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Abstract

We report a complete characterization of the anomalous Nernst effect (ANE) and its relationship

with the anomalous Hall effect (AHE) in Fe3O4. By combining full thermoelectric and electric

transport measurements as a function of temperature, we have verified that the universal scaling

relation between the anomalous Hall and diagonal conductivities (σzy ∝ σ1.6zz ), observed in materials

with bad-metal-hopping type of conduction, is also applicable to the thermoelectric transport. We

further show that the ANE and AHE are commonly related through the Mott relation, therefore

demonstrating its validity for anomalous transport phenomena in materials with conduction in the

the dirty regime.

PACS numbers: 75.47.-m, 75.47.Lx, 72.20.Pa, 71.30.+h
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Thermoelectric power conversion is a promising approach for environmental friendly en-

ergy generation. Traditionally it has exploited the generation of an electric voltage by a

thermal gradient, the Seebeck effect. However the efficiency of conventional thermoelectric

materials is limited by their ability to sustain a thermal gradient, one approach is focused on

the reduction of the thermal conductivity but the electronic carrier contribution represents

an obstacle for the efficiency of thermoelectric devices, since it presents a lower limit to the

minimum thermal conductivity that can be attained. Contrary to this the electronic con-

ductivity has to be maximized. The recent discovery of the spin Seebeck effect (SSE)1 and

its observation in magnetic insulators2 offers a possible route to overcome this limitation and

the possibility of exploiting magnetic oxide materials, which are not generally suitable for

conventional thermoelectric generation, due to the absence of mobile carriers. This discovery

expanded the field of spin caloritronics3, which is focused on the study of the correlation

between heat, spin and charge currents in magnetic materials. This area has the potential

for heat manipulation4 and thermoelectric power generation exploiting other thermomag-

netic effects in magnetic materials, as it has been recently shown with the observation of an

increased voltage in SSE5 and anomalous Nernst effect (ANE) thermopile structures.6

In light of the above, thermomagnetic properties of magnetic oxides are key issues to estab-

lish a landscape of suitable materials for heat induced generation of spin currents, therefore

studying mechanisms that can affect the spin Seebeck effect is of utter importance in order

to deepen our knowledge on the spin-heat interaction. This has been recently shown in

studies on SSE and ANE,7–11 where the relevance of ANE to spin caloritronics has been

investigated. Phenomenologically, the anomalous Nernst effect consists on the generation of

an electric field ( ~EANE) in the direction parallel to the outer product of the magnetization

of the sample ( ~M) and applied thermal gradient (∇T ) (see Fig. 1(a)) and can be expressed

as:

~EANE = −QSµ0( ~M ×∇T ), (1)

where µ0 and QS are the vacuum permeability and ANE coefficient, respectively. The phys-

ical origin of the ANE is still to be clarified, since the number of studies on this effect is

scarce6,12–14 and never reported in magnetite.

Here, we report the experimental measurement of ANE in Fe3O4 single crystal. Magnetite

is a well known material which presents a high Curie temperature (858 K) and an expected

half metallic behavior, these properties have made it a potential candidate for spintronic
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applications,15 inspiring a number of investigations on thin films and heterostructures.16–18

Magnetite is also known to present a metal to insulator transition at a temperature of around

125 K, known as the Verwey transition, whose mechanism has been the matter of controversy

for decades.19,20 Despite being the oldest magnetic material known to mankind, the ANE

in magnetite has remained elusive and there are not available reports to date. Furthermore

recent observation of the spin Seebeck effect in magnetite thin films21 points to the need

to investigate the fundamental thermomagnetic transport properties of this material. This

study will help in the advancement of heat-spin interaction knowledge and possibly a better

control of heat driven spin currents, unveiling the role of conduction on the ANE of this

highly correlated oxide.

