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Abstract
Amorphous thin films grown by magnetron co-sputtering exhibit changes in atomic structure with varying growth and annealing temperatures. 
Structural variations influence the bulk properties of the films. Scanning nanodiffraction performed in a transmission electron microscope (TEM) is 
applied to amorphous Tb17Co83 (a-Tb-Co) films deposited over a range of temperatures to measure relative changes in medium-range ordering 
(MRO). These measurements reveal an increase in MRO with higher growth temperatures and a decrease in MRO with higher annealing 
temperatures. The trend in MRO indicates a relationship between the growth conditions and local atomic ordering. By tilting select films, the 
TEM measures variations in the local atomic structure as a function of orientation within the films. The findings support claims that 
preferential ordering along the growth direction results from temperature-mediated adatom configurations during deposition, and that 
oriented MRO correlates with increased structural anisotropy, explaining the strong growth-induced perpendicular magnetic anisotropy found 
in rare earth–transition metal films. Beyond magnetic films, we propose the tilted FEM workflow as a method of extracting anisotropic 
structural information in a variety of amorphous materials with directionally dependent bulk properties, such as films with inherent bonding 
asymmetry grown by physical vapor deposition.
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Introduction
Structural studies of amorphous materials are challenging due 
to an inability to apply fundamental characterization techni-
ques relying on long-range ordering and crystallographic sym-
metries (Bernal & Mason, 1960; Voyles & Muller, 2002). 
Nonetheless, amorphous materials are ubiquitous and used 
for a variety of applications, including as bulk metallic glasses 
and amorphous oxides where it is well known that growth pa-
rameters are directly correlated with properties. Metallic 
glasses are one of the most studied types of metals because 
of their achievable strength and toughness properties 
(Greer, 1995; Cheng & Ma, 2011). Amorphous oxides 
have a range of uses, including as protective coatings 
(Kiryukhantsev-Korneev et al., 2022) and for energy storage 
(Yu et al., 2023). Recently, scientific advances have broadened 
the scope of applications of amorphous materials, including in 
battery technologies (Ding et al., 2024; Zhu et al., 2024), op-
toelectronic devices (Lim et al., 2019; Ganguly, 2023), and 
magnetic materials (Cirillo et al., 2020).

An example of an amorphous magnetic system, amorphous 
rare earth–transition metal (RE–TM) alloys have tunable 
magnetic properties, such as magnetization (M ), compensa-
tion temperature, magnetic coercivity (Hc), and perpendicular 
magnetic anisotropy (PMA, parameterized through the uni-
axial anisotropy constant Kui) (Hasegawa et al., 1974; 
Hellman & Gyorgy, 1992; Harris et al., 1993, 1994; 

Andreenko & Nikitin, 1997; Gambino, 1998; Ding & Poon, 
2013). These properties make them desirable as novel spin-
tronic materials and for ultrafast magneto-optical recording 
devices. Out-of-plane (OOP) RE–TM bonding and in-plane 
(IP) TM–TM bonding have been correlated to magnetization 
and bulk PMA in a-RE–TM systems (Hellman & Gyorgy, 
1992; Harris et al., 1993, 1994). The amorphous nature of 
these systems complicates their analysis, as variations in 
bulk magnetic properties may arise from subtle variations in 
local atomic ordering (Cochrane et al., 1978). Previous work 
shows that many magnetic properties, including PMA and 
M, are independent of film thickness, surface layer magnetic 
interactions, and macroscopic growth-induced strain 
(Hellman & Gyorgy, 1992). The present work analyzes sput-
tered amorphous Tb17Co83 and focuses on the relationship be-
tween magnetic properties, particularly Hc and PMA, and 
atomic ordering; the approach presented here to study micro-
structural anisotropy can be applied more generally to a wide 
range of amorphous films.

