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Abstract

With the development in hard drive and permanent magnet industry, higher satu-
ration magnetization (Ms) or magnetic induction (Bs) material is on high demand.
According to the Slater-Pauling curve, the highest Bs value is ~2.45 T, which be-
longs to FeCo alloy. However, in 1972, Kim and Takahashi [1] announced that the
new material Fe-N thin film exhibited an increase in the Bs value of 18%. From then
on, tons of research works [2, 3, 4] had been dedicated in this area with conclusions
on both sides, achieving either high Bs or low Bs. Among those works, the Bs values
were obtained from the measurement of the thin film magnetic moment and its vol-
ume, which might cause a considerable amount of error depending on the accuracy
of the film thickness and area measurement. Other concerns also include the uncer-
tainty of Ms value due to the subtraction of Fe underlayer. Indeed, a direct meas-
urement of Bs is the key to clarify the discrepancies between these results. Here, we
are presenting the method of polarized neutron reflectometry (PNR) to measure the
Bs of the partially ordered Fe;N, thin film. PNR allows the interface magnetism
study, [5] the absolute magnetization determination and magnetic depth profile in
single thin films, [6, 7, 8, 9] and complicated superlattice structures. [10, 11] In the
following scenarios, different partially ordered Fe;,N, thin films are fabricated and
are measured using PNR subsequently. Their Bs values are obtained using the fit-
ting results of nuclear scattering length density (NSLD) and magnetic scattering
length density (MSLD). Also, a PNR application on FeN thin film will also help us
to understand the switching picture of the FeN thin film with external applied field.

Keywords: Fe;;N,, high saturation magnetization, polarized neutron reflectivity, thin film
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1. Introduction

1.1. PNR Introduction

The interaction of neutrons with matter can be described in the optical formalism using the
concept of reflective index for the medium. This can be obtained by Schrodinger equation,
where the interaction of the neutron with medium is denoted by V:

{—%(A+k§)+V}P=O (1)
%za) (2)

where m is the neutron mass, k, is the wave vector in vacuum, hiw is its energy. So the refractive
index can be written as:

2 =1-V /hw @)

Here, we can define the strong interaction potential with born approximation, which can be
described by the Fermi pseudopotential: [12]

V() =b(2"h2J5(r» 4)
m

where b is the scattering length and r is neutron position. The mean potential of the interaction
between neutron and medium is the given by the integration of the space:

V=r [vydr= =N, (5)

where N denotes the number density of the atoms. The multiplicity of number density and
scattering length is called scattering length density (SLD) p.

2. Specular reflectivity of neutrons from interface

If we compare the situation of neutron reflection to the light propagation at the interface of
different mediums, the different interaction potential of neutron with medium can be seen as
different mediums with different refraction indices. This follows Fresnel equations (Fig. 1).
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Figure 1. A schematic illustration of neutron interacting with matters at the interface obeys the Fresnel equations in
analogy to the optical formalism.
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For bulk materials, after applying Snell-Descartes’ law, the reflection coefficient at a small
incident angle can be written as a function of the wave-vector transfer g:

2
2

— 2 —
qZ qZ qf (7)

R(ﬂ) = ’
q.+~9: -9

where g, is the wave vector, which corresponds to critical angle of total external reflection. It
is also easy to show that at high g limit, the reflectivity R follows the 1/4* power law (Fresnel
decay).

Dynamic calculation can also be applied with Born approximation. The reflectivity is equal to

the Fourier transformation of the SLD profile: [13]

2

: (8)
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It is worth mentioning that Fresnel decay originates from a planar surface and the decay will
result in a extremely low intensity at high g value, which will be very difficult to collect with
the mixture of background noise or incoherent scattering from the substrate.
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The critical angle 6, is usually small and can be written as follows at the total reflection

condition:
/12
cosf =n=1-—Nb, )
2

where A is the wavelength. It is useful to use Taylor expansion. Therefore, the critical angle 6,

and the corresponding critical wave vector g, are

0 = N%’z (10)
q. =4z Nb. (11)

Usually the thickness of the thin film is larger than the wavelength of neutron, and so the
reflecting beams of the neutron will give constructive/destructive patterns according to Bragg’s
diffraction law. Figure 2 is an example of a reflectivity from a bare bulk substrate and of a

typical thin film:
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Figure 2. Simulated neutron reflectivity curves of (a) a flat MgO substrate and (b) a flat 50-nm-thick Fe thin film grown

on MgO substrate.

