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Fe4N thin films with (001) texture were prepared by reactive sputtering on MgO substrates,

utilizing either a Cr or Ag buffer layer to facilitate the epitaxial growth. X-ray diffraction, atomic

force microscopy, and vibrating sample magnetometry measurements show that the Fe4N thin film

grown on the Ag buffer layer is superior to that grown on the Cr buffer layer. The point contact

Andreev reflection measurement was then conducted, and the spin polarizations were determined

to be 61.1% and 81.3% for Fe4N thin films with Cr and Ag buffer layers, respectively. The 81.3%

spin polarization is significantly higher than the ratio reported previously for Fe4N and is compara-

ble with that of state-of-the-art Heusler alloys. This result is in agreement with the theoretical pre-

diction on the discrepancy between the two differently defined spin polarizations for Fe4N.

Moreover, our study indicates that an optimized growth process for Fe4N thin films is crucial for

achieving a high spin polarization and that true half-metallicity could potentially be realized with

Fe4N. The high spin polarization of Fe4N combined with its low fabrication temperature and simple

composition makes Fe4N a competitive candidate to be a half-metallic ferromagnet in spintronic

devices. Published by AIP Publishing. https://doi.org/10.1063/1.5023698

Half-metallic ferromagnets (HMFMs) are of scientific

interest and technological importance because there is only

one spin band available at the Fermi level, which gives rise

to a current with full spin polarization (SP).1 The efficiency

of spintronic devices such as magnetic tunnel junctions

(MJT), giant magnetoresistance devices, and spin-transfer

torque devices will be greatly enhanced if their ferromag-

netic layers are replaced with HMFMs.2–5 Previously, CrO2

has been the only HMFM that has demonstrated 98% spin

polarization (SP ratio),6,7 but it has a low Tc and instability

at room temperature. In addition, Heusler alloys and

LaSrMnO have also been proposed to be half-metallic, but

their spin polarization is often less than 85%.8–11 The diffi-

culty in their fabrication and their complicated composition

also limit their application.

Fe4N has been extensively studied due to its high SP

ratio, high Curie temperature, and low coercivity.12–17

Unlike conventional ferromagnetic materials, Fe4N has a

negative spin polarization ratio.18 As a result, negative aniso-

tropic magnetoresistance and MTJ devices with negative

magnetoresistance ratios have been demonstrated.19,20

Tunable perpendicular magnetic anisotropy under an electric

field is predicted, granting Fe4N even more potential for

applications in spintronics.21,22 Cubic to tetragonal structural

transformation in the Fe4N lattice at low temperature and

concurrent change in transport behaviors have been

observed.23,24 Alternative tetra-3d metal nitrides, such as

Co4N and Ni3FeN, which share key features with Fe4N, have

been actively explored.25–27 Particularly, Fe4N has been the-

oretically predicted by Kokado et al. to be a HMFM with a

transport SP ratio close to 100%.12 Compared with Heusler

alloys, the most extensively studied HMFM hitherto, Fe4N

shows a major advantage in terms of fabrication. While the

500–700 �C28–32 annealing temperatures required to form an

ordered structure in Heusler alloys render major obstacles

for fabrication of spintronic devices, Fe4N can be prepared at

a lower temperature in the range of 150–400 �C.13–17,33 The

low preparation temperature of Fe4N combined with its sim-

ple composition and crystalline structure grants Fe4N addi-

tional advantages when compared to Heusler alloys for use

as a ferromagnetic electrode.

However, despite the predicted half-metallicity, the pre-

vious point contact Andreev reflection (PCAR) measurement

of Fe4N thin films shows an SP ratio of 59%.34 The 59% SP

ratio is comparable to the ratio of CoFeB estimated by the

same method35 but is significantly less than the theoretically

predicted value and the ratio of state-of-the-art Heusler

alloys.8,9 The large discrepancy between theoretically pre-

dicted and experimentally determined SP ratios calls into

question the potential of Fe4N as a HMFM. In this work, we

will show that a higher SP ratio could be achieved in Fe4N.

