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The anomalous Nernst effect in a perpendicularly magnetized Ir22Mn78/Co20Fe60B20/MgO thin

film is measured using well-defined in-plane temperature gradients. The anomalous Nernst coeffi-

cient reaches 1.8 lV/K at room temperature, which is almost 50 times larger than that of a Ta/

Co20Fe60B20/MgO thin film with perpendicular magnetic anisotropy. The anomalous Nernst and

anomalous Hall results in different sample structures revealing that the large Nernst coefficient of

the Ir22Mn78/Co20Fe60B20/MgO thin film is related to the interface between CoFeB and IrMn.

Published by AIP Publishing. https://doi.org/10.1063/1.4996399

A branch of spintronics called spin caloritronics1–13

focuses on the interplay of spin and heat currents. The effects

discovered in this emerging research field have revived inter-

est in the anomalous Nernst effect (ANE), which is defined

as the voltage observed perpendicular to both the heat cur-

rent and the spontaneous magnetization. So far, the ANE has

been investigated in many different materials, such as ferro-

magnetic (FM) metals like Py,14–16 L10-type Mn-Ga Heusler

alloy, and FePt thin film,17 Fe3O4 single crystals,18 rare-earth

metal Tb30Fe35Co35,19 [Pt/Co]n multilayers,20 and others.21

A typical setup, utilizing an out-of-plane temperature gradi-

ent and an in-plane magnetic field, has been used to investi-

gate the ANE in previous works.22–26 The trouble with this

configuration is that, in addition to generating an ANE volt-

age, the out-of-plane temperature gradient can also generate

a spin current through the so-called longitudinal spin

Seebeck effect (LSSE),22,27–33 which flows directly from the

ferromagnetic (FM) into the adjacent non-magnetic metal

(NM) and generates a voltage because of the inverse spin

Hall effect (ISHE). In order to distinguish the spin Seebeck

effect (SSE) and ANE, extensive efforts34–37 have been

made to compare the voltage in different temperature gradi-

ent configurations. However, it is quite challenging to define

precisely the out-of-plane temperature gradient which is estab-

lished over a few nm thickness. Usually, the temperature gradi-

ent is calculated by simulation, rather than directly

measured.24,38 Alternatively, the converse geometry is used,

i.e., in-plane temperature gradient and out-of-plane magnetic

fields.39 The geometry with an out-of-plane magnetic field and

an in-plane temperature gradient is the natural configuration

when studying perpendicularly magnetized ordered-alloy thin

films. Then, this measurement avoids SSE19,40–42 and allows a

precise determination of the temperature gradient since it is in-

plane, e.g., by using a thermal camera.43,44

Previous experiments observed an enhancement of the

ANE in stacks containing heavy elements, indicating the rel-

evance of strong spin orbit coupling (SOC) to obtain large

Nernst coefficients NANE,20,45 e.g., Uchida et al. showed that

the anomalous Nernst coefficients change from about

0.1 lV/K to 1 lV/K by introducing strong SOC. In this work,

we observed an ANE in Ta/IrMn/CoFeB/MgO/Ta structures

that is almost 50 times larger than that of a thin film of Ta/

CoFeB/MgO/Ta, i.e., without the IrMn layer.

We study the Nernst effect in a thin film of the following

structure: Ta (5)/IrMn (2.5)/CoFeB (0.9)/MgO (1)/Ta (2),

where thicknesses are in nm, and the layers are listed from

bottom to top [Fig. 1(a)]. The film is grown by magnetron

sputtering at room temperature on the silicon substrate capped

with 100 nm of a thermal oxide.46 The base pressure of the

sputtering chamber was lower than 2� 10�8 Torr. The films

were annealed at 250 �C in vacuum under an out-of-plane

magnetic field. Their magnetization was measured using a

vibrating sample magnetometer (VSM) at 300 K in an out-of-

plane magnetic field geometry [Fig. 1(c)]. We found that the

coercive field was about 4 Oe. Owing to the antiferromagnetic

(AFM)-ferromagnetic (FM) interface between IrMn and

CoFeB, we also observed an exchange-bias field (HEB) of

approximately 2 Oe. Such exchange biasing is one of the phe-

nomena associated with the exchange anisotropy created at

the interface between an AFM and a FM material.47 In order

to investigate the ANE, the films were patterned into a Hall

bar structure using standard photolithography and ion beam

etching (IBE). The Hall bar was 3 mm in width, 10 mm in

length, and connected to 100 nm thick gold pads [Fig. 1(b)].
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Two Peltier elements along the x-axis were put on the back-