3. Neutron reflectivity from a magnetic interface

In the presence of an external magnetic field, B, Zeeman energy will be present due to the spin

of neutron itself:
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VZ = _gnlunB’ (12)

where g, 11, gives the neutron magnetic moment. Since B=p,H + M, where M is the magneti-

zation of the material, we can express the potential in terms of M. At the magnetic interface
with the addition of this energy, the total interaction potential energy between the neutron
and medium can be written as follows:

_27h’

V=
m

(P, £P,,), (13)

where p, is the nuclear SLD of the medium and p,, is the magnetic SLD of the medium, which
can be defined by:

m
P =gt 2 M. (14)

27

The sign + represents spin-up and spin-down cases corresponding to the magnetization of the
medium. Inrespect to neutron polarization, this shows that the magnetic SLD is directly related
with the magnetization in the medium that the neutron is shining upon, which gives a direct
measurement of the saturation magnetization when saturated in the external field.

Similarly, the critical angle 6, and corresponding critical wave vector g, can be written as:

A (15)

q. =4J7(p, £p,)- (16)

Therefore, spin-up reflectivity will have a large critical angle/momentum transfer compared
to spin-down reflectivity (Fig. 3). If we present the potential in the matrix form with Pauli
operator, then:

2 hz O BZ Bx_iB 2 hz p” +me pmx _ip"7
VS [pn JM«{ i | a7)

m {0 Bx+iBy -B, M\ Py =Py Py = P

n

The potential we obtained above is the diagonal terms, which corresponds to the non-spin flip
situation. The off diagonal terms [14]will represent the spin flip situation, which will not be
discussed in this article.
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Figure 3. Polarized neutron reflectivity with two different spin polarizations. The spin-up (u+) and spin-down (u-)
neutrons are indexed as parallel and anti-parallel with respect to the external field direction.
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Figure 4. (a) The simulated reflectivities of a 50-nm Fe thin film grown on MgO substrate after saturation in-plane with
external field. (b) The depth-dependent SLD according to the reflectivity curves in (a).

As seen from the reflectivity curves (Fig. 4), the magnetic interaction splits the non-magnetic
oscillation curve into two branches. Fitting the reflectivity will yield the SLD for each spin case:

=p +
ptot+ pn pm (18)
ptot—zpn_pm'

We can solve for p,, and, therefore, retrieve the Ms of the sample.

4. Giant Bs induced by strain effect on epitaxial Fe(N, thin film [15]

Two sets of partially ordered Fe (N, thin film samples are fabricated on MgO substrate with
facing target sputtering system. After the deposition of Fe underlayer at 300°C, a Fe-N layer
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is grown subsequently on the top of Fe layer at room temperature with the optimum volume
ratio of N, and Ar mixture so that the stoichiometry in Fe-N layer is Fe/N=8:1. An in-situ
annealing is carried out right after at 120°C for 20 hours in vacuum. To explore the in-plane
tensile strain effect on the Bs value of Fe-N thin film, two samples are grown with different Fe
underlayers, 2 nm and 20 nm, respectively.
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Figure 5. X-ray reflectivity characterization. (a) The fitted x-ray reflectivity curves measured on samples S1 and S2
(vertically offset by a factor of 10). (b) Calculated depth-dependent x-ray SLD profiles.

Both samples are investigated by PNR using the Magnetism Reflectometer at Spallation
Neutron Source at Oak Ridge National Laboratory (SNS ORNL). [16] The reflectivities with
the spin of the neutrons being either parallel (R*) or anti-parallel (R) to the applied magnetic
field are collected simultaneously. From these data the depth profiles of the SLD of both NSLD
and MSLD are obtained. The PNR experiments are performed at room temperature in the
saturation external field of H=1.0 T applied in-plane of the sample. The R* and R~ reflectivity
data are fitted simultaneously using a genetic algorithm with an exact recursive matrix
calculation embedded in the Simulreflec 1.0 package. [17] The experimental reflectivity and
calculated curves with best chi-squared fit for samples S1 and S2 are shown on Fig. 6a and b,
respectively. Their corresponding structural NSLD and magnetization depth profiles are
plotted in Fig. 6¢c and d.

In data modeling process, the structural NSLD and layer choice were constrained to closely
match X-ray Reflectivity (XRR) results (Fig. 5). To account for the possibility that the film
possess homogeneous chemical composition but potentially different magnetization, the Fe-
N layer was subdivided into three slabs where NSLD are forced to be identical but thickness,
roughness, and MSLD were allowed to vary independently. When fitting the data to extract
the physical depth profile of the film structure, the only free parameter that was allowed to
vary was the magnetization as other parameters were already framed by the XRR result and
only marginal improvement was possible. After the comparison of the XRR and PNR result,
we can find a relatively large roughness at high Q range, which is most likely due to either not
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Figure 6. Polarized neutron reflectivity characterization. (a) and (b) Experimental polarized neutron reflectivities to-
gether with the fitted curves as functions of momentum transfer Q for samples S1 and S2 as labeled, respectively. The
arrows at high Q region (>0.8nm™) indicate the difference of the magnetic properties toward the bottom interface be-
tween these two samples. (c) and (d) Structural (Brown) and magnetic (Green) depth profiles for samples S1 and S2 as
labeled correspondingly.

enough data acquisition at this specific range or the chemical compound that is formed at the
interface during the thin film growth or annealing process, such as MgO:N.