The succinct description of crystalline structures with de-
fined unit cells and permitted symmetry operations does not 
extend to amorphous materials. Their lack of translational 
and rotational symmetry requires a statistical approach for 
analysis (Voyles & Muller, 2002; Treacy et al., 2005). 
Two-body and multi-body distribution functions are applied 
to the study of amorphous structures to determine the 
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probability that two or more atoms will be separated by a spe-
cific distance. Short-range ordering (SRO) is probed through 
two-body statistical analysis, such as radial distribution func-
tions. However, SRO is limited to the first few shells of the 
constituent atom. Looking out a little further, medium-range 
ordering (MRO) on the 0.5–5 nm length scale, can be probed 
with transmission electron microscopy (TEM) by using fluctu-
ation electron microscopy (FEM) (Williamson, 1995; Voyles 
& Muller, 2002). Statistical analysis of MRO can determine 
the degree and type of ordering that exists between the ex-
tremes of long-range and short-range order (Nakhmanson 
et al., 2001; Treacy et al., 2005).

In this work, a-Tb17Co83 is used as a representative ferri-
magnetic a-RE–TM system, and, even more broadly, as a rep-
resentative amorphous film that was grown via sputtering. 
TEM analysis of these materials is conducted to probe relation-
ships between atomic configuration and growth conditions. A 
series of a-Tb17Co83 films were deposited at 20, 200, and 
300◦C. The films then either received no further heat treatment 
or were annealed at 200 or 300◦C. For films of this type, previ-
ous studies indicate that the PMA and coercivity were found to 
increase with growth temperature and decrease with annealing 
temperature (Hasegawa et al., 1974; Hellman & Gyorgy, 
1992; Mergel et al., 1993; Ceballos et al., 2021). The TEM 
method of scanning nanodiffraction was used to probe the 
underlying structural mechanisms responsible for variations 
in the magnetic properties of a-Tb17Co83 as a function of 
film deposition and annealing temperature. The relative 
MRO across the series of samples is measured with FEM, a spe-
cialized application of scanning nanodiffraction that is sensi-
tive to changes in diffracted intensity related to variations in 
atomic configurations within an amorphous system (Voyles 
& Muller, 2002). We determine that MRO in the films in-
creases with higher deposition temperatures and decreases 
with higher annealing temperatures. The results support the 
model of magnetism in a-RE–TM systems in which OOP mag-
netization is related to atom-specific preferential local atomic 
ordering. The analysis provides a pathway for research correl-
ating growth-induced structural anisotropy to measured ma-
terial properties in amorphous systems.

Experimental Details
a-Tb17Co83 films were produced using magnetron co- 
sputtering at 1.8 mTorr Ar pressure from separate Tb and 
Co targets. The base pressure of the chamber was 7 × 10−8  

Torr. The a-Tb17Co83 films were sputtered at room tempera-
ture (20◦C), 200, and 300◦C with a capping layer of a-SiNx 

sputtered at 3.0 mTorr of Ar pressure. The films were depos-
ited on Norcada grids with 10 nm thick a-SiNx membranes. 
Samples consisted of 30 nm a-Tb17Co83 films capped with 
10 nm of a-SiNx to prevent oxidation. The 30 nm thickness 
was selected for the a-Tb17Co83, as it was experimentally de-
termined to produce a strong speckle intensity in scanning 
nanodiffraction. A control sample of 10 nm of a-SiNx was 
sputtered at 3.0 mTorr of Ar pressure to determine the influ-
ence of the capping layer on the diffraction data. After depos-
ition at 20◦C, some films were annealed at 200 or 300◦C for an 
hour under high vacuum.

The magnetization as a function of applied magnetic field 
OOP was measured in a Quantum Design Magnetic 
Properties Measurement System (MPMS) at 20◦C for a 
series of samples grown and annealed under identical 

conditions to those detailed above (Supplementary Fig. S1 of 
supplementary materials). The films grown at 20◦C were an-
nealed for an hour at 150, 200, 275, and 350◦C to establish 
how OOP magnetization and Hc depend on annealing tem-
perature. The applied field was varied between −1 and 1 T, a 
range exceeding the magnetic saturation values for all samples. 
The PMA was derived in Ceballos-Sanchez (2019) for these 
same films, and shows that the PMA increases with deposition 
temperature and decreases with annealing temperature as has 
been seen in other work on α-RE–TM alloys. For all samples, 
Tc = 190◦C (Supplementary Fig. S2 of the supplementary 
materials), Tcomp = −73◦C, and Ms is 150 emu/cc. These meas-
urements depend strongly on composition, so their consistency 
shows that no significant compositional variations have oc-
curred with changing growth temperature or upon annealing.