Fe4N thin films with (001) texture were sputtered onto single

crystal MgO (001) substrates with either Cr or Ag as a buffer

layer. The films were characterized by X-ray diffraction

(XRD), atomic force microscopy (AFM), and vibrating sam-

ple magnetometry (VSM). The PCAR measurement was

then conducted to determine the SP ratio. Our work demon-

strates an 81.3% SP ratio in the Fe4N film and indicates thata)Electronic mail: jpwang@umn.edu

0003-6951/2018/112(16)/162407/5/$30.00 Published by AIP Publishing.112, 162407-1

APPLIED PHYSICS LETTERS 112, 162407 (2018)

https://doi.org/10.1063/1.5023698
https://doi.org/10.1063/1.5023698
https://doi.org/10.1063/1.5023698
https://doi.org/10.1063/1.5023698
mailto:jpwang@umn.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5023698&domain=pdf&date_stamp=2018-04-18


true half-metallicity could potentially be achieved with

Fe4N.

Fe4N films with stack structures MgO/Cr/Fe4N and MgO/

Fe/Ag/Fe4N were prepared using a multi-facing-target sputter-

ing system. The facing-target sputtering cathode design of the

sputtering system avoids direct contact between the plasma

and the substrate, thus reducing the energy involved during

the deposition process.36,37 The single crystal MgO (001) sub-

strates were overlaid with either Cr or Fe/Ag buffer layers to

facilitate epitaxial growth. The Fe4N layer was deposited at

240 6 40 �C by reactive sputtering, where Ar gas was mixed

with N2 gas with an optimized partial pressure.38 Since the

substrate heating was not in situ, 60 nm Fe4N was grown in

two steps to maintain the growth temperature. In each step,

the substrates were heated in the load-lock and then trans-

ferred to the main chamber to deposit a 30 nm Fe4N layer.

Finally, the film stacks were annealed at 350 �C for 30 min to

further improve crystallinity. Films with stack structures

MgO-Cr(50)Fe4N(60) and MgO-Fe(3)Ag(30)Fe4N(60) were

used for AFM and PCAR measurements, while films with

stack structures MgO-Cr(20)Fe4N(60)Ag(5)Cr(10) and MgO-

Fe(2)Ag(20)Fe4N(60)Ag(5)Cr(10) were used for VSM and

XRD measurements. The numbers in parentheses are the nom-

inal thickness in nanometers. The Fe buffer layer thickness

was minimized to reduce any potential interference the

Fe layer might have had on the characterization of the Fe4N

film. The qualities of the buffer layers were verified despite

some variation in thickness. The Ag(5)Cr(10) capping layers

were deposited to provide additional protection and are not

expected to interfere with the measurements.

Structural characterization was carried out by X-ray dif-

fraction using a Panalytical X’Pert Pro diffractometer with

Cu K-alpha radiation. In contrast to the single phase Fe4N

achieved in the 17 nm Fe4N films in our previous experi-

ments,38 a strong Fe4N (002) peak and a weak Fe3N (001)

peak were observed in the XRD spectrum for the 60 nm

Fe4N films grown on either a Cr or Ag buffer layer, as shown

in Fig. 1(a). Since the substrate heating was ex situ, the Fe3N

phase might have resulted from the drop in substrate temper-

ature during the relatively long time of deposition. Given a

certain Ar and N2 mixture ratio, a lower growth temperature

tends to foster the Fe3N phase.13 The lattice constant of

Fe4N is calculated to be 3.806 Å and 3.808 Å for Cr and Ag

buffered Fe4N films, respectively, which are close to the the-

oretical value of 3.795 Å, despite lattice mismatches with the

buffer layers. To determine the texture of the Fe4N films,

rocking curve measurements were conducted. The FWHM

values of 1.80� and 1.12� were measured for Cr and Ag buff-

ered Fe4N films, respectively, as seen in Fig. 1(b). Therefore,

a better texture is achieved for the Fe4N film grown on a Ag

buffer layer, although neither of the films has a pure Fe4N

phase.

Surface topographies of 60 nm Fe4N films taken with a

Bruker atomic force microscope in the tapping mode are

shown in Fig. 2. The Fe4N film with the Cr buffer layer

shows a much larger grain size than that with the Ag buffer

layer. Correspondingly, the RMS roughness of the Fe4N

films is determined to be 3.0 nm and 0.37 nm for Cr and Ag

buffered films, respectively, which exhibits almost an order

of magnitude difference. This indicates that Fe4N might

have a lower interfacial energy and a better adhesion with

Ag than with the Cr buffer layer.