It is very obvious that an anomalously large magnetization is formed at the bottom of the film
with a range of about 20 nm. The MSLD for this part of the film is 7.2~7.5 x 10°A-2, which in
turn means the Ms value is 3.1~3.2 T. This value is significantly higher than bulk Fe (40~50%)
and Fe ;Cos; (20~30%). When the SLD profile extends to higher layer of the film, the MSLD
values drops to 4.66 x 10°A-2 and represents a low Ms value of 2.01 T. This non-uniformity of
the magnetization across the film cannot be replaced by single layer model, which will fail to
resemble the reflectivity behavior of the experiment. For sample S2, the resulted MSLD is close
to 5 x 10°A2 for the Fe-N layer, corresponding to Ms of 2.15 T, which does not show the
presence of giant Bs. The different Bs results of the two samples are due to the strain that is
experienced by the epitaxial growth of the Fe-N layer. In sample S1, larger in-plane tensile
strain contributes to high Bs.
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Further justification for the different magnetic structure upon Fe buffer thickness change
comes from the spin asymmetry (SA) (R*-R")/(R*+R") plot shown in Fig. 7. SA of both samples
were fitted with experiment data. Initially, the SA values of both samples are oscillating at a
high value. However, the SA value of sample S2 drops rapidly close to zero, whereas that of
sample S1 almost reaches unity. In this high scattering vector region (7>0.8nm™), the interface
of the bottom layer will dominate MSLD and NSLD. To account for the disparity of the different
behaviors of two samples, IMSLD-NSLD | >>MSLD needs to be satisfied for sample S1. Since
NSLD is similar for both samples, this observed feature directly proves the substantial
enhancement of MSLD in the high Ms sample comparing to that of S2 at the bottom interface.
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Figure 7. Spin asymmetry plotting of samples S1 (a) and S2 (b). It is clear as it approaches high g, the trend of the
curves are different for these two samples.

5. High Bs obtained on partially ordered Fe;(N, multilayer thin film [16]

Multilayer structures are very common in many areas that they can bring many new physical
phenomena. To explore the possibility of applying Fe N, in multilayer structure, two samples
are fabricated on GaAs substrate with Fe/Fe-N layer stack. Samples L1 and L3 are with 1 and
3 repetitions, respectively.

It is known that co-refining the x-ray and neutron reflectivity curves allows an unambiguous
determination of magnetic depth profile. [19, 20] When modeling the chemical part of the film
structure, consistent structure for fitting both samples is set the same for both PNR and XRR.
In this case, only marginal adjustment is allowed during the fitting process. The two layer
model for L1 and four layer model for L3 work well in both fitting, which illustrates the neutron
scattering of Fe and N elements that accounts for the difference for each layer. It is also found
out that the N concentration at the interface region is lower than that before annealing process.

PNR was conducted on these two samples, respectively, with field applied in-plane to saturate
the magnetic moment. It is important to notice that these samples are different from the ones
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Figure 8. (a) X-ray reflectivity of Fe;,N, samples L1 and L3. (b) Electron SLD of L3 was homogeneous through the
whole sample. (c) SLD of L1 stayed the same after the first ~2 nm bump.

