

As temperature decreases to about 120 K (TV), a first-

order phase transition, which is known as Verwey transition,

has been observed through the q–T measurement in Fe3O4.18

Below TV, the magnetic easy axis changes from h111ic to

[001]m.19–22 The cubic lattice structure of Fe3O4 distorts to a

monoclinic one. The lattice distortion introduces a twin crys-

tal structure with 24 unique possible Cc orientations, which

is separated by twin boundaries.23–25 However, as far as we

know, the studies on the magnetic coupling and electronic

transport across twin boundaries in Fe3O4 below TV are

rare.24 In this work, high quality epitaxial (EP) and polycrys-

talline (PC) Fe3O4 films are fabricated. In Fe3O4 (EP) films,

the formation of twin boundaries facilitates the increase in

MR below TV. We suppose that magnetic moments across

the twin boundaries are antiferromagnetically coupled.

Above TV, the mechanism of MR may depend on tempera-

ture. In the Fe3O4 (PC) film, the MR is dominated by the dis-

tribution of magnetic moments at grain boundaries (GBs).

Epitaxial Fe3O4 on MgO(100) and Al2O3(0001) sub-

strates and polycrystalline Fe3O4 films on quartz and SiO2/Si

substrates were deposited by a DC magnetron sputtering

apparatus. The details of fabrication have been published

elsewhere.26 The film thickness of about 200 nm was deter-

mined using a Dektak 6M surface profiler and by transition

electron microscopy (TEM). Stoichiometry of Fe3(1–d)O4

thin films with d less than 3.5� 10�4 was determined by

Rutherford backscattering spectroscopy with the precision of

10�3–10�2 at. %.26 Electronic transport properties of Fe3O4

films were measured using the standard four-probe method

using a Quantum Design physical property measurement sys-

tem. The Verwey temperatures of Fe3O4(100), Fe3O4(111),

a)Author to whom correspondence should be addressed: miwenbo@

tju.edu.cn
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and Fe3O4/quartz samples are 117.7, 122.8, and 122.4 K,

respectively, which are decided by the maximum slope of

logq [see Fig. 1(o)]. Magnetic properties were measured by

Quantum Design SQUID. Three configurations between

applied field and current are considered during the measure-

ments, including magnetic field H parallel to current density

J (H//J), H perpendicular to J but parallel to the sample

(HjjJ), and H perpendicular to the film surface (H?J).

Figure 1 shows the TEM results of Fe3O4 EP and PC

samples. In Figs. 1(a) and 1(g), clear interfaces can be

observed in Fe3O4 (EP) samples. Figures 1(b) and 1(h) are

the magnifying images of the blue square region in Figs. 1(a)

and 1(g) acquired through fast Fourier transformation using

Gatan’s Digital MicrographTM software. Figure 1(c) shows

the characterized spinel structure with the tetrahedral and

octahedral sites after further magnifying the upper green

region in Fig. 1(b). Figure 1(i) shows the magnification of

the corresponding green region in Fig. 1(h) of the

Fe3O4(111) sample. Figures 1(d) and 1(j) show the micro-

structure of MgO and Al2O3. Figures 1(e) and 1(k) show the

SAED patterns focused on the interfaces of Fe3O4(100) and

Fe3O4(111) samples at room temperature. The superposition

of diffraction patterns from MgO and Fe3O4 manifests the

nearly exact lattice match between the MgO substrate and

the Fe3O4 film. However, in Fig. 1(k), two groups of diffrac-

tion patterns appear because of the larger c-axis lattice con-

stant of Al2O3. Figures 1(f) and 1(l) show the SAED patterns

focused on Fe3O4(100) and Fe3O4(111) films at 95 K. In

Figs. 1(f) and 1(l), no additional patterns related to the twin

boundaries, which deriving from the 24 unique Cc orienta-

tions have been observed by TEM and scan tunneling

microscopy,23,24 can be observed due to the small tilt angle

of 0.236� in the monoclinic structure.27 A group of addi-

tional low order diffraction patterns, which may come from

the charge ordering,28 appear below TV [Figs. 1(f) and 1(l)].