Two Fe3O4(001) single crystals were used for this study to confirm the reproducibility of

the results (labelled S1 and S2). They were obtained by the floating zone method,22 show-

ing a saturation magnetization at 5 K of 4.11 µB, and the Verwey transition temperature

(TV ) at 123.5 K with a narrow transition width (∆T = 1 K), these features correspond to

highly stoichiometric samples.23,24 Further details of sample preparation and properties can

be obtained elsewhere.23,25,26

Anomalous Nernst effect measurements were performed in a home made thermoelectric

measurements probe compatible with an Oxford spectrostat NMR40 continuous flow He

cryostat. The sample is placed between two Cu plates; a resistive heater is connected to the

upper Cu plate and the lower Cu plate provides the heat sink and is in direct contact with

the thermal link of the cryostat. A temperature gradient is generated by application of an

electric current to the heater and the temperature difference between upper and lower plate

is monitored by two T-type thermocouples. To avoid electrical contact of the Cu plates

with the sample, two sapphire single crystals were placed between the top/bottom of the

sample and the top/bottom Cu plate, this ensures electrical insulation without disruption

of the thermal contact. The samples were contacted with thin Al wires with the diameter

of 25 µm. To minimize thermal losses, the temperature of the wires is stabilized by thermal

anchoring to the sample holder. The thermoelectric voltage in Fe3O4 was monitored with a

Keithley 2182A nanovoltmeter.

The dimensions of the samples used for the ANE measurements were Lx = 1 mm, Ly =

4 mm and Lz = 1 mm. The distance between the voltage probing contacts was Lc = 2

mm. A thermal gradient was applied in the z direction, while a sweeping magnetic field

4



parallel to the x direction is applied while the generated voltage is measured in the y direc-

tion (see Figure 1(a) for the measurement geometry). Small misalignments when centering

the sample with respect to the upper plate can generate spurious in-plane gradients which

can give a contribution from the magnetothermopower. This contribution was removed by

antisymmetrization of the measured voltage.

Figure 1(b) shows the results observed in the Fe3O4 single crystal for the magnetic field de-

pendence of the thermally induced transversal voltage (Vy) measured at room temperature

when the magnetic field is applied parallel to the x direction, for different magnitudes of ap-

plied thermal gradient between the top and bottom of the sample. We can clearly see that

the magnitude of the voltage increases with the magnitude of the temperature difference

(∆T ), the inset shows the magnitude of the measured voltage at saturation (V sat
y = Vy(0.7

T)) versus ∆T , where the expected linear dependence is observed. The anomalous Nernst

signal can be extracted from the slope of this curve and geometrically correcting for the

measurement geometry (Szy = (V sat
y /∆T )(Lz/Lc)). Obtaining the following values at room

temperature; Szy = 0.122±0.003 µV/K and QS = Szy

µ0MS
= 0.189±0.004 µV/KT, where MS

is the magnetization saturation. These values are similar for both samples within experi-

mental error. It is important to remark that the contribution from the normal Nernst effect

(NE) to the observed signal does not affect the measured ANE values. We estimated the

NE obtained from the slope of Vy vs µ0H for fields larger than 0.5 T at different thermal

gradients, obtaining a coefficient of 0.01 µV/KT. This gives a contribution from the NE to

the ANE signal of only 7 nV/K at 0.7 T, which is of the same order of magnitude of the

estimated error for Szy. This behavior is consistently observed at all temperatures. Fur-

thermore, the anomalous Nernst effect signal is expected to closely follow the magnetization

of the sample (see Eq.(1)). This can be observed in Figure 1(c), where it is depicted the

transversal thermoelectric voltage (Vy) compared to the magnetization measured at 300 K

with a vibrating sample magnetometer.

The angular dependence of Vy was measured by changing the direction of the applied mag-

netic field as shown in Figure 2(a). Figure 2(b) shows the hysteresis loops for the thermally

induced transversal voltage (Vy) measured at different orientations of magnetic field. The

measured voltage at saturation (V sat
y ) behaves as expected with a sinusoidal dependence and

maximum signal when the magnetic field, the applied thermal gradient and the direction of

the measurement of voltage are at right angles to one another (see Fig. 2(c)) , confirming
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the agreement with the phenomenological equation of the anomalous Nernst effect (Eq. (1)).

The temperature dependence of the observed ANE measured in both samples is shown in

Figure 3(a). It can be observed that the ANE shows a weak dependence with the tem-

perature down to temperatures just above TV . At the Verwey transition temperature the

magnitude of Szy abruptly changes, showing a sign reversal and an increased magnitude. As

the temperature is further reduced the signal recovers its high temperature sign and shows

an increased magnitude in comparison to what it is observed above TV .