A subset of the films measured with magnetometry were an-
alyzed using FEM. To measure changes in the MRO of the 
films, FEM experiments were carried out using scanning trans-
mission electron microscopy (STEM) in an FEI TitanX oper-
ated at an accelerating voltage of 200 kV and a 2.2 nm 
diameter probe. The third condenser lens was set to produce 
a convergence angle of 0.51 mrad resulting in a measured 
2.2 nm diameter probe and a 15.5 pA probe current. Images 
were collected on an Orius charge-coupled device (CCD) de-
tector with an exposure time of 0.3 s and a camera length of 
300 mm. The images were binned by a factor of four, to a final 
size of 512 × 512 pixels. Scanning nanodiffraction data were 
collected as 12 × 12 image stacks (144 images per stack) for 
each film with 5 nm step sizes between regions of analysis. 
Collection was repeated five times per film for statistical aver-
aging over different regions of the film and to avoid excess 
contamination. During the experiment, all diffraction patterns 
were taken with the same imaging conditions to ensure that 
the effects of microscope misalignment were the same across 
all patterns. The small features that appears around 6 and 
7.1 nm−1 in all variance curves is from a defect on the CCD, 
as can be observed in the data available at https://zenodo. 
org/records/8045363.

Additionally, the films deposited at 20 and 300◦C were tilted 
at an angle varied between 0 and 40◦ in 5◦ increments to deter-
mine whether MRO varies with orientation through the film. 
These two films were selected for tilting because they had the 
greatest difference in MRO as determined from FEM variance 
measurements. For the tilted data sets, collection was repeated 
five to seven times. No additional preparation of the sputtered 
SiNx-capped a-Tb17Co83 films was required for FEM analysis. 
The analysis was performed following the method outlined by 
Kennedy et al. (2020). The procedures for collecting scanning 
nanodiffraction data and FEM analysis are further detailed in 
Figure 1 and in the Supplementary Materials. Error bars were 
computed from the standard deviation of V(k) values as a func-
tion of the scattering vector.

For FEM, the variance is calculated with respect to scatter-
ing angle k, position on the sample r, and resolution (which is a 
function of r); however, in STEM FEM only the scattering vec-
tor varies and thus the equation for variance Vσ in diffracted 
intensity I(k) becomes (Treacy et al., 2005):

Vσ(k, r) =
〈I2(k, r)〉 − 〈I(k, r)〉2

〈I(k, r)〉2
, (1) 

Additionally, Lorentz TEM images were collected from the as- 
deposited film grown at 20◦C and the film grown at 20◦C and 
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annealed at 200 and 300◦C to probe the effect of annealing on 
magnetic domain structure and to confirm the magnetic coer-
civity measurements from the annealed films. All films had 
been previously subjected to a magnetic field of ≈2 T during 
FEM image acquisition, but the magnetic field of the objective 
lens was minimized to <0.1 T for Lorentz imaging. The films 
were tilted 15◦ and the beam was defocused to produce visible 
magnetic domains. A larger defocus was required to view the 
domain structure in the film annealed at 300◦C compared to 
the two other films depicted.