side of the sample to induce an in-plane temperature gradient

and enable ANE measurements with an out-of-plane magnetic

field. An infrared thermal camera was used to determine the

temperature gradient of the sample surface [Fig. 1(d)]. The

anomalous Hall effect (AHE) and ANE measurements reported

here were performed on the same sample at room temperature,

using a current source and a Keithley 2182A nanovoltmeter.

The anomalous Hall voltage as a function of out-of-

plane magnetic field is shown in Fig. 2(a). The square loop is

consistent with the magnetic hysteresis loop shown in Fig.

1(c). The anomalous Hall resistance RAHE is about 1.4 X. In

anomalous Nernst measurements, instead of a charge current,

a temperature gradient is applied along the sample length

direction, which also generates a transverse voltage. By

sweeping the out-of-plane magnetic field, the voltage changes

its sign, as shown in Fig. 2(b). The ANE can be described by

the Nernst coefficient NANE, according to38

EANE ¼ �NANEm�rT ¼ �NANE m̂ � x̂ð ÞDT

l
; (1)

where l(10 mm) is the length of the IrMn/CoFeB/MgO stripe

[Fig. 1(b)], m̂ and x̂ are the normal vectors along the magne-

tization M and the x-axis, EANE is the effective electric field,

and NANE is the Nernst coefficient. Thus, when M is aligned

in the z-direction and the temperature gradient rT is aligned

in the x-direction, the voltage Vy is generated along the y-

direction. A reversal of the temperature gradient leads to a

change of the voltage sign (Fig. 3). This confirms that the

observed voltage is indeed caused by the thermomagnetic

FIG. 1. (a) Schematics of the AFM/FM

layer thin film (layer thicknesses indi-

cated in parentheses). (b) Optical

micrograph of the Hall bar structure.

(c) Vibrating sample magnetometer

(VSM) measurement of the sample in

an out-of-plane magnetic field. (d) Top:

temperature distribution across central

part of the sample surface. Bottom:

image of the sample surface taken using

an infrared thermal camera.

FIG. 2. Perpendicularly magnetized IrMn/CoFeB/MgO layers’ magnetic

field Hx dependence of (a) the AHE voltage VAHE with �50 lA DC. (b) The

Nernst voltage Vy under an applied temperature gradient rTx of�2.4 K/cm.

FIG. 3. Temperature gradient rT dependence of VANE in IrMn/CoFeB/MgO

layers. The red line shows the separate line fitting for the positive and nega-

tive temperature gradients.

222401-2 Tu et al. Appl. Phys. Lett. 111, 222401 (2017)



effect [Fig. 2(b)]. We define the Nernst voltage as VANE

¼ (Vy
þ � Vy

�)/2 in Fig. 2(b).

In order to further investigate the relationship between

the ANE voltage and the temperature gradient, the same

magnetic field sweeps as shown in Fig. 2(b) have been per-

formed at different temperature gradients from �4 K/cm

toþ6 K/cm. We observed a linear dependence between the

ANE voltage and the temperature gradient (Fig. 3). By

obtaining the slopes for the positive and negative tempera-

ture gradients, we get the separate values of 1.66 lV/K and

1.98 lV/K for NANE with Eq. (1), respectively. Based on

this, we estimate the average value of 1.82 lV/K for NANE

with an error bar of about 0.16 lV/K. Here, we must point

out that the error bars above 3 K/cm start increasing to rather

high values. This is most likely due to the fact that when the

in-plane temperature gradient is increased, the surface tem-

perature of the Peltier elements fluctuates somewhat, owing

to the large temperature difference between the Peltier faces

and ambient air.