The in-plane vibrating sample magnetometer (VSM)

measurement with the field applied along the [100] direction

was conducted using a Physical Property Measurement

System (PPMS) in a temperature range of 5–360 K. M-H

loops at room temperature are shown in Figs. 3(a) and 3(b).

The sharp magnetization switching and high Mr/Ms ratios

indicate well-ordered epitaxial growth for both films.

However, a stronger field is needed to fully saturate the mag-

netization. This might result from the presence of the Fe3N

phase whose coercivity is reported to be higher than 500 Oe

at room temperature.39 Figures 3(c) and 3(d) depict the tem-

perature dependence of the saturation magnetization and the

coercivity of the Fe4N films with Cr and Ag buffer layers,

respectively. The contribution from the Fe buffer layer to

magnetization has been subtracted for the Ag buffered sam-

ple. As the temperature increases from 5 K to 360 K, satura-

tion magnetization decreases from 1285 emu/cc to

1052 emu/cc for the Cr buffered sample and from about

1314 emu/cc to 1118 emu/cc for the Ag buffered sample.

Meanwhile, coercivity decreases from 130 Oe to 63 Oe for

the Cr buffered sample and from 117 Oe to 46 Oe for the Ag

buffered sample. By using Bloch’s spin wave theory to fit

the data,14,40 the saturation magnetization at 0 K is deter-

mined to be 1242 emu/cc and 1296 emu/cc for the Cr and Ag

buffered samples, respectively. The lower coercivity in the

FIG. 1. (a) h-2h XRD scans of the Fe4N films grown on Cr and Ag buffer

layers. (b) Rocking curve measurement of Fe4N (002) peaks.
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Ag buffered sample is in accordance with the smaller rough-

ness shown by the AFM measurement described above.41 Its

higher Ms is also in agreement with the better film qualities

determined from previous characterization studies.

The SP ratio of the Fe4N thin films was explored with

PCAR testing.10,42 The measurement was conducted at 4.2 K

by gently pushing a superconducting Pb probe through the

native oxide to form contact with the Fe4N film.8 Andreev

reflection (AR) spectra which depict normalized conductance

G(V)/Gn versus bias voltage V were then collected, where Gn

is the normal state conductance without Andreev reflection.

Since the characterized SP ratio is dependent on interfacial

scattering (Z) between the Pb probe and the Fe4N film, the

point contacts were repeated numerous times, each generat-

ing an AR spectrum exemplified in Fig. 4. The AR spectra

were then individually fitted to the modified Blonder-

Tinkham-Klapwijk (BTK) model.43 The fitting parameters

include the SP ratio, P, the interfacial scattering strength fac-

tor, Z, and the extra resistance, rE.43 The fitted SP ratio is

plotted against the Z factor in Fig. 5 and fitted with a polyno-

mial curve to find the intrinsic SP ratio of Fe4N. The intrinsic

SP ratio was determined to be 61.1 6 3% and 81.3 6 1% for

Fe4N grown on the Cr and Ag buffer layers, respectively.

Due to the spin dephasing effect in ferromagnets, the PCAR

measurement is only sensitive to the material less than a few

nanometers away from the probe. Therefore, the presence of

an Fe buffer layer will not affect the measurement. As a con-

trol measurement, an Fe (001) sample was also characterized

with the same measurement, and its SP ratio value was in

agreement with that from a previous report.34

The large contrast between the SP ratios of Fe4N grown

on the Cr and Ag buffer layers could be understood as fol-

lows: All previous XRD, AFM, and VSM measurements

indicate that the Fe4N film grown on a Ag buffer layer has

better crystalline and surface/interface qualities than that

grown on a Cr buffer layer. The results suggest that the SP

ratio of Fe4N thin films might be very sensitive to their

growth processes and that optimization of Fe4N film growth

conditions is crucial. In our previous work, the Fe4N film

with (111) texture was prepared on thermally oxidized Si

substrates, where Ta/Ru composite buffer layers were

adopted to foster the texture.44 Since thermal oxidized Si is

amorphous, the growth was not epitaxial. The SP ratio of the

FIG. 2. AFM images of 60 nm Fe4N films. The RMS roughness is 3.0 nm for

(a) the Cr buffered sample and 0.37 nm for (b) the Ag buffered sample.