In order to analyse the data we need to consider the expression from the electron transport

theory Ji = σijEj − αik∇kT , where Ji stands for the electron current, Ej is the electric

field and ∇kT is the applied thermal gradient, the coefficients σij and αik are the ele-

ments of the electrical and thermoelectric conductivity tensors, respectively. Under open

circuit conditions (Jy = 0), we obtain the following expression for the ANE electric field;

Ey = ρ[αzy − αzz σzyσzz
]∇zT (where ρ = ρzz is the resistivity of the sample), this can be ex-

pressed in terms of the Seebeck coefficient S = ραzz and the Hall angle tanθzy = σzy/σzz

as

Ey = [ραzy − Stanθzy]∇zT. (2)

In this equation the first term arises from the non-diagonal component of the thermoelectric

conductivity tensor and the second term from the non-diagonal component of the electrical

conductivity tensor. Therefore in order to evaluate the origin of the observed transversal

voltage (Vy), it is necessary to perform resistivity, Seebeck and anomalous Hall effect (AHE)

measurements. Figure 3(b) shows the Seebeck effect obtained for a Fe3O4 single crystal with

the thermal gradient applied in the same direction as in the ANE measurement and the resis-

tivity data as a function of temperature. The Seebeck coefficient is approximately constant

above the Verwey transition, with a value of ∼ - 50 µV/K. At T < TV it shows a strong en-

hancement in magnitude, in agreement with previous reports.27,28 AHE measurements were

performed using van der Pauw technique in disc shaped magnetite single crystals from the

same batch as those used for the thermoelectric measurements. The samples used for AHE

have a diameter d = 4 mm and a thickness t = 0.8 mm. The results are shown in figure

3(c), obtaining a scaling relation σzy = −10−3.9±0.1σ1.53±0.06
zz (see inset of Fig.3(c)), these re-

sults are in agreement with the universal scaling of the AHE in Fe3O4.
29–31 Considering this

relation and the expression for tanθzy = σzy/σzz, we obtained tanθzy = −10−3.9±0.1σ0.53±0.06
zz .

Using the expression for the Hall angle and the measured Seebeck effect we can estimate the
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contribution from the non-diagonal component of the electrical conductivity to the observed

anomalous Nernst signal.

Since both samples show similar behavior, we will focus our analysis on sample S1. Figure

4 shows the comparison between the observed anomalous Nernst signal and the joint con-

tribution of the Seebeck effect and the non-diagonal component of the conductivity tensor

(AHE) for T > 110 K , we can observe that the magnitude of Stanθzy is smaller than that

of the observed signal. From this quantities we can extract the non-diagonal component of

the thermoelectric tensor (αzy = 1
ρ
( Ey

∇T + Stanθzy)), this term gives information about the

transversal current which is generated upon application of a thermal gradient and by On-

sager reciprocity it is also possible to know the amount of transverse heat current generated

by an electric field (JQy = α̃zyEz, since α̃zy = αzyT ).32

The inset of Figure 4 shows the temperature dependence of Szy for the full temperature

range. At TV magnetite undergoes an abrupt change of crystallographic structure from

cubic to monoclinic symmetry,33 this is accompanied by further anomalies in a series of

related parameters that affect the magnetic, thermodynamic and electrical properties of the

solid.19 For instance, the Seebeck effect shows an enhancement and anisotropic behavior

which depends on the direction of the applied thermal gradient with respect to the crystal-

lographic axes.28 Furthermore the magnetoresistance (MR) and magnetoseebeck of Fe3O4

present a sharp peak at TV and are strongly enhanced in the vicinity of T < TV .34 This

complex behavior of several inter-related parameters in the insulating phase complicates the

interpretation of the observed results and points to the need of further studies to clarify the

origin of the observed signal below TV . Therefore we will concentrate our analysis on the

results obtained in the cubic phase of magnetite, above the Verwey transition.

For our analysis we will consider the Mott expression, which relates the off-diagonal compo-

nent of the thermoelectric conductivity tensor αzy to the derivative of σzy at the chemical

potential:

αzy = (
π2k2B

3e
)T

d

dε
[σzy(ε)]µ (3)

where kB is the Boltzmann constant, e the electron charge and µ the chemical potential.