The ANE value we thus found is surprisingly large com-

pared to typical values in the previously reported experiments.

We presume that this large Nernst coefficient is due to the

interface between CoFeB and IrMn. In order to test this

assumption, we characterized the sample of IrMn(1.5 nm)/

CoFeB/MgO and Ta/CoFeB/MgO corresponding to sample

B and sample C, respectively. All measurements were

performed under the same experimental conditions as above,

i.e., the same geometry, substrate, and environmental temper-

ature. The magnitude of the anomalous Nernst coefficient in

Ta/CoFeB/MgO was found to be 0.04 lV/K [Fig. 4(d)]. This

is almost 50 times smaller than that of the IrMn(2.5 nm)/

CoFeB/MgO structure which was defined as sample A in Fig.

4(f). We also measured the anomalous Hall voltage [Figs.

4(a) and 4(b)]. We compare the Hall resistivity of the three

samples and see that the Hall resistivity is enhanced by the

presence of the IrMn layer [Fig. 4(c)]. Of course, the pro-

nounced increase in both the Hall resistivity and the Nernst

coefficient is influenced by the film resistivity, total thickness,

interface roughness, the crystalline structure of the CoFeB,

and the interfacial exchange interaction. However, here, the

film resistivities of CoFeB and IrMn are 160 and 278 lX cm,

respectively.46 Furthermore, the total film thickness difference

was 2.5 nm, which was the thickness of IrMn, and the resistiv-

ity of the whole films was of the same order of magnitude.

Therefore, a change in film resistivity may only play a slight

role in AHE and ANE enhancement. Our results on NANE and

Hall resistivity are consistent with the idea that what the

observed large Nernst effect is due to the interface between

IrMn and CoFeB, e.g., a proximity effect48,49 or an interfacial

exchange interaction.50–52 Moreover, the polarity of the AHE

and ANE signal changed after the IrMn layer was inserted, as

shown in Figs. 2 and 4. Among perpendicular magnetic

FIG. 4. Magnetic field Hx dependence of

the AHE voltage VAHE with�50lA DC

in (a) and the Nernst voltage Vy under

an applied temperature gradient rTx

of�4.7 K/cm in (b) for the perpendicu-

larly magnetized Ta/CoFeB/MgO layers.

(c) and (d) The AHE voltage VAHE

with�50lA DC and the Nernst voltage

Vy under an applied temperature gradient

rTx of�1 K/cm in perpendicularly mag-

netized Ta/IrMn(1.5 nm)/CoFeB/MgO

layers, respectively. (e) AHE resistivity

and (f) Anomalous Nernst coefficients in

different samples. Here, sample A, sam-

ple B, and sample C represent Ta/

Ir22Mn78(2.5 nm)/Co20Fe60B20/MgO, Ta/

Ir22Mn78(1.5 nm)/Co20Fe60B20/MgO, and

Ta/Co20Fe60B20/MgO thin films with all

being Ta capped.

222401-3 Tu et al. Appl. Phys. Lett. 111, 222401 (2017)



anisotropy (PMA) studies, there are several AHE studies on

thin Co-Pd alloys and Co/Pd multilayers. Kim et al.,53 for

example, explored the Pd thickness dependence of the AHE

of Co/Pd multilayers. The polarity of the AHE signal of the

Pd/Co multilayer changed between 4 and 5 monolayers (ML)

of Pd. They suggested that the reason for this phenomenon

was the change in the Fermi level position when the Pd thick-

ness was changed. Jen et al.54 studied the AHE coefficient of

Co1�xPdx alloys. Depending on the Pd concentration, differ-

ent types of scattering mechanisms lead to a change of the

AHE sign. The reverse polarity of AHE and ANE signals is

likely to be connected to a shift of the Fermi level due to the

insertion of an IrMn layer. Further insight into the mechanism

of this sign reversal could be gained by increasing the number

of atomic layers of IrMn.