Results
The magnetic coercivity Hc is 183 mT for films grown at 20◦C, 
and increases for films grown at 200 and 300◦C. For films 
grown at 20◦C and subsequently annealed at temperatures be-
tween 150 and 350◦C, Hc decreases with temperature. The re-
lationships between deposition temperature, annealing 
temperature, and Hc are shown in Supplementary Figure S1 
of the supplementary materials and are consistent with the re-
sults in Ceballos-Sanchez (2019) and Ceballos et al. (2021). 
Similar trends have been shown in other amorphous RE–TM 
thin film systems (Hellman & Gyorgy, 1992; Harris et al., 
1994). Importantly, the OOP magnetic saturation Ms remains 
constant (150 emu/cc) for all samples in the series as does the 
compensation temperature.

High-resolution TEM imaging and the mean converged 
beam electron diffraction (CBED) patterns confirm that all 
samples are amorphous (shown in Supplementary Fig. S3 of 
the supplementary materials). The uniformity of the diffracted 
speckle in the scanning nanodiffraction patterns and lack of 
strong Bragg scattering indicates that the films lack long-range 
order and contain no nanocrystals.

In Figure 2, the normalized variance in intensity V(k) for 
films in their as-deposited state (a) and after annealing (b) is 
plotted as a function of scattering vector using mean statistics. 
The MRO increases with increasing growth temperature, as 
indicated by an increase in V(k). The variance for the 300◦C 
growth is significantly sharper than the 20 and 200◦C 

variances. There is an increase in the V(k) and a decrease in 
the full width at half maximum (FWHM) across the three films 
as a function of deposition temperature. Additionally, the film 
grown at 300◦C exhibits a shoulder feature between 3.5 and 
4.0 nm−1, indicative of a second preferential bonding config-
uration in addition to the primary MRO distance at 4.8  
nm−1. As the shoulder is only visible in the high-temperature 
growth, it is likely a result of higher adatom energy during 
deposition. Notably, the small features that appears around 
6 and 7.1 nm−1 in all variance curves is from a defect on the 
CCD, as can be observed in the data available at https:// 
zenodo.org/records/8045363.

The peak heights correspond to relative MRO and the peak 
positions correspond to the mean interatomic distance of the 
MRO. The peaks in V(k) are typically attributable to oriented 
clusters of atoms (MRO) and not to individual bond types 
(SRO) (Voyles & Muller, 2002; Li et al., 2014). Two main 
peak features emerge in the variance plots in Figure 2. The first 
peak is centered between 2 and 3 nm−1 and is attributable to 
a-SiNx, as confirmed through FEM analysis of 10 nm of 
a-SiNx deposited onto a-SiNx membranes. The most promin-
ent peak is centered between 4.5 and 4.8 nm−1 and originates 
from the a-Tb17Co83. The peak positions of the a-Tb17Co83 

growth series shift to larger k values with increasing depos-
ition temperature. The change in the magnitude of the 
a-Tb17Co83 peak variance relates to degree of MRO in the 
films. The scattering vector k associated with each peak is a 
measure of atom clusters oriented close to a diffraction angle 
and does not directly relate to specific bond lengths (Voyles 
& Muller, 2002). Peak positions and relative heights are pro-
vided in Table 1. The peaks were fit as single Gaussians using 
the top 10% of the variance curves for an estimate of the max-
imum peaks’ height, scattering energy, and FWHM.

The FEM diffracted signal varies slightly as a function of 
orientation through the individual films, as shown in 
Figure 3, suggesting directional dependency in bonding struc-
ture. The most significant difference in MRO as a function of 
tilt angle was observed between the films grown at 20 and 
300◦C. These films were tilted in the TEM to 40◦C to check 