Because of the Verwey transition, the h110ic direction trans-

forms to the [100]m or [010]m direction below TV, and the

diffraction order below TV is larger than that above TV.

Figures 1(m) and 1(n) show the TEM results of the Fe3O4/

SiO2/Si sample. Because of the formation of amorphous

SiO2 on the Si substrate, the growth of the Fe3O4 thin film is

polycrystalline. One can see GB in Fig. 1(m). In Fig. 1(n),

the diffraction pattern of the Fe3O4/SiO2/Si sample shows

polycrystalline characteristics with diffraction rings.

Figure 2 shows the MR as a function of applied field

and temperature in the Fe3O4(100) sample. The MR is

defined as MR ¼ (RH � R0)/R0 � 100%. The dependence of

MR on the magnetic field is shown in the left column of Fig.

2. Above TV, MR slowly increases with the increasing mag-

netic field. In the vicinity of TV, MR with the in-plane field

[Figs. 2(a) and 2(b)] shows a sharp increase at a low field but

a slow growth under high field compared with other tempera-

ture ranges. With H?J [Fig. 2(c)], the sharp increase in MR

at TV is absent. In the right column of Fig. 2, the temperature

FIG. 1. TEM results of Fe3O4 films on

(a)–(f) MgO(100), (g)–(l)

Al2O3(0001), and (m)–(n) SiO2/Si sub-

strates. (o) Temperature dependence of

resistivity in Fe3O4(100), (111), and

PC films. Crystal orientations in (k) are

marked with yellow for Al2O3 and

cyan for Fe3O4. Here, AO and FO indi-

cate Al2O3 and Fe3O4, respectively.
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dependence of MR with different magnitudes of the mag-

netic field is extracted. At the in-plane magnetic field [Figs.

2(d) and 2(e)], one can find that MR shows a local maximum

at TV. In Fig. 2(f), MR with H?J monotonically increases

with the decreased temperature and shows no extreme value.

Figure 3 shows the MR behavior in the Fe3O4(111) film at

an in-plane magnetic field. Similarly, in Figs. 3(a) and 3(b),

the MR curves at TV show a rapid increase at a low field. In

Figs. 3(c) and 3(d), similar temperature dependence of MR

can be observed. However, the spatial distribution of APBs

is different in Fe3O4(100) and (111) films. The similar MR

behavior in Fe3O4(100) and (111) films manifests the inde-

pendence of MR on the spatial distribution of APBs although

the MR is derived from APBs.17

The MR results in Fe3O4 (EP) films with an in-plane

field are fitted using the expressions given in Refs. 9, 10, 13,

and 14. The linear dependence of MR on the magnetic

field9,13,14 does not reproduce our experimental MR data.

The fittings based on Eq. (1) can reduce the discrepancy.

However, the fittings are only effective at T<TV–10 K. The

fitting curves show a discrepancy under a high-field at

T> TV–10 K. The fitting parameters C and MS/WAF are plot-

ted in the inset of Figs. 2(d), 2(e), 3(c), and 3(d). The differ-

ent agreement between theory and experiment in Fe3O4 (EP)

films at different temperatures is nontrivial. Previous results

deemed that the mechanism of MR in the Fe3O4 film is inde-

pendent of temperature.9,10 The normalized MR at different

temperatures shows a similar outline 10 which, however, is

contradictory to our results [see insets of Figs. 2(a) and 3(a)].

The previous works focused on the effects of APBs on MR.