Other groups have also measured the Nernst coefficients

by using either out-of-plane39 or in-plane24 magnetized

CoFeB films capped with non-magnetic metal. The values

obtained by them are much larger than that of our Ta/CoFeB/

MgO film. For example, Wells et al. observed NANE of

2.5 lV/K in perpendicularly magnetized CoFeB/Pt nano-

wires.39 It is not clear why there is such a large difference

between our results and theirs. It could be due to the differ-

ence in the properties of the CoFeB layer (composition and

thickness) and the measurement techniques.

As a last check experiment, we tried to detect the Nernst

voltage of a film with the structure: Ta/IrMn/MgO. The

observed voltage was within the noise level, i.e., far less than

the Nernst voltage detected in the samples that contained a

PMA ferromagnetic layer.

From the above results, it can be argued that the IrMn/

CoFeB/MgO layers would be promising materials for ther-

moelectric applications. Even though the Nernst coefficient

is small compared to the Seebeck coefficient of a high per-

formance thermoelectric, we point out that PMA structures

offer a unique possibility for obtaining a large voltage, as

illustrated in Fig. 5. Sakuraba et al.41 have proposed a

method, namely, the thermopiles, to get a large voltage in

both PMA and no PMA samples. Yin et al. in Ref. 16 have

compared the voltage between Vx and Vy in samples without

PMA by applying an out-of-plane temperature gradient and

an in-plane magnetic field. The larger the separation between

the voltage contacts is the greater is the ANE voltage that we

get. Indeed, if the temperature difference DT is applied

across the width w of the strip, then we have38

VANE ¼
�l

w
NANEDT: (2)

The Nernst voltage is therefore proportional to the ratio l=w,

which can be made quite large.

In conclusion, we have found that the anomalous Nernst

coefficient of the IrMn/CoFeB/MgO thin film with PMA is

almost 50 times larger than that of Ta/CoFeB/MgO, which is

also with good PMA. The results with and without IrMn

indicate that this enhanced Nernst coefficient is related to the

interface between CoFeB and IrMn. The underlying mecha-

nism responsible for the strength of the ANE effect, when

both SOC and exchange biasing play a role, is yet to be

understood. We point out a possible application of ANE that

takes advantage of the perpendicular magnetization to obtain

large Nernst voltage, owing to the in-plane geometry of the

device.

The authors would like to thank Albert Fert and Russell

Cowburn for helpful discussions. This work was supported

by the National Science Foundation of China under Grant

No. 11674020, by the Sino-Swiss Science and Technology

Cooperation SSSTC Grant No. EG 01-032015 for S.T. and

EG 01-122016 for J.H., Youth 1000 talent program, and by

the Program of Introducing Talents of Discipline to

Universities in China “111 Program” No. B16001, for X.W.

by grants from the Research Grants Council of the Hong

Kong Special Administrative Region in China Nos.

16300117 and 16301816.

1G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nat. Mater. 11, 391–399

(2012).
2H. Yu, S. D. Brechet, and J.-P. Ansermet, Phys. Lett. A 381, 825–837

(2017).
3L. Gravier, S. Serrano-Guisan, F. Reuse, and J.-P. Ansermet, Phys. Rev. B

73, 024419 (2006).
4M. Hatami, G. E. W. Bauer, Q. Zhang, and P. J. Kelly, Phys. Rev. Lett.

99, 066603 (2007).
5H. Yu, S. Granville, D. P. Yu, and J.-P. Ansermet, Phys. Rev. Lett.

104(14), 146601 (2010).
6A. Slachter, F. L. Bakker, J.-P. Adam, and B. J. van Wees, Nat. Phys. 6,

879 (2010).
7J. E. Wegrowe, Q. A. Nguyen, M. Al-Barki, J. F. Dayen, T. L. Wade, and

H. J. Drouhin, Phys. Rev. B 73(13), 134422 (2006).
8S. Serrano-Guisan, G. Di Domenicantonio, M. Abid, J. P. Abid, M.

Hillenkamp, L. Gravier, J.-P. Ansermet, and C. F�elix, Nat. Mater. 5, 730

(2006).
9X. Jia, K. Xia, and G. E. W. Bauer, Phys. Rev. Lett. 107, 176603 (2011).

10M. Walter, J. Walowski, V. Zbarsky, M. M€unzenberg, M. Sch€afers, D.