If we consider the power law for the anomalous Hall effect, ρzy = λρnzz and substitute it in

the Mott relation described above.35 We obtain the following expressions for the anomalous
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Nernst response (see appendix):

Szy = ρ(n−1)[
π2k2B

3e
Tλ′ − (n− 1)λS] (4)

and

αzy = ρ(n−2)[
π2k2B

3e
Tλ′ − (n− 2)λS] (5)

where λ′ is the energy derivative of the prefactor in the power law. In Figures 5(a) and 5(b)

we can observe the fitting of Szy and αzy to the above obtained equations (where the fitting

parameters are λ′, λ and n), with the values for λ and n in agreement to the ones previously

extracted by AHE in magnetite.29,30 It is interesting to observe that the equations can

describe the behavior of the ANE in the cubic phase and that the obtained value of n ∼ 0.4

is in agreement with the universal scaling for materials with bad-metal-hopping conduction

regime,36 as previously measured by the anomalous Hall effect in magnetite (σzy ∝ σαzz,

where α = 1.6, since σzy = ρzy/ρ
2
zz and α = 2 − n). Therefore proving the validity of the

Mott relation in the electrically conductive phase and confirming the universal scaling by

means of thermoelectric measurements.

In conclusion, we have measured the previously elusive anomalous Nernst effect in bulk

magnetite. We have further proved the validity of the Mott relation for the off-diagonal

transport coefficients in the cubic phase and demonstrated that the universal scaling be-

tween the anomalous Hall and diagonal conductivity is also applicable for the thermoelectric

transport phenomena. This result is relevant to advance in the knowledge of the anomalous

transport in materials with electronic conduction in the bad-metal-hopping regime.
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Appendix: Derivation of the equations for the anomalous Nernst response

Here we proceed to describe the detailed derivation of equations 4 and 5 of the text,

obtained from the Mott relation for the anomalous transport. We start considering the

equation for the anomalous Nernst signal:

Szy =
Ey
∇zT

= ραzy − Stanθzy (A.1)

where ρ, αzy are the resistivity, off-diagonal component of thermoelectric conductivity and

S = αzz

σ
and tanθzy = σzy

σ
are the Seebeck coefficient and Hall angle respectively.

The Mott expression for the anomalous transport relates the off-diagonal components of the

thermoelectric and electric conductivities and is given by:

αzy = (
π2k2B

3e
)T

d

dε
[σzy(ε)]µ (A.2)

Now we proceed to calculate the energy derivative of of σzy, considering the expression for

the scaling of the anomalous Hall effect; ρzy = λρn (where σzy = ρzy
ρ2zz+ρ

2
zy
' ρzy

ρ2
), which is

equivalent to σzy = λσ2−n, we obtain:

∂

∂ε
(σzy)µ = (

∂λ

∂ε
)µσ

(2−n) + λ(2− n)σ(1−n)(
∂σ

∂ε
)µ (A.3)

introducing this relation into equation (A.2) and considering the Mott expression for the

Seebeck effect (S =
π2k2B
3e

T ∂
∂ε

(lnσ)µ), we can simplify to:

αzy = ρ(n−2)[
π2k2B

3e
Tλ′ − (n− 2)λS] (A.4)

where λ′ = (∂λ
∂ε

)µ and ρ = 1/σ, inserting this expression into equation (A.1) for the anoma-

lous Nernst signal, we obtain:

Szy = ρ(n−1)[
π2k2B

3e
Tλ′ − (n− 1)λS] (A.5)
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FIG. 1. (Color online) (a) Schematic illustration of the measurement geometry. (b) Results ob-

tained for different applied thermal gradients at 300 K. The inset shows the dependence of V sat
y

measured at different magnitudes of the temperature difference (∆T ) across the sample. (c) Com-

parison of the measured anomalous Nernst voltage and the magnetization of the sample.
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FIG. 2. (Color online) (a) Schematic illustration of the experimental geometry. (b) Dependence of

Vy with the direction of applied magnetic field. (c) Angular dependence of the Vy voltage measured

at saturation (V sat
y ), the solid line corresponds to the best fit to a sinusoidal dependence.
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FIG. 3. (Color online) (a) Temperature dependence of the observed anomalous Nernst effect

measured for two Fe3O4 samples. (b) Seebeck effect and resistivity data. The inset shows the

schematic of the Seebeck measurement. (c) Anomalous Hall effect measured at 300 K and fitting

to the universal power factor |σzy| ≈ 10−4σ1.6zz (see inset).
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FIG. 5. (Color online) Temperature dependence of (a) Szy and (b) αzy for the Fe3O4 single crystal

(S1) above the Verwey transition, the solid lines are the best fits using equations (4) and (5).
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