So, thinner films were fabricated at a lower substrate temper-

ature to introduce dense APBs.9,10,14 However, in this work,

thicker films were fabricated at a higher substrate tempera-

ture to reduce the density of APBs and realize a sharp

Verwey transition. We suppose that the high density APBs

impact the electronic transport mechanism above TV and

obscure the dependence of the mechanism of MR on temper-

ature. Different electronic transport mechanisms in Fe3O4

may respond for the temperature-dependent mechanism of

MR.26,29

Electronic microscopic studies have manifested the exis-

tence of twin boundaries below TV.23–25 However, Eq. (1),

which is derived assuming the strong antiferromagnetic cou-

pling of Fe ions across APBs, can effectively reproduce the

MR curves in this temperature range where parameter C
shows a striking increase. As far as we know, APB in Fe3O4

is a structure defect which forms during the growth and can-

not move or reproduce after fabrication. Thus, the fitting

results at T<TV indicate a strong interaction across the twin

boundaries. As shown in Fig. 4(c), the magnetic moments

across twin boundaries may be antiferromagnetically cou-

pled then act like APBs, which can be confirmed by the

decreased saturation magnetization with the decreased tem-

perature below TV [Fig. 4(d)]. At temperatures far below TV,

in the upper panel of Fig. 4, the twin boundaries are frozen

and the monoclinic c-axis cannot be aligned by magnetic

field.24 The dense twin boundaries increase the MR below

TV. As temperature warms up to the vicinity of TV, the lattice

distortion collapses.26 In the middle panel of Fig. 4, the

aligned easy axis by a strong magnetic field reduces the scat-

tering of electronic transport and maintains at a low field

with higher temperature.24 The decrease in twin boundaries

is in line with the reduction of C below TV. At TV, Fe3O4 is

in a metastable state which results in a disordered distribu-

tion of monoclinic crystal axes and magnetic moments at

zero-field [see the lower panel of Fig. 4(c)], which results in

the related change of remanence (MR) as shown in Fig. 4(e).

On the one hand, the disordering enhances the number of

twin boundaries extensively with no field. On the other hand,

the easy axis, i.e., the monoclinic c-axis, can be tuned by the

FIG. 2. MR of the Fe3O4(001) epitaxial film. (a)–(c) and (d)–(f) depict MR

as a function of magnetic field and temperature. The left inset shows the nor-

malized MR. The right insets show the temperature dependence of C and

MS/WAF.

FIG. 3. MR of the Fe3O4(111) epitaxial film. (a)–(d) show the dependence

of MR on the magnetic field and temperature. The left inset shows the nor-

malized MR. The right insets show the temperature dependence of C and

MS/WAF.
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magnetic field30 and thus reduces the number of twin bound-

aries. The difference between the two conditions leads to a

prominent MR at TV.

With H?J as shown in Figs. 2(c) and 2(f), the field and

temperature dependence of MR in the Fe3O4(100) film

shows two distinctive features compared to the MR with an

in-plane field. First, the low-field MR shows a quadratic out-

line. Due to the intrinsic shape anisotropy of the film sample,

the magnetic moments tend to align with an in-plane direc-

tion.19,31 The competition between magnetic anisotropic

energy and Zeeman energy results in the quadratic MR

behavior.9 At H<HA, where HA is the anisotropic field in

Fe3O4, the in-plane moments rarely align to the external

field. Besides, the out-of-plane magnetization can introduce

large demagnetization energy which further disturbs the spin

direction and reduces MR at a low field. So, the low-field

MR is insignificant. At H>HA, the magnetic moments away

from twin boundaries and APBs are aligned perpendicular to

the film surface by the external field. The spin-dependent

scattering results in a prominent MR. The MR curves can be

reproduced by Eq. (1) at H>HA while cannot be reproduced

at H<HA. The value of HA is estimated by fitting the MR

curves with Eq. (1). The magnetic field where the fittings

lose validity in the low-field region can be regarded as HA.

In the Fe3O4(100) sample, HA is about 9 kOe.16 Second, the

local maximum of MR at TV is absent. At TV, the nominal

monoclinic c-axis is established by an out-of-plane field.

However, the monoclinic a and b axes cannot be aligned by

the perpendicular field which leaves the disordered distribu-

tion of a and b axes.24 Hence, we suppose that the MR

mainly comes from the reduction of c-axis disordering.