Ebke, G. Reiss, A. Thomas, P. Peretzki, M. Seibt, J. S. Moodera, M.

Czerner, M. Bachmann, and C. Heiliger, Nat. Mater. 10, 742 (2011).
11M. R. Sears and W. M. Saslow, Can. J. Phys. 89, 1041 (2011).
12W. Lin, M. Hehn, L. Chaput, B. Negulescu, S. Andrieu, F. Montaigne, and

S. Mangin, Nat. Commun. 3, 744 (2012).
13G.-M. Choi, C.-H. Moon, B.-C. Min, K.-J. Lee, and D. G. Cahill, Nat.

Phys. 11, 576 (2015).
14V. D. Ky, Phys. Status Solidi B 17, K203–K205 (1966).
15M. Schmid, S. Srichandan, D. Meier, T. Kuschel, J.-M. Schmalhorst, M.

Vogel, G. Reiss, C. Strunk, and C. H. Back, Phys. Rev. Lett. 111, 187201

(2013).
16S. L. Yin, Q. Mao, Q. Y. Meng, D. Li, and H. W. Zhao, Phys. Rev. B 88,

064410 (2013).
17K. Hasegawa, M. Mizuguchi, Y. Sakuraba, T. Kamada, T. Kojima, T.

Kubota, S. Mizukami, T. Miyazaki, and K. Takanashi, Appl. Phys. Lett.

106, 252405 (2015).
18R. Ramos, M. H. Aguirre, A. Anadn, J. Blasco, I. Lucas, K. Uchida, P. A.

Algarabel, L. Morelln, E. Saitoh, and M. R. Ibarra, Phys. Rev. B 90,

054422 (2014).

FIG. 5. The schematic of the thermoelectric device based on ANE in IrMn/

CoFeB/MgO layers.

222401-4 Tu et al. Appl. Phys. Lett. 111, 222401 (2017)

https://doi.org/10.1038/nmat3301
https://doi.org/10.1016/j.physleta.2016.12.038
https://doi.org/10.1103/PhysRevB.73.024419
https://doi.org/10.1103/PhysRevLett.99.066603
https://doi.org/10.1103/PhysRevLett.104.146601
https://doi.org/10.1038/nphys1767
https://doi.org/10.1103/PhysRevB.73.134422
https://doi.org/10.1038/nmat1713
https://doi.org/10.1103/PhysRevLett.107.176603
https://doi.org/10.1038/nmat3076
https://doi.org/10.1139/p11-093
https://doi.org/10.1038/ncomms1748
https://doi.org/10.1038/nphys3355
https://doi.org/10.1038/nphys3355
https://doi.org/10.1002/pssb.19660170261
https://doi.org/10.1103/PhysRevLett.111.187201
https://doi.org/10.1103/PhysRevB.88.064410
https://doi.org/10.1063/1.4922901
https://doi.org/10.1103/PhysRevB.90.054422


19R. Ando, T. Komine, and Y. Hasegawa, J. Electron. Mater. 45, 3570–3575

(2016).
20C. Fang, C. H. Wan, Z. H. Yuan, L. Huang, X. Zhang, H. Wu, Q. T.

Zhang, and X. F. Han, Phys. Rev. B 93, 054420 (2016).
21Y. Pu, D. Chiba, F. Matsukura, H. Ohno, and J. Shi, Phys. Rev. Lett. 101,

117208 (2008).
22S. Bosu, Y. Sakuraba, K. Uchida, K. Saito, T. Ota, E. Saitoh, and K.

Takanashi, Phys. Rev. B 83, 224401 (2011).
23M. Weiler, M. Althammer, F. D. Czeschka, H. Huebl, M. S. Wagner, M.

Opel, I.-M. Imort, G. Reiss, A. Thomas, R. Gross, and S. T. B.

Goennenwein, Phys. Rev. Lett. 108, 106602 (2012).
24K.-D. Lee, D.-J. Kim, H. Y. Lee, S.-H. Kim, J.-H. Lee, K.-M. Lee, J.-R.

Jeong, K.-S. Lee, H.-S. Song, J.-W. Sohn, S.-C. Shin, and B.-G. Park, Sci.