with optimum FeN atomic ratio (Fe/N=8/1), whose Ms values are homogeneous throughout
the film according to PNR measurement. In Fig. 9, reflectivity curves showed different
oscillatory periods due to the differences in film thickness. Green lines of both samples in Fig.
9 (b) and (d) indicate the giant Ms at the bottom of the film, with a thickness of 5 nm, respec-
tively. Since all the other FeN phases possess low Ms values, the only option for this enhance-
ment should come from Fe;(N,. Considering the fact that Fe seed layer is deposited before FeN
layer, N atoms diffusion is most likely to occur to form Fe,(N, at the bottom as N atoms are
initially rich on the top of Fe underlayer. Fe;,N, is formed at this specific location near the
substrate with the right stoichiometric amount of N atoms. On the top of this giant Ms layer,
a N rich phase is expected since N atoms are initially rich and a lower Ms result is obtained by
PNR. This transition of Ms from high to low also occurs on L3. A reduced but still “giant”
magnetization resides at the bottom interface. Compared to sample L1, the transition from
high Ms to low Ms is comparably slow. Considering the XRD analysis achieved above, a”-
Fe,N, and a’-Fe-N martensites are present in the film structure. Since high Ms behavior is
obtained, these observation on PNR analysis can only be explained by the presence of high Ms
Fe (N, phase and N rich phase. The formation of these mixture phases is most likely due to the
strain that the film experiences with thinner Fe underlayer on the substrate. Multilayer
structure of Fe/FeN provides the same environment of single Fe/FeN layer, but the difference
is that higher Fe/FeN layers, which are not next to substrate, do not exhibit giant Ms. This is a
result of the lattice strain relaxation in the film norm direction. To better demonstrate the fitting
of PNR, chemical structure extracted from NSLD was checked and the corresponding model
also fitted XRR data. It is noticeable that the bottom part of samples L1 and L3 have different
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Figure 9. (a) Experimental and fitted reflectivity of sample L1. (b) Sample L1 SLD and Ms in-depth profile after fitting.
(c) Experimental and fitted reflectivity of sample L3. (d) Sample L3 SLD and Ms in-depth profile after fitting. Both (b)
and (d) curves exhibit high Ms value at bottom part of the film for ~5 nm scale.

electron and NSLD from XRR and PNR result. This region is most likely Fe and GaAs com-
pound due to the inter-diffusion of Fe and GaAs atoms at their interface. The addition of this
layer actually improved our fitting to the experiment data and was confirmed by SLD depth
profile.

6. Using PNR to visualize the high perpendicular crystalline anisotropy [19]

The ordered Fe;N, unit cell possesses tetragonality that gives rise to a high crystalline
anisotropy, which is perpendicular to the film plane. This can be measured using vibrating
sample magnetometer (VSM) in Fig. 10. However, VSM will not give detail information that
will illustrate the FeN layer behavior in presence of the applied magnetic field.

During the PNR experiment, the external field is applied in the film plane direction. Both spin
configuration signals are collected simultaneously. Fig. 11a—c show the reflectivity curves with
fitting for spin-up and spin-down cases in three different external field intensities. At an
external field of 20 kOe, the whole film magnetic moment will be saturated in the external field
direction.
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Since the same sample is tested in different fields, the chemical part, namely NSLD, stays the
same during the fitting process. Three different MSLD depth profiles are generated after fitting
in Fig. 11e. Since only one field intensity is strong enough to saturate the film in the film plane
direction, the MSLD represent the in-plane component of the magnetization. It is clearly seen
that the MSLD value drops rapidly for Fe-N layer, compared to Fe layer, when the external
field is lowered. Since Fe layer is magnetically soft, all three fields will keep the Fe moment
aligned in-plane. For Fe-N layer, there could be two scenarios to consider. First, the Fe-N film
consists of antiferromagnetic domains in the film plane, which means the Fe-N layer has
uniaxial in-plane anisotropy. This would directly contradict the fact that in-plane M-H loop
does not depend on the in-plane orientation. Also, in this case, a strong off-specular signal
should be observed, which is not our case either. Second, the magnetic moment turns out-of-
plane due to perpendicular easy axis. This does explain our result since we do not observe off
specular signal. When external field is lowered, the out-of-plane component of Fe-N film
parallels the neutron beam momentum transfer and in-plane component contributes to the
specular reflectivity. Therefore, the reduction of the magnetization in the in-plane direction
after lowering external field can be explained by the out-of-plane easy axis of the Fe-N film.

Also, it is worth to mention that the oscillation amplitude of the reflectivity curves for R™ curve
is much smaller than that of R curve. This is most likely due to the modulation of the external
field that the SLD is getting close to that of the substrate. This phenomenon is more robust
when it approaches the Fe/GaAs interface where the reflectivity behavior is most dominated
by this region at high q,.

M/M,

H (kOe)

Figure 10. In-plane (black) and out-of-plane (red) M-H loops measured on one partially ordered Fe (N, sample. The Fe-
N layer switches at Hc~5.7 kOe (black arrows).
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Figure 11. (a)—(c) Fitted reflectivity curves with experiment data of Fe-N sample at external field of 5, 50, and 200 mT,
respectively. (d) NSLD depth profile of Fe-N sample and (e) MSLD, the in-plane magnetization component, depth pro-
file of Fe-N sample at above three different external fields.

7. Summary

By using PNR, the Bs value can be accurately obtained directly in contrast to the conventional
way that involves the thin film volume. In addition, we are also obtaining the Fe-N thin film
NSLD and MSLD in-depth profile, which helps us to understand the physics behind the high
Bs value. The above results are all derived from the specular reflections of the polarized
neutron beam. This will facilitate the understanding of the giant Bs partially ordered Fe;\N,

thin film in the film plane direction.
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