Figure 5 presents the MR of the Fe3O4 (PC) film. MR

around zero-field shows a peak with an in-plane magnetic

field [Figs. 5(a) and 5(b)] and a hump at an out-of-plane field

[Fig. 5(c)]. In Figs. 5(d)–5(f), the temperature dependence of

MR in the PC film is quite different from that in the EP film.

At temperature far below TV, MR is almost independent of

temperature at a low field. As temperature increases to TV,

MR increases and exhibits a local maximum at TV. Above

TV, MR with an in-plane magnetic field decreases linearly

with the increased temperature and shows no rapid change.

However, the MR with H?J shows a steep increase at

130 K, and it is almost temperature-independent at a 5-kOe-

field.

In the Fe3O4 (PC) film, the Fe3O4 grain surrounded by

dispersive GBs can be regarded as a core-shell structure,

where the inner part is well structured and the shell part has

deficiencies.32 The deficient shell causes uncompensated sur-

face spins with a spin-glass state, which results in a weak

magnetic interaction at GBs.33–35 Above TV, the disordered

magnetic moments at GBs increase the scattering of carriers.

Below TV, the disordered crystal orientations and GBs

inhibit the long range ordering in the PC sample and thus

delay the increase in resistivity at GBs and lead to the non-

uniformity of Verwey transition.36 The broad Verwey transi-

tion through q–T measurements as presented in Fig. 1(o)

indicates the continuous transition in the Fe3O4 (PC) film.

Based on preceding discussions, the formation of twin

boundaries improves MR, whereas in the Fe3O4 (PC) film,

the MR is suppressed as temperature decreases below TV

which indicates the lack of twin boundaries in our Fe3O4

(PC) film. Therefore, MR below TV in the Fe3O4 (PC) film is

dominated by the alignment of magnetic moment at GBs.

With decreasing temperature, the increased pinning of mag-

netic moments at GBs reduces the proportion of the field-

dependent part of total resistance. Together with the increase

in resistance, MR in the Fe3O4 (PC) film shows a reduction

as temperature decreases below TV. Above TV, the linear

temperature dependence of MR is extrapolated to zero at

about 430 6 30 K, which is almost independent of the

FIG. 4. Summary of the mechanism of MR below TV in Fe3O4 (EP) films.

(a) Temperature dependent MR in the Fe3O4(100) sample with a 50-kOe-

field. (b) Monoclinic c-axis and magnetic moment distribution under a high-

field. (c) Magnetic moment distribution under a null field. Temperature

dependence of (d) MS and (e) MR in the Fe3O4(100) sample.

FIG. 5. MR of the Fe3O4 (PC) film. (a)–(c) and (d)–(f) exhibit the field-

dependent and temperature-dependent MR, respectively.

012401-4 Liu et al. Appl. Phys. Lett. 113, 012401 (2018)



magnetic field. The spin-glass state at GBs gradually melts

as temperature increases close to the melting temperature of

the spin-glass state, so the moments cannot be aligned by the

external magnetic field.32,35,37 With H?J [Fig. 5(c)], the

low-field MR of the Fe3O4 (PC) film shows a similar qua-

dratic outline owing to the magnetocrystalline anisotropy.

However, because of the shrink of long-range ordering, the

reduction of magnetocrystalline anisotropy leads to a smaller

HA in the Fe3O4 (PC) film. In Fig. 5(f), the temperature

dependent MR with H?J is similar to the MR with an in-

plane field because of the isotropic structure in the Fe3O4

(PC) film.

In conclusion, the investigations of MR in Fe3O4(100)

and (111) films below TV manifest the antiferromagnetic

coupling across twin boundaries, which is confirmed by the

decrease in MS with the decreased temperature. Owing to the

reduction of the density of APBs in our Fe3O4(EP) films fab-

ricated at a relatively high temperature, we find that the

mechanism of MR in Fe3O4 (EP) samples is temperature

dependent. In the Fe3O4 (PC) film, MR comes from the dis-

ordered distribution of magnetic moments at GBs and it is

extrapolated to zero at about 430 K because of the melting of

the spin-glass state at GBs.
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