Rep. 5, 10249 (2015).
25K. Baumgaertl, F. Heimbach, S. Maendl, D. Rueffer, A. Fontcuberta i

Morral, and D. Grundler, Appl. Phys. Lett. 108, 132408 (2016).
26M. Ikhlas, T. Tomita, T. Koretsune, M. T. Suzuki, D. Nishio-Hamane, R.

Arita, Y. Otani, and S. Nakatsuji, Nat. Phys. 13, 1085–1090 (2017).
27S. Y. Huang, W. G. Wang, S. F. Lee, J. Kwo, and C. L. Chien, Phys. Rev.

Lett. 107, 216604 (2011).
28D. Meier, D. Reinhardt, M. Schmid, C. H. Back, J.-M. Schmalhorst, T.

Kuschel, and G. Reiss, Phys. Rev. B 88, 184425 (2013).
29C. T. Bui and F. Rivadulla, Phys. Rev. B 90, 100403(R) (2014).
30D. Meier, D. Reinhardt, M. van Straaten, C. Klewe, M. Althammer, M.

Schreier, S. T. B. Goennenwein, A. Gupta, M. Schmid, C. H. Back, J.-

M. Schmalhorst, T. Kuschel, and G. Reiss, Nat. Commun. 6, 8211

(2015).
31J. Xiao, G. E. W. Bauer, K. C. Uchida, E. Saitoh, and S. Maekawa, Phys.

Rev. B 81(21), 214418 (2010).
32H. Chang, P. A. Praveen Janantha, J. Ding, T. Liu, K. Cline, J. N. Gelfand,

W. Li, M. C. Marconi, and M. Wu, Sci. Adv. 3, e1601614 (2017).
33Y. D. Xu, B. W. Yang, C. Tang, Z. L. Jiang, M. Schneider, R. Whig, and

J. Shi, Appl. Phys. Lett. 105, 242404 (2014).
34A. D. Avery, M. R. Pufall, and B. L. Zink, Phys. Rev. Lett. 109, 196602

(2012).
35D. Qu, S. Y. Huang, J. Hu, R. Wu, and C. L. Chien, Phys. Rev. Lett. 110,

067206 (2013).

36T. Kikkawa, K. Uchida, S. Daimon, Y. Shiomi, H. Adachi, Z. Qiu, D.

Hou, X.-F. Jin, S. Maekawa, and E. Saitoh, Phys. Rev. B 88, 214403

(2013).
37S. M. Wu, J. Hoffman, J. E. Pearson, and A. Bhattacharya, Appl. Phys.

Lett. 105, 092409 (2014).
38A. von Bieren, F. Brandl, D. Grundler, and J.-P. Ansermet, Appl. Phys.

Lett. 102, 052408 (2013).
39J. Wells, E. Selezneva, P. Krzysteczko, X. Hu, H. W. Schumacher, R. Mansell,

R. Cowburn, A. Cuenat, and O. Kazakova, AIP Adv. 7, 055904 (2017).
40M. Mizuguchi, S. Ohata, K. Hasegawa, K. Uchida, E. Saitoh, and K.

Takanashi, Appl. Phys. Express 5, 093002 (2012).
41Y. Sakuraba, K. Hasegawa, M. Mizuguchi, T. Kubota, S. Mizukami, T.

Miyazaki, and K. Takanashi, Appl. Phys. Express 6, 033003 (2013).
42O. Kelekci, H. N. Lee, T. W. Kim, and H. Noh, J. Magn. 18, 225–229 (2013).
43K. Uchida, H. Adachi, T. An, T. Ota, M. Toda, B. Hillebrands, S.

Maekawa, and E. Saitoh, Nat. Mater. 10, 737 (2011).
44H. Yu, S. D. Brechet, P. Che, F. A. Vetro, M. Collet, S. Tu, Y. G. Zhang, Y.

Zhang, T. Stueckler, L. Wang, H. Cui, D. Wang, C. Zhao, P. Bortolotti, A.