Fig. 1. Representative workflow for collecting scanning nanodiffraction data and FEM analysis of variance in speckled intensity. The electron beam is 
focused to a probe in STEM mode and the sample is placed at eucentric height to produce the characteristic speckled pattern of FEM. The beam is 
rastered across multiple regions of the film to collected a series of scanning nanodiffraction patterns.
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for directional dependency of the MRO. Changes in the ellip-
ticity of the FEM patterns as a function of tilt angle reveal that 
the films deposited at 300◦C exhibit a greater change in the 
length of their major axes, compared to the major axes of 
the films grown at 20◦C. The mean bond length of both films 
decreases as a function of orientation away from the film nor-
mals. The decrease is more pronounced for the film deposited 
at 300◦C, indicating greater orientation-dependency of the 
MRO bond lengths. By assigning the changes in the FEM dif-
fraction rings to changes in bond length in the IP and OOP di-
rections, we can analyze the tilted data using strain 
relationships (Supplementary Fig. S4 of the supplementary 
materials). From this, we determine that the maximum change 
in mean bond length is 1.43% for the film deposited at 20◦C 
and 3.14% for the film deposited at 300◦C. These values as-
sume the trend continues past the 40◦C tilt angle, to the 
OOP orientation. This implies that the films grown at 300◦C 
have greater directional dependence of interatomic ordering.

Discussion
Many models have been proposed for the origin of PMA and 
changing coercivity in amorphous RE–TM thin films. 
Proposals include columnar microstructures, anelastic strains, 
surface layer-induced anisotropy, growth-induced anisotropy 
resulting from magnetic interactions, and temperature- 
mediated subtle alignments of atoms around the RE atoms 
(Clark, 1973; Leamy & Dirks, 1978; Dirks & Gijsbers, 

1979; Yan et al., 1991; Fu & Mansuripur, 1992; Hellman 
& Gyorgy, 1992). The mechanism described in the latter of 
these models is commonly referred to as amorphous phase tex-
turing (Hellman & Gyorgy, 1992). Many of these models have 
been disproven by varying growth parameters and measuring 
the resulting variations in magnetization. This work supports 
the model of texturing in which local adatom configurations 
arrange themselves to minimize surface energy during the de-
position process.

In a-Tb17Co83, the itinerant 3d-electrons of Co influence the 
magnetic ordering of the localized 4f-electrons of Tb (RE) 
through an antiferromagnetic exchange interaction (Brooks 
et al., 1989). The magnetic moments of the Tb 4f-electron or-
bitals, which are more than half-filled, align antiferromagneti-
cally to the moments of the Co (TM) atoms. The combined 
effect of the resulting negative exchange together with local 
uniaxial anisotropy, which acts primarily on the Tb moments, 
is to produce noncolinear ferrimagnetism that is Co-dominant 
above Tcomp and Tb-dominant below Tcomp (Vas’kovskiy 
et al., 2015; Finley & Liu, 2016). a-Tb17Co83 has a Tcomp of 
approximately −83◦C, making it Co-dominant at 20◦C. The 
Curie temperature (TC) of a-Tb17Co83 is ≈190◦C. The coer-
civity and PMA increase with increasing growth temperature 
in the a-Tb17Co83 system (shown in Supplementary Fig. S1), 
including for films grown above TC (Ceballos-Sanchez, 
2019; Ceballos et al., 2021). The same trend has been inde-
pendently observed in other amorphous RE–TM systems 
(Kobayashi et al., 1983; Hellman et al., 1989; Hajjar et al., 
1990; Hellman & Gyorgy, 1992; Andreenko & Nikitin, 
1997; Zhang et al., 2010).

The glass transition temperature (Tg) for Tb-Co alloys is un-
reported in literature. A comparable system, Gd-Co alloys, ex-
hibit Tg values between 307 and 327◦C (Xue et al., 2022), 
while Fe-Tb displays an amorphous to crystalline transition 
within the range of 400 to 600◦C for similar Tb at.% compo-
sitions (Hellman et al., 1989). Assuming Tg is most influenced 
by the TM atoms, we estimate a Tg between 307 and 327◦C, 
not much higher than the 300◦C used for annealing and 
growth of some films. Ultra-stable glasses are typically found 
for films grown near 0.8–0.85 Tg, or 200–230◦C for our 

Fig. 2. Variance as a function of scattering vector k for a-Tb17Co83 films (a) deposited at 20, 200, and 300◦C and (b) subsequently annealed at 200 and 
300◦C following deposition at 20◦C. The height of the peak centered between 4.5 and 4.8 nm−1 corresponds to the degree of relative MRO in the films. 
The magnitude of the peak increases with growth temperature, indicating that MRO is greater for films deposited at higher temperatures. The position of 
the peaks along the scattering vector axis indicates the average size of the bonds resulting in detectable MRO. The dashed gray lines are the variance in 
intensity of the SiNx control film.