FIG. 3. Magnetic properties of Fe4N

films. Hysteresis loops at room tempera-

ture for the Fe4N films grown on (a) Cr

and (b) Ag buffer layers are shown. The

temperature dependence of saturation

magnetization and coercivity of (c) Cr

and (d) Ag buffered Fe4N films is shown.
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(111) textured Fe4N film was determined by the PCAR mea-

surement to be only 50%. Although more systematic

research is needed before any solid conclusion can be drawn

about the influence of the crystalline orientation, this result

further indicates the importance of an optimized growth pro-

cess for achieving a high SP ratio in Fe4N. The 81.3% SP

ratio achieved here is significantly higher than the highest SP

ratio reported on Fe4N previously, which is 59%,34 and is

comparable or even higher than that of state-of-the-art

Heusler alloys.8–10 Most importantly, although the SP ratio

was improved drastically from 61.1% to 81.3% by switching

the buffer layer from Cr to Ag, the Fe4N film with a Ag

buffer layer is by no means perfect. In other words, there

might still be room for improvement in the SP ratio, and true

half-metallicity could potentially be achieved with Fe4N.

Moreover, it should be noted that there are two distinct

definitions for the SP ratio,10,12 whose difference has often

been neglected. One of the definitions is based on the density

of states (DOS) of spin up and spin down electrons at the

Fermi level, which we refer to as the DOS SP ratio. The other

definition is based on the spin up and spin down electrons’

contribution to transport, where the DOSs are weighted by the

Fermi velocities, which we refer to as the transport SP ratio.

Despite the fact that Fe4N is known as a potential half-

metallic ferromagnet, none of the simulations of the spin

resolved electronic structure of Fe4N have so far showed a

high DOS SP ratio,12,45–48 including the work of Kokado

et al.12 which reports a DOS SP ratio of only 60%. However,

the same work indicates that when the Fermi velocities of

electrons in different bands are taken into consideration, the

transport SP ratio in Fe4N could be close to 100%. In the

PCAR experiment, the transport SP ratio rather than the DOS

SP ratio is characterized.10 Thus, the 81.3% transport SP ratio

we measured in Fe4N, though still less than 100%, is indeed

higher than the 60% DOS SP ratio predicted, which largely

confirms the current theoretical prediction.

In conclusion, Fe4N thin films with a (001) texture were

developed on single crystal MgO (001) substrates on either

Cr or Ag buffer layers. The transport SP ratios were deter-

mined by the PCAR measurement to be 61.1% and 81.3%

for Fe4N (001) films grown on the Cr and Ag buffer layers,

respectively. The 81.3% SP ratio is significantly higher than

the 59% ratio in the previous report on Fe4N and is compara-

ble to the SP ratio of state-of-the-art Heusler alloys. This

result is in agreement with the theoretical prediction on the

discrepancy between the two differently defined spin polar-

izations in Fe4N. The high transport SP ratio of Fe4N along

with its simple composition and low fabrication temperature

makes Fe4N a potential candidate to be a half-metallic ferro-

magnetic electrode in spintronic devices. Moreover, the large

contrast in SP ratios of Fe4N thin films with different buffer

layers combined with the XRD, AFM, and VSM analyses

also suggests that the SP ratio of Fe4N is very sensitive to its

growth processes and the qualities of the films. Given the

high SP ratio obtained in our non-state-of-the-art sample, a

FIG. 4. Representative Andreev spectra of Fe4N thin films using (a)–(c) Cr

and (d)–(f) Ag as buffer layers. Open circles are experimental data, while

solid curves are the best fit to the modified BTK model with fitting parame-

ters listed in the insets, with T the experimental temperature, P the spin

polarization, rE the extra resistance, and Z the interfacial scattering factor.

The superconducting tip is lead with a gap value of 1.31 meV.

FIG. 5. Spin polarization of Fe4N films with buffer layers (a) Cr and (b) Ag

as a function of interfacial scattering factor Z.
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full spin polarization, or true half-metallicity, could poten-

tially be achieved with Fe4N.
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