Anane, J.-P. Ansermet, and W. Zhao, Phys. Rev. B 95(10), 104432 (2017).
45K. Uchida, T. Kikkawa, T. Seki, T. Oyake, J. Shiomi, Z. Qiu, K.

Takanashi, and E. Saitoh, Phys. Rev. B 92, 094414 (2015).
46D. Wu, G. Yu, C.-T. Chen, S. A. Razavi, Q. Shao, X. Li, B. Zhao, K. L.

Wong, C. He, Z. Zhang, P. K. Amiri, and K. L. Wang, Appl. Phys. Lett.

109, 222401 (2016).
47J. Nogues and I. K. Schuller, J. Magn. Magn. Mater. 192, 203–232 (1999).
48S. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J. Wu, T. Y. Chen,

J. Q. Xiao, and C. L. Chien, Phys. Rev. Lett. 109, 107204 (2012).
49N. H. Long, P. Mavropoulos, B. Zimmermann, S. Bl€ugel, and Y.

Mokrousov, Phys. Rev. B 93, 180406 (2016).
50C. R. Ast, J. Henk, A. Ernst, L. Moreschini, M. C. Falub, D. Pacile, P.

Bruno, K. Kern, and M. Grioni, Phys. Rev. Lett. 98, 186807 (2007).
51L. Q. Liu, C. F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman,

Science 336, 555 (2012).
52Y. M. Koroteev, G. Bihlmayer, J. E. Gayone, E. V. Chulkov, S. Blugel, P.

M. Echenique, and P. Hofmann, Phys. Rev. Lett. 93, 046403 (2004).
53S. Kim, S. R. Lee, and J. D. Chung, J. Appl. Phys. 73, 6344 (1993).
54S. U. Jen, B. L. Chao, and C. C. Liu, J. Appl. Phys. 76, 5782 (1994).

222401-5 Tu et al. Appl. Phys. Lett. 111, 222401 (2017)

https://doi.org/10.1007/s11664-016-4537-y
https://doi.org/10.1103/PhysRevB.93.054420
https://doi.org/10.1103/PhysRevLett.101.117208
https://doi.org/10.1103/PhysRevB.83.224401
https://doi.org/10.1103/PhysRevLett.108.106602
https://doi.org/10.1038/srep10249
https://doi.org/10.1038/srep10249
https://doi.org/10.1063/1.4945331
https://doi.org/10.1038/nphys4181
https://doi.org/10.1103/PhysRevLett.107.216604
https://doi.org/10.1103/PhysRevLett.107.216604
https://doi.org/10.1103/PhysRevB.88.184425
https://doi.org/10.1103/PhysRevB.90.100403
https://doi.org/10.1038/ncomms9211
https://doi.org/10.1103/PhysRevB.81.214418
https://doi.org/10.1103/PhysRevB.81.214418
https://doi.org/10.1126/sciadv.1601614
https://doi.org/10.1063/1.4904467
https://doi.org/10.1103/PhysRevLett.109.196602
https://doi.org/10.1103/PhysRevLett.110.067206
https://doi.org/10.1103/PhysRevB.88.214403
https://doi.org/10.1063/1.4895034
https://doi.org/10.1063/1.4895034
https://doi.org/10.1063/1.4789974
https://doi.org/10.1063/1.4789974
https://doi.org/10.1063/1.4973196
https://doi.org/10.1143/APEX.5.093002
https://doi.org/10.7567/APEX.6.033003
https://doi.org/10.4283/JMAG.2013.18.3.225
https://doi.org/10.1038/nmat3099
https://doi.org/10.1103/PhysRevB.95.104432
https://doi.org/10.1103/PhysRevB.92.094414
https://doi.org/10.1063/1.4968785
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1103/PhysRevLett.109.107204
https://doi.org/10.1103/PhysRevB.93.180406
https://doi.org/10.1103/PhysRevLett.98.186807
https://doi.org/10.1126/science.1218197
https://doi.org/10.1103/PhysRevLett.93.046403
https://doi.org/10.1063/1.352643
https://doi.org/10.1063/1.358391

	l
	n1
	n2
	n3
	d1
	f1
	f2
	f3
	f4
	d2
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	f5
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54