Table 1. Summarized Relative Peak Heights and Positions along the 
Scattering Vector k Axis from FEM Curves in Figure 2.

Temperature Parameters Heighta Position (nm−1)

20◦C deposition 1 4.5
200◦C deposition 1.10 4.5–4.7
300◦C deposition 1.23 4.8
20◦C deposition, 200◦C anneal 1.01 4.5
20◦C deposition, 300◦C anneal 0.81 4.6

aThe peak height of the film grown at 20◦C is used as the reference. Other 
peak heights are given relative to it.
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estimated Tg (Sun et al., 2016). The 200◦C film was thus de-
posited close to the estimated ultra-stable glass temperature, 
while the 20◦C growth is well below, and 300◦C growth 
well above, both likely leading to lower stability glasses than 
for films grown at 200◦C. Annealing at temperatures below 
crystallization but as close as possible to Tg leads to increased 
stability, consistent with the FEM data in this paper.

There is an inverse trend between the Hc and PMA and anneal-
ing temperature. Similarly, as the annealing temperature 
increases, the MRO decreases, as shown in Figure 2 and 
summarized in Table 1. Thus, increased deposition temperature 
increases MRO and magnetic anisotropy and coercivity, while 
increased annealing temperature reduces MRO, magnetic an-
isotropy, and coercivity in a-Tb17Co83. The V(k) curves for the 
20◦C growth and the film annealed at 200◦C are similar with 
nearly identical FWHM, position, and relative height. The simi-
larity suggests that there is a minimum temperature required for 
MRO atomic rearrangement during annealing. With an esti-
mated Tg just above 200◦C, it is likely that an anneal temperature 
close to the Tg is required for rearrangement into an ultra-stable 
glass. Overcoming the energy barrier for atomic re-orientation 
detectable with FEM requires a long enough anneal time and 
high enough temperature. At 300◦C for one hour, the annealing 
parameters are sufficient to allow energy-minimizing atomic re-
arrangement in the bulk of the film.

Above TC, the system is paramagnetic and atomic interac-
tions are not governed by magnetic interactions. Thus, the 
trend in MRO for the a-Tb17Co83 growth series cannot be as-
cribed to magnetic interactions. Instead, the relationship be-
tween MRO and growth temperature-mediated magnetic 
anisotropy supports models in which local adatom 

configurations arrange such that they minimize the surface en-
ergy during growth (Hellman, 1994). As layers build, the pref-
erential configuration is preserved, leading to oriented local 
magnetic anisotropy that produces an overall macroscopic 
change in bulk magnetization of the system.

The films grown at 20 and 300◦C were selected for tilted 
FEM analysis to understand the relationship between 
temperature-mediated atomic texturing during deposition 
and orientationally anisotropic MRO (Kennedy et al., 2020). 
In this measurement, FEM data is acquired at varying stage 
tilt angles, which enables us to deduce the relative change in 
bond lengths associated with the MRO in the IP and OOP di-
rections. Because the diffraction patterns contain information 
about d-spacings perpendicular to the direction of the beam, as 
the effective angle between the beam and the sample is varied, 
any changes in bond length between the IP and OOP directions 
in the film will cause an ellipticity in diffraction pattern 
(Supplementary Materials). Since the beam samples bond 
lengths in the directions perpendicular to the propagation dir-
ection, changing the sample tilt angle samples different direc-
tions in the film. Specifically, tilting the sample probes bond 
lengths that lie OOP in the direction perpendicular to the tilt 
axis. This effect is similar to ellipticity in diffraction data 
caused by anisotropic strain, although in our case, decoupling 
the influences of strain and changes in preferential atomic ori-
entations is not possible. For this reason, we consider changes 
in the major axis of the fitted ellipse to correspond broadly to 
changes in the average bond length, l, as a function of orienta-
tion through the film. lxx is along the x-axis, lzz in the y–z plane 
along the z′-axis, and lxx bisects the x′ and z′ directions. The 
stage tilt is limited to 40◦ in the TitanX, but the OOP bond 

Fig. 3. Relative % change in mean bond distances as a function of tilt angle for the films deposited at 20 and 300◦C. The 20◦C data are shown in the 
bottom row with blue data markers and the 300◦C data are shown in the top row with magenta markers. The 0◦ mean bond length is set to zero for all 
orientations. The z ′-oriented strain changes with tilt angle as the orientation changes from IP (0◦ tilt) to OOP (extrapolated to 90◦ tilt). The film deposited at 
300◦C exhibits a greater degree of change in relative bond lengths compared to the film deposited at 20◦C. The measured % changes in mean bond length 
are modeled by the infinitesimal strain theory applied to a rotated system, as shown by the plotted curves. The green arrows in the insets show the 
orientation of each l component at 90◦ (experimentally inaccessible).
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length can be extrapolated from measurements at lower angles 
by considering the geometry of the experiment and the influ-
ence of infinitesimal shifts in bond length on the diffraction 
data, which gives a sin2 dependence to the projected OOP 
bond length. As shown in Figure 3, lxx is modeled with a linear 
fit and lxz is modeled with a sin2 (θ)/

��
2
√

dependence. The ex-
trapolated value of lzz is obtained by fitting according to the 
sin2 (θ) geometric dependence, as derived and illustrated in 
Supplementary Figure S4 of the supplementary materials.

Figure 3 shows the trend in average relative % change in mean 
bond length according to the fitted data (Supplementary 
Materials) as a function of tilt angle for the films grown at 20 
and 300◦C. Relative % change below the ±0.2% margin of error 
indicates that the films are isotropic within the limit of the 
technique.

From the lzz fits, the extrapolated maximum bond lengths 
are calculated. For the film deposited at 20◦C, the extrapolated 
maximum relative % change in mean bond length is 1.4%. For 
the film deposited at 300◦C, the extrapolated maximum rela-
tive % change in mean bond length is 3.1%. These values are 

determined by extending the fitting curves to a theoretical 
90◦ tilt, as described in the Supplementary Materials. Both 
films exhibit shorter mean bond lengths in the IP direction com-
pared to the OOP direction. The IP bond lengths in the film 
grown at 300◦C are larger, on average, than the bonds in the 
OOP orientation. Assuming the texturing model for PMA, 
this corresponds to a greater proportion of Co–Tb bonds in 
the OOP orientation relative to Co–Co bonds in the IP orienta-
tions. The greater relative % change in mean bond length for 
300◦C indicates that at higher deposition temperatures ada-
toms with higher energies at impingement orient such that 
Co–Tb bonds form preferentially in the OOP direction, con-
sistent with EXAFS data on a-Tb-Fe films (Harris et al., 
1992, 1993).

The decrease in Hc and PMA (Ceballos-Sanchez, 2019) be-
tween the film grown at 20◦C and the films annealed at higher 
temperatures and the corresponding change in MRO 
prompted the use of Lorentz TEM. The Lorentz images, 
shown in Figure 4, corroborate the trends observed in vari-
ance, PMA, and coercivity for a-Tb17Co83 annealed at 

Fig. 4. (a–c) Lorentz TEM images collected in an FEI ThemIS operated at 300 kV in Lorentz mode from the films (a) deposited at 20◦C, (b) annealed at 
200◦C that show the typical high-contrast domain patterns seen in films with strong Hc, and (c) annealed at 300◦C with substantially less pronounced 
domain structure. The domains are significantly denser and less defined in the film annealed at 300◦C compared to the films deposited at 20◦C and 
annealed at 200◦C. (d) A schematic depiction of the electron beam interacting with a magnetic sample and deflecting to produce contrast in Lorentz TEM. 
The sample was tilted to 15◦ and the magnetic field of the objective lens was minimized to <0.1 T, revealing Néel-type domains.
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increasing temperatures (Hellman et al., 1999; 
Ceballos-Sanchez, 2019). Coercivity Hc is a measure of the 
films ability to resist demagnetization in a magnetic field.

Lorentz TEM was applied to the film grown at 20◦C and the 
films grown at 20◦C and subsequently annealed at 200 and 
300◦C to visualize the changes in coercivity. At a tilt angle 
of 15◦ in the TEM, the domain structure was substantially 
more visible than when the beam was perpendicular to the 
films, indicating that the domain walls are Néel type. Néel 
walls, typically found in thin films, form when the magnetiza-
tion rotates within the plane of the film, reducing the demag-
netizing energy compared to Bloch walls, which have 
magnetization rotating out of the plane. The contrast pattern 
of light and dark denoting the domain walls results from de-
flection of the electron beam as it interacts with the magnetiza-
tion of the sample, as shown in Figure 4.

The 20 and 200◦C anneal films, which exhibit similar MRO 
and PMA, show similar domain structures characterized by 
narrower domain walls, with well-defined domains, as shown 
in Figures 4a and 4b. However, the 300◦C anneal, which ex-
hibits less MRO and lower PMA, has wider and less defined 
domain walls, as shown in Figure 4c. The result is sharper do-
main walls and better-defined domains in films deposited at 
higher temperatures, and less defined domains with wider 
walls and lower Hc in films grown at lower temperatures after 
annealing. This observation correlates with the measured co-
ercivities of the a-Tb17Co83 films and links increased MRO 
to more defined domain structures due to atomic arrange-
ments resulting in a higher energy cost of domain wall forma-
tion. This study demonstrates the influence of annealing and 
structural order in determining the magnetic domain wall 
structure and coercivity in the films.

The changes in mean bond length with varying orientation 
through the films, the increase in MRO as the deposition tem-
perature increases, and the subsequent decrease in MRO after 
annealing, collectively indicate the presence of MRO bond 
length anisotropy in the a-Tb17Co83 films. During deposition, 
structural variations are introduced as a function of growth 
temperature. A higher deposition temperature favors a higher 
proportion of Tb-Co bonds in the OOP direction, which results 
in greater MRO and increased PMA which leads to increased 
Hc. Annealing, however, allows for structural relaxation in 
the films and atom rearrangement which reduces MRO and 
both PMA and Hc. Taken together, the observed trends in 
MRO with respect to growth conditions suggest that the evo-
lution of bulk magnetism in the films is due to structural 
changes. The use of tilted FEM allows or conclusions to be 
drawn on the relationship between the OOP microstructure 
and OOP coercivity. A similar approach could be used to probe 
anisotropic MRO in materials with a range of directionally de-
pendent bulk properties.

Conclusions
Numerous studies on amorphous RE–TM films note the rela-
tionships between growth parameters and magnetization, but 
the structural origin remains under debate. This work estab-
lished a relationship between thermal growth parameters, mag-
netic anisotropy and coercivity, and local atomic ordering using 
the TEM technique of scanning nanodiffraction. MRO increases 
with increasing film deposition temperature and decreases with 
increasing anneal temperature. Thus, there is a correlation be-
tween the degree of MRO and magnetic anisotropy and 

coercivity in a-Tb17Co83 films grown via magnetron co- 
sputtering. These results support an amorphous phase texturing 
model in which adatom configuration varies as a function of de-
position temperature and annealing allows for subsequent relax-
ations of preferential configurations within the films. Tilted 
FEM data shows greater local ordering anisotropy in the film ex-
hibiting the highest degree of MRO compared to the film grown 
at 20◦C with less MRO. The use of FEM with both a tilted and 
standard sample orientation enable the measurement of relative 
structural ordering in amorphous materials. This workflow is 
not limited to amorphous magnetic materials and can be ex-
tended to all amorphous thin films displaying anisotropic bulk 
properties.
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